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Abstract: Polymer-matrix composites are widely used in engineering applications. Yet, environmen-
tal factors impact their macroscale fatigue and creep performances significantly, owing to several
mechanisms acting at the microstructure level. Herein, we analyse the effects of water uptake that
are responsible for swelling and, over time and in enough quantity, for hydrolysis. Seawater, due
to a combination of high salinity and pressures, low temperature and biotic media present, also
contributes to the acceleration of fatigue and creep damage. Similarly, other liquid corrosive agents
penetrate into cracks induced by cyclic loading and cause dissolution of the resin and breakage of
interfacial bonds. UV radiation either increases the crosslinking density or scissions chains, embrit-
tling the surface layer of a given matrix. Temperature cycles close to the glass transition damage the
fibre-matrix interface, promoting microcracking and hindering fatigue and creep performance. The
microbial and enzymatic degradation of biopolymers is also studied, with the former responsible for
metabolising specific matrices and changing their microstructure and/or chemical composition. The
impact of these environmental factors is detailed for epoxy, vinyl ester and polyester (thermoset);
polypropylene, polyamide and poly etheretherketone (thermoplastic); and for poly lactic acid, ther-
moplastic starch and polyhydroxyalkanoates (biopolymers). Overall, the environmental factors
mentioned hamper the fatigue and creep performances, altering the mechanical properties of the
composite or causing stress concentrations through microcracks, promoting earlier failure. Future
studies should focus on other matrices beyond epoxy as well as on the development of standardised
testing methods.

Keywords: polymer-matrix composites; environmental fatigue; creep; water absorption; seawater;
lightning strike damage; corrosive media; UV damage; bacterial degradation

1. Introduction

Polymer composites have long been a focus of intensive research, especially since
they are, now more than ever, regarded as viable alternatives for many engineering ap-
plications. However, when alone, their properties, particularly mechanical strength and
stiffness, do not usually completely satisfy the requirements of a given application, hence
the need for reinforcements and the advent of polymer-matrix composites (PMCs). These
reinforcements can be of multiple shapes, ranging from dispersed particles to fibres aligned
along a preferential direction, effectively altering the behaviour of the material as a whole.
They are all bonded together and held in place by a polymeric medium, i.e., a polymer
matrix, responsible for transferring and distributing external loads in the composite and
for protecting the reinforcements from the elements.

Despite their importance in withstanding mechanical loads, reinforcements barely
account for any weathering and degradation protection, which falls entirely upon the
matrix, nor do they dictate the fatigue and creep life of a composite. Hence, throughout this
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review, we follow the established conclusion that the fatigue and creep behaviours depend
on the matrix, and focus on the latter, wherein damage usually initiates by cracking, due to
their generally poor resistance to corrosion and inferior mechanical properties.

Matrices can be either thermoset or thermoplastic, with the former including the
vast majority of PMCs suited for structural applications, whereas the latter, whilst not so
stiff and versatile, have seen a recent development driven by sustainability and recycling
concerns. Additionally, renewable organic matrices, even if still thermoplastic, constitute
on their own a class of materials with growing importance, predominantly in biological
and medical applications, where they also experience fatigue and creep. Before we move
on, however, we note that, while pure mechanical fatigue in polymer-matrix composites is
typically cycle-dependent, environmental effects introduce time-dependency, as they alone
suffice to degrade a given polymer given enough time [1].

Accordingly, this review verses on the influence of environmental effects on the fatigue
and creep behaviour of a PMC, phenomena that, contrarily to the case of metals, are still
not completely understood and are still a topic of dispute and prolific research among the
scientific community. It aims at not only describing how several different environmental
conditions interact with the micro-structure of a polymer but also at listing comprehensively
the most important results found in the literature for typical polymer matrices.

In Part I, we describe the environmental effects considered and how they affect poly-
mers and their microstructure. Respectively, we focus on solvent absorption—especially wa-
ter and moisture, seawater, liquid chemical agents, microorganisms, UV /ionising radiation,
temperature  variations—from cryogenic to high-temperature realms—and
lightning strikes.

In Part II, we selected for each group of polymer matrices (thermoset, thermoplastic
and biopolymers), three representative polymers, the most often found or the most promis-
ing for engineering applications, namely, epoxy, vinyl ester and polyester (PE) for the
thermoset group; polypropylene (PP), polyamide (PA) and polyetheretherketone (PEEK)
representing thermoplastics; and polylactic acid (PLA), polyhydroxyalkanoate (PHA /PHB)
and thermoplastic starch (TPS) for the biodegradable and bio-based matrices. We, then,
compile the available literature for each polymer mentioned, explaining the impact of
environmental factors on different composites and elaborating, whenever pertinent, on the
particle-/fibre-matrix interactions.

At this point, an important remark must be mentioned; albeit we focus on environmen-
tal creep and fatigue and not on degradation, we still mention degradation mechanisms
and effects to provide a better understanding of the phenomena involved, always keeping
in mind the scope of this work. This is especially true in the case of biopolymer-matrix
composites, for which very few works have been conducted on mechanical behaviour, but
many more exist on the degradation effects from a chemical standpoint. Thus, insight into
creep and fatigue and their likely trends can still be gathered from the available literature,
never doing away with further experimental studies to investigate these phenomena.

Finally, we present our final remarks and reflect on the literature reviewed, pointing
out areas where very little information is available that future research should tackle.

Part I—Environmental factors
2. Solvents

Contrarily to ceramics or metals, polymers may accommodate different organic or
inorganic solvent molecules in their microstructure, their solubility depending on the
solvent of interest: polar solvents, as a general rule, permeate polar polymers and nonpolar
solvents permeate nonpolar polymers [2].

Bearing in mind that the moduli of polymers are controlled by (1) binding forces
(particularly van der Waals forces), responsible for the elastic behaviour, and by (2) the
unfreezing of molecular mobilities (dispersion steps), accounting for viscoelastic effects, we
anticipate the incorporation of a solvent that alters this temperature-dependent equilibrium
of forces. When the molecules of the solvent enter the polymer medium, they increase
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the distance between the chains, occupying the vacant spaces in between them, which is
accompanied by a volume increase in the polymer material itself. This swelling (Figure 1)
phenomenon weakens the intermolecular bonds, as they are now stretched with respect
to their dry configuration, with consequences to the thermomechanical properties of the
polymer, e.g., above the glass transition temperature, T, swelling reduces the strength of a
polymer and/or introduces residual stresses if the solvent uptake is non-uniform within a
sample [2].
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Figure 1. (a) Dry polymer chains; (b) swollen polymer chains. Adapted with permission from
Zhao et al. [3]. Copyright 2021 American Chemical Society.

On a different line, solvents, by weakening the intermolecular bonds, may assist in
the crazing and fracture phenomena as well, since they not only reduce the surface energy
required to create and propagate a free surface, but also diminish the bond strength and,
consequently, the force needed to pull a chain out of the bulk, facilitating the formation of
fibrils and, thereby, of cracks. Thus, some polymers may become brittle by incorporating a
solvent [2], potentially resulting in a decrease in their fatigue life.

2.1. Water

Being the most important and widely available solvent, water (polar) is, then, of
particular interest. Not only can it bind itself to strong polar groups by hydrogen bridges [4],
as, additionally, in high-enough quantity and over an extended period, its presence may
lead to the hydrolysis of the polymer, i.e., the cleavage of bonds in long chains, due to the
presence of water molecules, into short monomer-like groups whose properties differ from
those of the original polymer. This phenomenon affects especially polymer matrices capable
of absorbing significant quantities of water/moisture, such as polyamides, hindering their
application in particularly humid and wet environments [2].

Delving into more detail, the uptake of water shifts the glass transition temperature of a
polymer to lower values, with further effects depending on the actual working temperature;
as such, we distinguish two realms: low temperatures (T < Tg) and high temperatures
(T 2 Tg, which generally includes room temperature). In the former domain, especially at
cryogenic temperatures, since the mobilities of segments are suppressed and the moduli
are controlled mainly by the van der Waals forces, we observe, first, that wet specimens
are stiffer than dry ones, i.e., higher Young’s and shear moduli—stiffening effect, as frozen
water stiffens the polymer chains it is linked to. Secondly, we note that the damping spectra
and loss factor, J, are shifted by the presence of water [4], which is related to the unfreezing
behaviour, since a damping peak—an abrupt increase in loss factor—indicates the onset of
unfreezing, which is affected by the volume of water present, with the main increase, and
maximum loss factor, corresponding to Ty.
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Contrarily, since, at Tg, the mobilities of segments unfreeze and the chains can now
flex and move more freely, for temperatures close to or above the glass transition, water is
considered to act as a softening/plasticising agent, i.e., a spacer between chains according
to the mechanisms detailed earlier, reducing the static strength, stiffness and T of a given
polymer proportionally to the change in the loss factor, while simultaneously increasing
its fracture strain and impact strength [1,4]. This is predominantly seen in the amorphous
regions of a polymer, which contribute more to swelling than the crystalline ones, where
water sorption occurs solely in the crystallite surfaces, i.e., the higher the crystallinity
degree of a polymer matrix, the lower its swelling capacity [1,5], which is further confirmed
by the observation that thermoset (amorphous) matrix composites feature saturation limits
of 1-2% and thermoplastic (amorphous and semi-crystalline) matrices around 0.1-0.3% [1].

Nevertheless, even if most polymers absorb water, not only does its quantity vary, but
also the degree to which the properties of a polymer change—if they change—depends on
a plethora of factors, such as temperature, time, thickness of specimen, and the amorphous
content in a polymer. For some polymers, even a low water content might induce a
large effect.

Focusing specifically on fatigue and creep behaviour, we note that hydrolysis, with
the subsequent plasticisation and decrease in matrix-related properties (shear, transverse
tension and longitudinal compression), generally increases the creep and stress relaxation
rate and the likelihood of environmental stress cracking of a composite [1]. Furthermore,
the swelling/shrinking cycles in composites create voids between the matrix and the
reinforcements (Figure 2), due to the different expansion coefficients—that of the matrix
being generally larger than that of the reinforcement, which generate internal stresses and
damage the interface region, as fillers begin to occupy the voids, increasing the tension
therein in the subsequent cycles. After enough cycles, fully formed gaps appear, leading
to cracks on the inside of the material that extend outwards over time [5]. This extension
can be understood, since, during the loading stage, cracks in the matrix or in the fibres
become infiltrated with water, and, during unloading, they cannot fully close, compressing
the liquid within them. Thus, considering the almost total incompressibility of liquid water,
large pressures act cyclically in the microcracks and in the flooded capillaries, increasing the
amount of damage the composite experiences (fibre—resin debonding, matrix cracking and
swelling) and reducing its fatigue life [1,6-8]. Nevertheless, this occurs solely above a given
water threshold, with studies indicating lower lifetimes at high strains and longer lifetimes
at low strain levels for wet samples compared to dry ones, attributing this behaviour to
the plasticising effect, since the humid matrix is less brittle than the dry one and, thus,
more prone to microbuckling at high strains [9]. Contrarily, this is offset by the lubrication
effect of water that reduces the internal friction between crack faces, lowering the levels
of resistance to fracture for all strain levels [8]. It follows that the overall wet fatigue
response is a competition between these two phenomena, hence the difficulty in describing
it physically.
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Figure 2. Moisture absorption in fibre-reinforced PMCs. Adapted with permission from Weitsman [8].
Copyright 2006 Elsevier. Adapted with permission from Liu et al. [10]. Copyright 2020 Elsevier.

2.2. Seawater

Although one might be tempted to include seawater effects under the previous sub-
section and while it is true that some effects are common as they derive solely from the
water uptake, there is a plethora of additional phenomena that must be accounted for when
analysing the effect of seawater in polymer matrices.

First, in comparison to other environments, the marine environment is defined by
conditions as diverse as high salinity (seawater is rich in inorganic salts), high pressure,
currents, and low nutrient levels (e.g., nitrate) [11]. Second, the water temperature, besides
depending on the geographical region and on the season, diminishes with the increase in
depth: at the surface, the average temperature is 17.4 °C, dropping to 0—4 °C at a depth of
more than 2000 m. Likewise, the salinity follows the same trend, changing with season and
area, the surface average of the ocean being 35%, while that of offshore and estuary water
sits generally below 30%. It follows that seawater has then a slightly alkaline behaviour,
with middle and deep seawater having a pH value between 7.5 and 7.8, and at the surface,
this value increases to 8.1 &= 0.2 [11]. Naturally, all these factors coupled with both the
high ionic strength of seawater and the inherent buffer capacity may well exacerbate the
degradation driving force when compared to neutral water.

The abiotic factors just mentioned influence the biological habitats, causing them to
be vertically structured, with not only varying temperature, salinity and pH values, but
also pressure, light and UV radiation levels; below 4000 m, it is completely dark and cold
and the pressures are immense, leading to a stratified distribution of marine species, whose
biological processes, in turn, affect the dissolved oxygen content in seawater [11], which
further adds to the factors impacting the performance of a PMC.

More specifically, the strong UV light may favour crosslinking, as explained in
Section 5, embrittling a polymer, and the mechanical forces due to currents and waves may
help break down large specimens into smaller pieces, thus, favouring hydrolysis, both abi-
otic and biotic. The former occurs at all times, even if slower due to the low temperatures of
the medium, whereas the latter is particularly relevant for biodegradable materials, which,
as the name entails, are affected by the existing microorganisms. Again, decomposition
occurs slower in this case than it would in other environments, e.g., in soils or compost,
owing to the lower amounts of active microbial communities capable of withstanding the
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low temperatures and high salinity. A decreased biodegradation rate in seawater has been
observed in the literature for different polymer matrices [11-13]. Then, it should not come
as a surprise that even biodegradable materials with rapid degradation kinetics on the
waterfront may not degrade for a long time after entering the ocean or sinking into the
deep sea, contributing to ocean pollution.

Concerning its influence on fatigue, similar results to those found for pure water
have been reported [6-9], with the water molecules increasing the stress levels within the
microcracks upon cyclic loads, although hydrolysis takes longer to occur, since seawater
is typically colder that room temperature water. In addition, the biotic factors must still
be accounted for, as the presence of microcracks increases the area exposed to bacterial
or fungal attack, resulting in a faster loss of mechanical properties for some susceptible
polymers, e.g., PHB.

3. Liquid Chemical Agents

Owing to their notable corrosion resistance, PMCs are replacing their more conven-
tional metallic counterparts in aggressive corrosive—chemically active—environments and
applications, e.g., containment or coating functions to protect a structure from a variety of
chemicals [14-16]. On the one hand, physical aspects of degradation do not induce changes
in the chemical structure and may be reversible [10,16-18]; on the other hand, chemical
deterioration is defined as the set of mechanisms altering the chemical structure of the
material [16], resulting from exposure, e.g., to acidic or alkaline solutions [19].

In contrast to metals, whose corrosion behaviour is given by an electrochemical reac-
tion between the material and the surrounding chemical medium occurring predominantly
at its surface [16,20], polymeric materials are in general insulators and, thus, do not dissolve
in the form of ions [17,19,20]. Moreover, corrosion in polymers occurs within a reaction
area, ranging from a few monolayers to its complete bulk [16], and infiltration of surround-
ing agents into the polymer may also occur, affecting the extent of corrosion within the
material [20]. This may include:

¢ Depolymerisation—extraction of the monomers from the end of the macromolecules;

*  Decomposition of the monomers—cleavage of a set of atoms from the macromolecules
whilst preserving the original degree of polymerisation;

*  Chemical breakage of the macromolecular chains leading to a decrease in the degree
of polymerisation;

*  Cross-linking processes that result in the creation of branched and network architec-
tures by creating chemical links between the macromolecules [16,20].

Corrosion and performance decline of the polymer is the result of such chemical
reactions that damage the primary bonds [20]. The chemical solubility of a PMC is largely
determined by the surrounding polymer matrix, and the core aspect of resistance to such
processes is the type of active groups—chemical nature—that the matrix possesses [14].
The likelihood of damage increases with the chemical affinity of the solvent to the structure
of the matrix, e.g., polymers composed by ester, amid, ether or silicon-oxygen bonds easily
hydrolyse in acidic or alkaline environments [14,20].

From the concepts of diffusion and reaction rate, three types of corrosion are under-
stood, namely surface reaction, corroded layer forming or penetration. Corrosion behaviour
follows a surface reaction or corroded layer forming type when the diffusion rate is consid-
erably lower than the reaction rate. The former emerges when the reaction rate is so rapid
that the corrosion spreads uniformly across the entire surface, and thus, the dissolution
initiates precisely where the liquid contacts the surface. The cured resin breaks down at
cross-linking locations in the main chain, in turn producing low molecular weight products.
As for the latter, a residual corroded layer with the original bonding to uncorroded resin is
generated as fragments of the corroded resin dissolve out. Even though bonds are broken
by hydrolysis and the layer becomes eroded, the molecular chains are still held together,
and hence, the polymer exhibits a high molecular weight. In addition, the corroded layer
behaves as a barrier to solution penetration, and accordingly, the reaction occurs at the
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interface between the layers. In Figure 3, we observe that the corroded layer might be
coarse (case 1) or tight (case 2) as a function of the chemical structure of the polymer [19].

° ester bond
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Figure 3. Corrosion process of corroded layer forming. Reprinted with permission from Hojo et al. [19].
Copyright 1998 Springer Nature.

On the other hand, penetration takes place when the diffusion rate exceeds the reac-
tion rate. This type of corrosion behaviour is characteristic of polymers and is defined by
an initial penetration of the solution into the resin until an equilibrium stage is reached,
followed by a strength reduction owing to the chemical reactions that degrade the poly-
mer [19]. Such a process is not only critical for the corrosion behaviour but also for the
environmental fatigue and creep performance of PMCs under liquid chemical mediums. In
virtue of defects introduced during manufacturing and cracks that develop under cyclic
loading, the surrounding environment is able to penetrate the PMC. Initially, diffusion of
the solution into the matrix results in swelling—reversible first stage of physical damage.
With increasing exposure time, however, the fluid penetrates deeper within the composite
into larger areas containing defects—where the micro-cracks and cracks converge. This
provides enough space for chemical reactions to occur, and when exposed to acidic so-
lutions, reactions between the H' ions and the functional groups of a vinyl ester resin
causing its dissolution were recorded [18]. Such a process is naturally irreversible and
additionally decreases the compactness of the matrix, ultimately reducing its ability to
uniformly transfer the load between the fibres, incurring in mechanical performance and
fatigue life losses [18].

Furthermore, although one of the primary functions of the matrix is to protect the fibre
from the surrounding environment and the corrosion behaviour is initially dependent on
the resistance of the resin, the interface and fibre also play a critical role in providing chemi-
cal resistance and fatigue and creep performance [14,19]. Augmenting the aforementioned
exposure period even further leads to propagation of the solution to the bonding interface
between the resin and fibres (Figure 4), whose coupling agent is usually amphiphilic with
one hydrophilic end and the other hydrophobic. Due to the capillary effect of the interface,
fluid permeation results in a shear effect between the resin and interface which is followed
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by chemical reactions that destroy the bond between them [18]. This was once more identi-
fied in basalt/vinyl ester specimens where hydrogen ions in an acidic solution reacted with
the coupling agent, in virtue of its hydrophilic nature [18]. Similar conclusions were also
reported for E-glass/PE composites [21] with the extensive interface damage displayed
in Figure 5. Naturally, as the interface plays a key role in the properties of the PMC, such
destruction results in deterioration of the mechanical performance [18,22].

Resin
Interface |

Fiber

&

Figure 4. Corrosion mechanisms under exposure to an acidic solution. Reprinted with permission
from Wang et al. [18]. Copyright 2018 American Society of Civil Engineers.
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Figure 5. Interface damage on E-glass/PE: (a) before exposure; (b) after exposure for 4 weeks at 70 °C
in a 10 wt.% HClI solution. Reprinted with permission from Amini and Khavandi [21]. Copyright

2019 Springer Nature.
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Ultimately, given sufficient exposure time, a point may be reached where the fibres
themselves are exposed to the corrosive medium. This is critical when dealing, e.g., with
glass fibres that are known to severely deteriorate when exposed to acids [22,23] as a
consequence of non-siliceous ions in the glass being replaced by the hydrogen ones in
the acid—leaching. This may also generate axial and spiral cracks (Figure 6) on the fibre
surface that lead to strength reduction [23].

s

18 mm

Figure 6. Spiral crack of a glass fibre after exposure to an acidic solution. Reprinted with permission
from Hammami and Al-Ghuilani [24]. Copyright 2004 John Wiley and Sons.

4. Biotic Factors

Although one might at first exclude microorganisms from environmental effects that
affect the fatigue and creep behaviour of a PMC, their relevance grows if we consider
bio-based and biodegradable matrices. We can, thus, distinguish two different types of
environmental factors, namely, abiotic ones (temperature, pH moisture, sunlight intensity,
humidity, salinity and abrasion) and biotic ones, which include the density and diversity of
the bacterial and fungal populations in a particular environment [25]. As already mentioned
when describing seawater effects, polymeric matrices can be sources of nutrients for the
microorganisms of a given environment, which decompose the former via a three-stage pro-
cess: (1) fragmentation, (2) hydrolysis and (3) assimilation [11]. First, polymers are broken
down to smaller pieces; then, in stage (2), as the name hints, these fragments are hydrolysed
to their basic monomers, suffering a reduction in molar mass, which allows them to be
rapidly metabolised (bioassimiliation and mineralisation) via enzymatic action in stage (3),
i.e., broken down into cell biomass, CO, and H;O, aerobic decomposition, or biomass, CO,,
H,0O and methane for anaerobic decomposition [11,12]. Two different processes can be
distinguished, namely direct action—whereby the polymers themselves constitute a direct
nutrient for the microorganisms—and indirect action—when the metabolic products of the
microorganisms induce discolouration and/or deterioration. Both processes are influenced
by the moisture level, temperature, pH of the medium and nutrient supply [12].

Regardless of the type of the process, contact occurs at the surface of a composite,
with a rough surface (e.g., from mechanical break-down) favouring chemical biodegra-
dation much more than a smooth, inert and hydrophobic one. In addition, shall there
be any instances of delamination between reinforcements and the matrix, contact may
initiate due to the penetration of biological agents at the interface, which may then diffuse
through the matrix, particularly in amorphous domains, as semi-crystalline ones are not
so easily biodegradable [5]. As crystalline regions feature ordered polymer chains, their
organised structure limits the availability and accessibility of sorption sites, slowing their
decomposition.
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The rate of degradation, measured by weight loss, gas evolution or by accelerated
respirometric tests [12], is usually bottlenecked by stage (2) defined above, with biotic
hydrolysis being 8-20 orders of magnitude faster than abiotic one [11]. Focusing on
the former, a plethora of factors must be considered, as it varies from environment to
environment and from composite to composite, going beyond the matrix, since some
reinforcements also play a significant role, e.g., natural fillers increase permeation sites.
Further examples include different media, e.g., clay soil is know to accommodate a larger
number of microbial communities than sandy soils and seawater, whose low temperatures
do not allow for dense biota [25]. Moreover, even the same type of soil can boast different
microorganisms, as most are stratified vertically, with fragments of composites being
successively attacked by the different layers [25]. We must also mention composting
conditions herein, which generally combine temperature and humidity values and specific
biota optimised to decompose in the shortest possible time typical common use polymers
and their composites.

Finally, regarding fatigue and creep behaviour, cyclic loads, especially tensile ones,
increase the area available for microbial penetration, not only stretching the composite, but
also opening its surface microcracks, promoting the further attack of bacteria and fungi.
High-cycle fatigue loads can, however, induce a retarding effect, hindering the spread of
microorganisms which may not resist the autogenic local heating resulting therefrom.

5. UV Radiation

When looking at the environmental fatigue of PMCs, another important factor to
consider is photo-ageing, particularly UV ageing—under solar radiation, mostly UV-B
(315-280 nm) [5]—or artificial light. This type of radiation is highly energetic, and thus, it
may degrade the mechanical properties of a PMC over time, namely by photolysis, photo-
catalysis and/or photo-oxidation, the latter being the most prevalent one [26]. Naturally,
since the UV photons must first be absorbed, if the matrix of a PMC is impervious to this
radiation, no damage will occur [1].

Damage occurs typically by chain scission and/or chain crosslinking (Figure 7). In the
former, the chemical bonds within the molecular chains are broken, reducing their length
and the molecular weight—as radicals are formed—and, ultimately, diminishing the glass
transition temperature of the polymer [2,27]. The shorter chains are not only more mobile
but are also able to crystallise easily, which results in an increase in crystallisation and, in
turn, in the associated embrittlement of the matrix over time [1]. This mechanism affects
preferentially the amorphous phase of a polymer. Chain crosslinking, however, since it
diminishes the molecular mobility, linking chains as the name hints, embrittles directly the
polymer matrix, contributing down the line to the formation of (micro) cracks and taking a
toll on the fatigue life [2,27]. It affects imperfect crystalline regions but does not change
the PMC chemistry [1]. Both mechanisms—chain-scission and crosslinking—can occur
concurrently, as, e.g., in polyethylene matrix composites [27].

At the continuum scale, for PMCs, UV degradation is confined to the surface of the
material, where discolouration and chalking, i.e., signs of oxidation, initiate usually only
down to a depth of 10 um depth (Figure 7), which corresponds to the thickness of resin at
which the intensity of the UV radiation is reduced to one half of that hitting the surface [1].
In bulk polymers, nevertheless, it is not limited to this thin layer, instead accumulating
thermomechanical stresses which extend gradually into the bulk, usually reaching about
0.5 mm [5], leading in the long run to creep strains, cracks and loss of tensile and impact
strength [1,27].

Additionally, one must account for the interaction between factors, such as the com-
bination of air, as an oxidising agent, with solar radiation, which accelerates the surface
corrosion [5], or even the dissociation of radicals from the highly reactive broken chains that
may react, e.g., with water or oxygen in the air, to form corrosive environments, such as that
of PVC into chlorine radicals which form hydrochloric acid (HCI), further embrittling the
composite, reducing its mechanical strength and accelerating the removal of material [1,26].
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This is especially important when assessing the fatigue and creep performance, as the
embrittlement causes the matrix to break earlier on when loaded and, most importantly,
affects the interface between reinforcement (especially for long fibres) and matrix, as
the long chains therein break, propagating the crack through the several layers of the
composite and reducing the anticipated failure stress [28]. Furthermore, as the newly
developed microcracks open when loaded in tension, UV radiation penetrates deeper and
embrittles their exposed faces, which under large deformations, even compressive ones,
can result in further cracking, again leading to premature failure.
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Figure 7. Sunlight and UV-light effects on polymer matrices. Reprinted with permission from
Liu et al. [10]. Copyright 2020 Elsevier. Reprinted with permission from Lee et al. [29]. Copyright
2014 American Chemical Society.

6. Temperature

Similarly to metals, temperature is a crucial factor when it comes to the design and
determination of mechanical, chemical and physical properties of polymer-matrix com-
posites [30]. Due to the widely known degradation of mechanical properties of polymers
with the increase in temperature, especially close to the glass transition temperature Ty,
understanding their fatigue and creep response under these conditions becomes imperative.
Not only does their behaviour change with the absolute value of temperature but also
with its variation and cycles [31]. Hence, to better understand the effects of temperature
on polymers, we should take a look at the molecular scale. It is known that when the
temperature rises, there is an increase in the total energy of the matrix due to the vibration
of molecules and chain segments. There are different types of molecular movements de-
pending on the temperature and size of the structural units being considered [31]. At Ty,
chains in amorphous regions (Figure 8) start to move relative to each other, occasioning an
important decrease in stiffness (Figure 9). Crystalline regions, however, do not present the
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same behaviour and act as a reinforcement of the matrix through their structurally ordered
lamellae (Figure 8). For semicrystalline polymers, there is a light softening and rubbery
behaviour between T, and the melting temperature T, owing mainly to the amorphous
phase present [32]. Only when the temperature reaches T;; does the crystalline part melt
and the material liquefies, behaving, thus, as a viscous liquid (Figure 9) [32].

Crystalline regions

Amorphous regions

Figure 8. Representation of crystalline and amorphous regions in semicrystalline plastics. Reprinted
with permission from McKeen [33]. Copyright 2008 Elsevier.
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Figure 9. Melting and softening behaviour of semicrystalline and amorphous materials. Reprinted
with permission from Shrivastava [32]. Copyright 2018 Elsevier.

We also note that the fatigue resistance of polymer-matrix composites generally in-
creases with an increase in stiffness and/or strength [34]. Hence, considering how tempera-
ture affects the latter, it comes as no surprise that an increase in temperature also worsens
fatigue performance. Additionally, due to the viscoelastic, i.e., time-dependent, properties of
polymer-matrix composites, creep and creep—fatigue interactions are important factors that
need to be accounted for whenever cyclic stresses under different temperatures are likely
to occur [35,36].

As it was previously mentioned, a rise in temperature leads to more energy available
for molecular chains to move, slide and uncoil. Since creep deformation is mainly charac-
terised by these types of interactions, a rise in temperature is expected to lead to a more
prominent creep effect (Figure 10) and to a reduced fatigue life [34].
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Figure 10. Temperature creep curves for polypropylene under a tensile load of 10 MPa. Reprinted
with permission from Achereiner et al. [37]. Copyright 2013 Elsevier.

On the one hand, thermoset matrices generally present a higher resistance to creep
owning to the cross-linking of the polymeric chains. On the other hand, thermoplastics are
more sensible to creep deformation; however, this behaviour can be improved by increasing
the degree of crystallinity of the microstructure, which consequently hampers the sliding
of chains [34,38]. Hai C. Tang et al. [39] have estimated a way of determining the slope m
of an S-N curve as a function of the temperature level:

m = moexp( L), 0

where Q is the activation energy, R the gas constant and T the temperature in Kelvin.

The increase in temperature results in a lower number of life cycles (Figure 11). H.
Mivehchi and A. Varvani-Farahan have also registered in their review [30] the same prin-
ciple, not only regarding S-N curves but also for fatigue damage, having concluded that
with higher temperatures the fatigue damage evolution increases.
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Figure 11. S-N curves for three different temperatures. Reprinted with permission from Guo et al. [40].
Copyright 2023 Elsevier.



Materials 2023, 16, 3913

14 of 61

Khan et al. [41] ran fatigue tests on plain weave woven carbon fibre—epoxy prepregs
having not only concluded that there is a reduction of fatigue life with temperature (due to
the augmented viscoelastic behaviour and probably weakened fibre-matrix bonding) but
that this effect is less noticeable for lower stress amplitudes (high-cycle regions).

Relating to high-cycle fatigue, there is an essential factor to take into consideration,
namely autogenous heating, which is prone to occur in polymers with higher non-linear
behaviour and damping capacity, such as thermoplastics [42]. Their low-temperature
conductivity [35,42] leads to a temperature increase, in turn, reducing the fatigue life
(Figure 12).
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Figure 12. Experimental temperature rise curves in polymethylmethacrylate specimens, 3000 rev/min
at 25 °C. Reprinted with permission from Constable et al. [42]. Copyright 1970 SAGE Publications.

Despite the fact that fatigue life is generally better with lower temperatures (mainly
due to higher stiffness), when extreme levels are considered, some aspects need to be
considered [43]. When the temperature drops below a certain level, compressive residual
stresses develop due to different coefficients of thermal expansion of the matrix and the fibre.
These residual stresses, which develop mainly on the fibre-matrix interface, may influence
the mechanical properties of the composite [44,45]. In some occasions, the compressive
stresses are high enough to induce plastic deformation and micro-cracking, the latter
responsible for allowing the nucleation of macro-cracks (Figure 13) and the reduction of
both stiffness and strength.

Thermoplastics, contrarily to thermosets, do not present any crosslinking, allowing
for better relaxation of residual stresses [45]. However, multiple crack formation favours
energy absorption and ameliorates the fatigue behaviour due to the splitting of fracture
energies and stress concentrations [46]. Since failure mechanisms at cryogenic temperatures
are mainly due to different thermal expansion coefficients, the layup and direction of the
fibres are key factors for the cryogenic life of composites [47], being difficult to empiri-
cally predict a general behaviour of PMCs under these extreme conditions. On several
applications, composites are subjected to high-temperature variations such as supersonic
flight (between —55 and 120 °C) [48] or space vehicles/environments (between —150 and
150 °C) [49], which can lead to undesirable effects such as the appearance of cracks and
degradation of mechanical properties [49-51]. Specifically, crack formation can occur ei-
ther by differences in the temperature expansion coefficient of the fibre and that of the
matrix [49] or between layers of the laminate, the latter case being the predominant one [51].
It has also been demonstrated that the degradation of the mechanical properties is greater
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in the first number of cycles, decaying asymptotically with an increasing number of cycles
(Figure 14) [50,51]. In addition, the higher the order of thermal shocks, i.e., greater and/or
faster temperature variations, the higher is the probability of these effects to happen, as
well as their severity [52].

Figure 13. Micrograph showing matrix crackings and delamination of a cryogenically conditioned
carbon/epoxy specimen. Reprinted with permission from Kumar et al. [44]. Copyright 2009
SAGE Publications.
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Figure 14. Effect of a number of thermal cyclings on a carbon fibre prepreg sample weight change.
Reprinted with permission from Chung et al. [50]. Copyright 2000 Elsevier.

7. Lightning Strike

Lightning strike is a natural occurrence to which composite structures (wings, wind
turbine blades, etc.) are exposed to in an open field environment. Due to the electrical
properties of polymers, damage (which sometimes cannot be detected through visual
inspection) is prone to occur whenever these components are struck. Therefore, evaluating
the effect of this occurrence on the structural integrity and fatigue life of polymer-matrix
composite parts is essential [53,54]. Whenever a composite structure is struck by lighting,
a very high current channel is created and absorbed by the material [53]. Polymeric
matrices usually present poor conductivity, leading to a large temperature increase in zones
neighbouring the attachment point due to the Joule effect [54]. The achieved temperatures
go above the pyrolisis gasification temperatures of the polymer matrices, occasioning
the formation of gases. Due the heat ablation, the accumulation of these gases inside



Materials 2023, 16, 3913

16 of 61

small interlayer delamination spaces originates an explosive effect, further intensifying
delamination as well as shock-wave effects [54,55]. In Figure 15, a representation of the
lightning-induced delamination is presented.
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Figure 15. Schematic illustration of the lightning process on a CFRP composite. Reprinted with
permission from Wang et al. [55]. Copyright 2020 Elsevier.

With the high level of delamination, crack growth mechanisms and matrix degrada-
tion, the fatigue life of composites subject to these types of events is drastically reduced.
Despite the majority of the damage being caused by these factors, many other effects
need to be considered, such as fibre breakage, quick changes of electric and mechanical
properties as well as very high-temperature gradients through different directions and
layers [54,55], making this type of event challenging to simulate using commercial finite
element software [53,55]. Despite some solutions that have been proposed to mitigate the
problem, such as the inclusion of electrical conductive nanoparticles in the polymer or the
use of better conductive matrices, their maturity and ease of manufacturing are still the
limiting factors that hamper their wide-scale implementation [56].

Part II—Polymer types
8. Thermoset Polymers

Thermoset polymers are composed of chemically covalent bonds—cross-linked molecules
in a network structure. On heating, they decompose—as opposed to softening—and do
not undergo a liquid state. Once solidified by the cross-linking process, they cannot be
reshaped. However, cross-linking results in great strength and rigidity owing to the re-
striction of the relative displacements of the macromolecules. Among commonly used
thermoset matrices with continuous fibres, we identify epoxy, vinyl ester and polyester
resins [57-59], which are the focus of this section. A summary is presented in Table Al in
Appendix A, wherein the studies mentioned throughout this section are compiled.

8.1. Epoxy

Epoxy resins are one of the major thermoset matrix materials, featuring two or more
oxirane rings or epoxy groups as part of its chemical structure [57,60]. Fibre-reinforced
epoxy (FRE) composites are extensively used in a broad spectrum of industrial applications
such as aerospace, marine, and automotive, where durability, reliability and performance
are required under hostile environments [61]. Hence, understanding its behaviour concern-
ing fatigue and creep under various environmental conditions is pivotal in designing safe
and dependable structures.

8.1.1. Water

The performance of FRE composites under moisture exposure is crucial, and it has been
widely established that moisture has significant repercussions on the physical and chemical
properties of such materials [61-65], owing to a large number of highly polar specific
functional groups in the cured epoxy resin resulting in hydrophilic materials, i.e., with high
water affinity [63]. Water uptake is correlated to mechanical performance losses mainly
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due to plasticising; however, hydrolysis reactions and water acting as a physical cross-link
may occur as well [64,66]—refer to Section 2. The ramifications of such mechanisms are not
confined to the static material properties and have been recorded to detrimentally affect
the fatigue performance of epoxy-based composites. Tensile fatigue lives of glass/epoxy
specimens were found to be reduced from 107 to 10° cycles when loaded at 65% of their
ultimate tensile strength (UTS) immersed in distilled water at 25 °C [67]. Hybrid glass-
carbon/epoxy samples showed similar fatigue performances in wet and dry conditions
of up to 45% UTS before a noticeable drop-off was registered [67]. Ageing of composite
materials in aqueous environments also has prejudicial consequences on the mechanical
performance: unidirectional carbon/epoxy laminates have been found to withstand more
than 3 x 10° cycles at 80% of the ultimate flexural strength (UFS) when subjected to bending
fatigue tests without preconditioning. Nevertheless, aged wet laminates—immersed in
freshwater, seawater and seawater with 70 bar hydrostatic pressure at 50 °C for 3 months—
could not achieve comparable lifetimes even at 65% UFS [68]. Although the maximum
creep strain of glass/epoxy specimens was found to actually increase for immersions times
under 24 h due to a reactivation of curing reactions, the effects of water are evident in a
gradual reduction up to a minimum value corresponding to 504 h of immersion as per
Figure 16.
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Figure 16. Effect of water uptake on creep behaviour of glass/epoxy specimens. Reprinted with
permission from Papanicolaou et al. [69]. Copyright 2009 Taylor and Francis.

8.1.2. Temperature

It is widely established that the mechanical properties and structural integrity of
epoxy-based composites are significantly reduced [70,71] due to an immediate softening
and rubber-like response at elevated temperatures—even only moderately above Ty [61]—
restricting their use in high-temperature applications [34,72]. At temperatures considerably
exceeding Ty, epoxy resins in general begin to decompose. The FRE composites initially un-
dergo reversible mechanical changes with rising temperatures close to Ty, such as viscous
softening [61]. As a consequence, properties of both the polymeric resin and fibre-matrix
interface can be adversely affected which is accompanied by a significant loss of mechanical
performance [61]. This is evidenced in the fatigue life of 3D angle-interlock woven car-
bon/epoxy composites tested at 25 and 100 °C, where a drop from 38% UTS to 30% UTS in
the fatigue limit was observed with increasing temperature [73]—attributed to weakening
in the interface bonding strength. Basalt/epoxy specimens were also recorded to have
significant performance losses with increasing temperature concerning both fatigue and
tensile properties—a linear decrease from —20 to 60 °C with a reduction of 20% in UTS [74].
On the other hand, an increase in mechanical properties with decreasing temperature was
also recorded. Mitsuhiro Okayasu and Yuki Tsuchiya [75] also reported an enhancement
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of the low-cycle fatigue performance by a factor of 1.5 on a unidirectional carbon/epoxy
specimen at cryogenic temperatures. This factor decreases with the increasing number
of cycles and at the later phase, the fatigue curve at —196 °C is close to the one at room
temperature. This could be attributed to a magnifying effect at low temperatures on chain
movement inhibition due to high cross-link density as previously reported [76,77] and as
stated by the authors.

8.1.3. Hygrothermal

Hygrothermal environments stem from the combined effects of water and temperature.
In addition to the water uptake, a rise in temperature is capable of significantly accelerating
the saturation of FRE due to a superior rate of diffusion. The enhanced chain mobility also
exacerbates the drop in mechanical performance [61,78]. Irreversible chemical changes
may also be induced in the material, i.e., that persist even after the composite is dried: a
permanent performance loss of up to 17% has been reported on preconditioned glass/epoxy
composites used in wind turbine blades—immersion in demineralised water at 50 °C for
4800 h [79]. The combination of moisture and temperature also resulted in shorter fatigue
lives by up to three orders of magnitude. The drop is fatigue performance is also evident
on the fatigue tests of a wet epoxy resin—distilled water at 60 °C for 2 months—for which
the S-N curve was shifted by 20% whilst maintaining the same slope [80]. Hygrothermal
ageing of glass/epoxy specimens in ambient, humid (40 °C and 60% relative humidity, RH)
and sub-zero specimens (—15 °C) for 180 days resulted in a decrease from 10° cycles at
40% UTS to 5.6 x 10°,5.8 x 10° and 3.4 x 10° for each respective conditioning process [81].
Significant deterioration in fatigue behaviour was attributed to leaching of the glass fibres
and hydrolysis of the epoxy resin by E. Vauthier et al. [82] on specimens aged in various
temperature and humidity conditions. In addition, findings on the fatigue response of
preconditioned natural FRE composites yielded similar outcomes. Immersion in distilled
water at 70 °C for 26 days was reported to induce noteworthy drops in the fatigue response
of epoxy resins reinforced with flax fibres for the low-cycle range—for 20,000 cycles, the
maximum stress is reduced from 196 to 148 MPa [83]. However, the obtained slopes of the
fitted curves—9.4 for aged samples vs. 18.9 for unaged ones—point to an enhanced fatigue
resistance for high numbers of cycles, seeing as both curves converge to 90 MPa for a lifetime
of 5.3 x 10° cycles, and it has been proven that, for the material in question, the trend of
the S-N curves is the same up to 10® cycles [83,84]. On non-woven flax/epoxy specimens
severe degradation was also identified—at 50% loading level, the fatigue modulus loss
increased to 70% for preconditioned samples in a water bath at 45 °C from 25-30% for
unaged ones [85].

8.1.4. Seawater

Through plasticisation and hydrolysis, seawater exposure in FRE composites can
severely damage the thermophysical, chemical, and mechanical performance of the epoxy
matrix [61,86]. Fatigue life predictions revealed that, for 107 cycles, basalt/epoxy compos-
ites aged in seawater for 6 weeks would undergo a reduction of 11% concerning the max-
imum applied stress [87]. Notched carbon/epoxy laminates—rectangular cross-sections
with a central hole—suffered dire repercussions subsequent to immersion in natural and ar-
tificial seawater for 30 and 60 days in their low-cycle fatigue behaviour—for 10* cycles, the
stress amplitude was 1.2 times higher for dry laminates [88]. Still, no discernible differences
were observed in the fatigue behaviour regarding the immersion duration or the type of
seawater and for high-cycle fatigue, the lifetime of the laminates was not affected—superior
impact of holes and respective induced stress concentrations.

8.1.5. Liquid Chemical Agents and UV Radiation

FRE composites are often employed in outdoor applications where the material is
subjected to corrosive medium and ultraviolet (UV) radiation in addition to moisture
and temperature [61]. Concerning the former, alkaline solutions have been shown to
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severely diminish the fatigue life of pultruded carbon/epoxy specimens following a pro-
longed immersion for a 2-year period. Fatigue life predictions resulting from several
methods, namely, S-N curves, Whitney’s method and Sendeckyj’s method, identified a
reduction in the maximum allowable stresses for 2 million cycles from 69.28 to 60.75% UTS,
73.39 t0 68.55% UTS and 65.00 to 54.41% UTS for each respective method [89]. E-glass/epoxy
specimens aged in aqueous solutions of NAOH having concentrations of 5%, 15% and
25% for 1, 2, 3 and 4 months suffered a reduction of 21.36 and 62.38% in fatigue strength
and life [90]. The same procedure applied to an HCI aqueous solution resulted in more
severe losses of 41.95% and 97.19% [90]. On the other hand, the energy associated with the
wavelengths—290 to 400 nm—of the solar radiation incident on the surface of the earth
is comparable to the breakdown energies of covalent bonds of epoxy and consequently
can result in discolourations, chain scission-induced microscopic degradation and reduc-
tion in mechanical properties [61,91]. The exposure of tri-axial carbon/epoxy laminates
313-bulb UV for 750 h had major consequences on fatigue life for stress ranges smaller than
500.0 MPa with a major decrease from above 10° cycles to below 10 cycles [92]. Exposure
to y-rays corresponding to doses of 20, 100 and 200 kGy also detrimentally impacted the
fatigue performance of glass/epoxy specimens, particularly at low-cycle fatigue (N < 10%)
where a gradual decrease in the maximum stress was identified with increasing irradiation
doses. This also translated into fewer life cycles for a given stress value with increasing
doses. Nonetheless, no drops in the fatigue life were detected at high-cycle fatigue stages
(N > 10%) [93].

8.2. Vinyl Ester

Vinyl ester resins originate from an addition reaction between and epoxy resin and
an unsaturated carboxylic acid such as acrylic or methacrylic and boast great mechanical
performance comparable to epoxy whilst simultaneously offering superb processability
similar to a polyester resin [60].

8.2.1. Hygrothermal

The combined effect of moisture uptake and elevated temperatures has already been
established to degrade the fatigue life of fibre-reinforced epoxy polymers. This is extended
to vinyl ester resins, with immersion in water at 40 °C for periods ranging from 30 to
600 days being proven to significantly deteriorate the fatigue performance of glass/vinyl
ester laminates [94]. Still, while the laminates showed a greater loss in fatigue life at the
superior stress levels—70%—the vinyl ester resin samples showed more degradation at 30%
of the ultimate stress. The findings revealed that for brief exposure intervals, the fatigue
behaviour for composite materials is independent of the moisture content. However, the
impact becomes more apparent with prolonged exposure.

8.2.2. Seawater

Exposure to aqueous environments has been shown to severely impact the fatigue
performance of glass/vinyl ester composite pipes [95]. The fatigue strength of corroded
specimens due to salt water spray was found to be decreased from a stress amplitude
of 24 MPa for 10° cycles to 15 MPa after exposure for 300 h. Immersion in oxygenated
seawater also displayed detrimental consequences to fatigue performance with the effect
being more prevalent with increasing exposure periods. This deterioration effect was
particularly obvious in the low cycle zone, where specimens exposed for 10,000 h saw a
reduction in fatigue life by a factor of 6. Exposure to 100% RU of up to 3000 and 10,000 h
elicited a slight performance loss, with the repercussions being exacerbated in the low
cycle region where the fatigue strength and life were respectively reduced by ~2 MPa
and a factor of 2. The impact of exposure to both fresh and saltwater on the fatigue
durability of the glass fibre-reinforced/vinyl ester composite was also characterised by
McBagonluri et al. [96]. Both environmental circumstances have been observed to result in
a significant decrease in fatigue strength. The authors come to the conclusion that water
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intrusion in both freshwater and saltwater conditions causes the load-bearing fibres to
gradually deteriorate, which leads to fatigue failure. The flexural fatigue life of aged—
exposure to water and salt solutions containing mass fractions of either 5% NaCl or 10%
NaCl for up to 6570 h—pultruded glass/vinyl ester composites was recorded to be severely
reduced from beyond 107 cycles to within 10° to 107 cycles at 30% of the flexural strength
of the specimens [97].

Similar results were reported for carbon fibre-reinforced vinyl ester resins, with fatigue
lives of fully saturated woven carbon/vinyl ester—immersed in synthetic seawater for
a period of 140 days—evidenced a decrease up to ~62% across all strain ranges with
this effect being more prevalent for higher strain ranges—low-cycle fatigue—where the
average measured reduction is between 37% at 0.46% strain range and 90% at 0.6% strain
range [98]. Fatigue lives of carbon/vinyl ester laminates tested immersed in seawater
induced a staggering 71% degradation in the number of cycles to failure when compared
to dry specimens, whereas simply preconditioning—immersion in seawater at 40 °C for
6 months—resulted in a drop of 30% [99].

8.2.3. Liquid Chemical Agents

Under liquid chemically active environments, PMCs are expected to corrode and to
suffer losses in their fatigue response. This is evident in the striking 58% decrease in the
slope of the S-N curves for unaged basalt/vinyl ester tendons sprayed with artificial acid
rain—pH of 2.5. This was attributed to the strong corrosive properties of the acid that, with
penetration, induced chemical corrosion in the constituents of the PMC in addition to the
internal stresses originating from fluid ingress [100].

8.3. Polyester

Polyester macromolecules are attained from the reaction between a diacid or dianhy-
dride with a dihydroxy compound. Numerous types of sail and motor boats, fishing boats,
and naval vessels extensively employ polyester resin-based fibre-reinforced composites in
the construction of their hulls [60]. Hence, understanding their environmental fatigue in
such an environment is of the utmost importance.

8.3.1. Water

Apart from seawater, moisture uptake has already been established to detrimentally
impact the fatigue life of fibre-reinforced epoxy polymers. This is extended to polyester
resins, wherein tensile fatigue lives of polyester-based GFRP laminates were recorded to
decrease to one-ninth of the dry samples’ ones for a stress level of 40% UTS following a
moisture uptake of 0.38% with respect to the initial weight of the material [101].

8.3.2. Seawater

The effects of seawater on polyester-reinforced polymer composites have also been
well established [102,103]. Reductions in fatigue performance were recorded and estab-
lished to be exacerbated with increasing immersion times for randomly oriented short
glass fibre-reinforced polyester composites immersed in natural seawater for 90, 180 and
270 days [102]. Furthermore, fatigue lifetimes under a simulated marine environment for
preconditioned—immersion for 30 days in a 3.5 wt% NaOH solution—non-crimp wound
glass fibre-reinforced polyester composites were recorded to be significantly shortened.
Still, the same failure mechanisms were detected for both dry specimens tested in air
and preconditioned ones tested in artificial seawater—the S-N curves exhibited the same
slope [103].

9. Thermoplastic Polymers

Thermoplastic matrix composites have long been used for several different varied and
ordinary applications; however, there has been an increase in investment and development
of technologies for their use in more demanding scenarios, such as the aerospace indus-
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try. They boast higher matrix toughness and impact resistance, faster and more flexible
production cycles as well as a better recyclability, crucial considering a more sustainable
industry. However, their needs for high-temperature processing, poor fibre impregna-
tion and high sensibility to heat come as disadvantages, deeming their implementation
difficult [104-106]. Contrarily to thermosets, thermoplastic polymers may present a crys-
talline phase, whose degree may vary accordingly to the cooling rate from the melting
temperature [34]. Biron [105] divided a wide range of thermoplastics into three different
types of usage: commodities, technical thermoplastics and speciality thermoplastics. In
this section, a thermoplastic matrix from each type (PP, PA and PEEK) is presented and, for
each polymer, its resistance to environmental factors reviewed from the available data in
the literature. As for the case of thermoset matrices, the studies mentioned in this section
are gathered in Table A2 (Appendix A).

9.1. Polypropylene

Polypropylene is a partially crystalline thermoplastic used for a wide range of applica-
tions (automotive, appliances, furniture, etc.) [31], featuring relatively good mechanical
properties at ambient temperature as well as good dimensional stability, flame resistance
and fatigue resistance [31,107]. Furthermore, PP has been appointed as a very promising
matrix for the use of natural reinforcements [107].

9.1.1. Water

As previously mentioned, water absorption by polymer-matrix composites leads to
mechanical and chemical changes that pose a problem to the life of several components.
Polypropylene matrix composites have been documented to have their fatigue life reduced
with an increase in moisture content [108,109]. Ayman et al. [109] conducted tests on wet
short glass fibre-reinforced PP samples and concluded that there is a reduction of fatigue
life when exposed to moisture (Figure 17).
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Figure 17. Effect of moisture on fatigue behaviour of polypropylene reinforced with 5 wt% of short glass
fibre. Reprinted with permission from Abdelhaleem et al. [109]. Copyright 2018 SAGE Publications.
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This phenomenon is once again explained by the influence of water on the interfacial
strength between fibre and matrix. The effect is reduced by increasing the reinforcement

content; nevertheless, the fibres are also subject to corrosion, which leads to premature

fracture with increasing water content [109].

9.1.2. Temperature

Similarly to other PMCs, PP matrix composites face a reduction of fatigue and creep
life with an increase in temperature [110,111]. Vifia et al. performed several fatigue tests, at

different temperatures, on sheets of glass fibre-reinforced polypropylene.

It can also be observed in Figure 18, where the strong viscoelastic behaviour characteris-
tic of thermoplastics leads to high non-linearity of the S-N curve at high temperatures [111].
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Figure 18. Effect of temperature on the fatigue life of glass fibre-reinforced PP. Reprinted with

aetal. [111]. Copyright 2011 John Wiley and Sons.

permission from Vifi

Moisture absorption and temperature are related to each other more often than not.

When exposed to higher temperatures, water diffusion is easier and enhances the mois-

9.1.3. Hygrothermal

ture degradation capability. In Figure 19, the influence of temperature on the moisture
absorption of a hemp-reinforced PP can be observed [110,111]. For a temperature level
of 80 °C, the moisture uptake can be up to 3600% faster than when subject to ambient
temperature. Naturally, the moisture uptake rates are highly dependent on the fibre content
and nature [110,112,113], especially for natural fibres (hydrophilic by nature) [114].
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Figure 19. Effect of temperature on the moisture uptake of a hemp/polypropylene composite.
Reprinted with permission from Toubal et al. [115]. Copyright 2016 John Wiley and Sons.

9.1.4. Seawater

Polypropylene matrix composites are being considered for use in civil construction
and others under marine environments. Being so, it is necessary to assess how the salinity
affects the behaviour of such materials [116,117]. Dong et al. [116] have tested sheets of
glass fibre-reinforced polypropylene underwater with different saline concentrations for a
duration of 6 months. It was concluded that, under seawater, the water uptake increases
for the same interval of time compared to distilled water (Figure 20). The corrosion of
glass fibres was also evident, with fatigue and creep resistance naturally degraded by the
influence of these mechanisms [116].
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Figure 20. Water uptake of GFRP sheets under different environments (LW and HW: distilled water at
25 and 60 °C; LS and HS: seawater at 25 and 60 °C). Reprinted with permission from Dong et al. [116].
Copyright 2022 Elsevier.

Even though the same effect was registered by other authors such as Najafi et al. [117]
with wood—polypropylene samples, there is still limited research regarding the behaviour
of polypropylene composites under saltwater environments, mainly due to the high depen-
dence of the response on different fibre types and contents.
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9.1.5. UV Radiation

The effect of UV radiation on the fatigue life of different polypropylene composites
has been documented by Joseph et al. [118] in their research. An important reduction of the
mechanical properties of PP composites when exposed to UV radiation for long periods
was observed, which occurs mainly due to chain scission (photo-oxidation) and to the
appearance of cracks due to chemi-crystallisation (Figure 21).
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Figure 21. Variation of tensile strength of sisal/PP composites when exposed to UV radiation for

different periods. Reprinted with permission from Joseph et al. [118]. Copyright 2002 Elsevier.

Nasri et al. [119] have also studied the influence of UV radiation on the mechanical
properties of PP composites. Using specimens of flax or pine fibre-reinforced PP, the
response to a flexural test after different exposure times was carried out. It was concluded
that the longer the exposure time, the more the mechanical properties are degraded, both
in stiffness and strength.

9.2. Polyamide

PA is a thermoplastic used as a matrix mainly for short-fibre-reinforced composites in
a wide range of applications. The low density, good mechanical properties, heat stability
and the wide range of processing techniques, including additive manufacture [120], make
this material highly desirable for a vast number of engineering solutions [31,121]. Among
the different polyamides available, the most used are PA6 and PA6,6 belonging to the
aliphatic polyamide family, also known as nylons [31,122].

9.2.1. Water

It is widely established that polyamides present a significant hygroscopic
behaviour [31,123]; therefore, some research has been conducted in order to evaluate the
mechanical response of PA composites under aqueous environments. Barbouchi et al. [124]
carried fatigue tests on short glass fibre-reinforced PA6,6 samples on atmospheres with
different % RH. Besides registering a steep decrease in the glass transition temperature Tg,
there was an important reduction of both stiffness and strength. Consequently, the fatigue
behaviour was diminished by the water intake; however, the fatigue endurance limit was
observed to be the same for both dry and wet samples. The same substantial reduction of
mechanical properties was observed by several other authors [125-127]. Water uptake, up
to 8.5 wt%, decreasing with the amount of fibre content, was found to have a significant
effect on the fatigue of the PA composite samples. These changes are explained by the
plasticising effect of water which acts mainly on the amorphous phase, predominant in the
PA microstructure [126].
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9.2.2. Temperature

Due to the high presence of an amorphous phase in some PA composites, mainly
due to the high cooling rate verified during manufacturing, the mechanical response is
expected to be highly affected by an increase in temperature. Kawai et al. [128] evaluated
the fatigue response of short carbon fibre-reinforced PA6 samples at different temperatures
(room temperature, 50 °C, 70 °C). It was concluded that the fatigue strength for the same
number of cycles decreases with an increase in temperature. The results are on par with
the substantial stiffness and strength reduction (approx. 50%) that were verified under
higher temperatures. Monte et al. [129] documented a similar level of reduction in strength
and fatigue resistance with higher temperatures, adding that the characterisation of tensile-
compressive fatigue was very difficult due to instability problems, since at T = 130 °C,
the samples were immensely compliant. Hysteric heating was also verified by previous
research to further decrease the fatigue performance of PA composites [129,130].

9.2.3. Hygrothermal

In the previous section, both temperature and water uptake were shown to be detri-
mental to the properties of PA matrix composites. In order to establish a relation between
the two variables, Sang et al. [131] ran different tests to evaluate the moisture uptake
with the temperature. Moisture uptake increased in a Fickian way reaching the plateau at
the maximum moisture uptake. The same results were obtained by Lei et al. [132], who

also documented an important degree of swelling and reduction of mechanical properties.
(Figure 22).
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Figure 22. Effect of temperature on water uptake of PA6 and CF/PA6. Reprinted with permission
from Lei et al. [132]. Copyright 2021 Elsevier.

The use of PA matrix composites in hot and humid environments is then discouraged
since the high content of the amorphous phase is heavily influenced by
environmental conditions.

9.2.4. Seawater

In order to evaluate the effect of salt concentration in the moisture uptake or degra-
dation of PA matrix composites, Haadar et al. [133] immersed short glass fibre-reinforced
PA in different environments, distilled water and saline solution. The water uptake was
observed to evolve in a similar way for both conditions until near the saturation level,
where the presence of sodium chloride slightly decreased the water diffusivity. The impact
on the mechanical properties was similar, with NaCl-immersed specimens retaining a
slightly higher percentage of their dry properties than the ones immersed in distilled water.
Therefore, despite inducing a small change, fatigue and creep behaviour between distilled
and saltwater environments are not significantly different.
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9.2.5. UV Radiation

The assessment of the response of polyamide composites to UV radiation is a necessity
for natural light-exposed engineering applications. Markovicova et al. [134] conducted
some experiments to evaluate the UV radiation effect on glass fibre-reinforced PA, con-
cluding that, up to 750 h of exposure, there was a moderate loss of tensile strength and
flexural stiffness; nonetheless, there was recovery after 1000 h, which was attributed to
partial cross-linking of the matrix. Furthermore, Pinpathomrat et al. [135] observed that
unreinforced PA6 had a significant loss of approximately 85% of tensile strength after
being exposed for 7 days, yet the same behaviour was not obtained for the reinforced
counterpart [136]. A clear influence of UV exposure on the fatigue and creep behaviour of
PA matrix composites requires more research.

9.3. Polyetheretherketone

PEEK is a partially crystalline polymer belonging to the polyaryletherketone (PAEK)
family, constituted by high-performance thermoplastics [34,137]. Its stability at high tem-
peratures (300 °C), compatibility with high-strength fibres, high strength, stiffness and good
resistance to chemicals and radiation make it especially attractive for more demanding
applications such as the aerospace and medical industries [31,34,137].

9.3.1. Water

Determining the behaviour of PEEK polymers with different water contents becomes
a necessity when a designed component is made to last in any environment. After three
weeks of immersion, a weight change on the uptake equilibrium on boiling water of 0.45%
was recorded [138]. At 65% RH, equilibrium was attained only after 1000 h, with the
specimen exhibiting a weight change of only 0.08%. After performing the fatigue test
analysis, it was concluded that the effect of the moisture absorption had no relevant effects
on the fatigue performance of the composite (expected behaviours due to the low moisture
absorbance). This was further verified by other studies [139], which also appointed a low
moisture uptake as the main reason behind the maintenance of the fatigue performance.

9.3.2. Temperature

The use of PEEK polymer-matrix composites for high performance requires the assess-
ment of its behaviour under different temperatures. Studies have reported that an increase
in temperature leads to a degradation of both longitudinal stiffness and strength (especially
near the glass transition temperature) of the samples, mainly attributed to the movement of
chains in the amorphous parts [140,141]. Consequently, there is a reduction of the fatigue
life of the composite (Figure 23).
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Figure 23. Effect of temperature on the fatigue life of cross-ply and quasi-isotropic AS-4/PEEK
laminates. Reprinted with permission from Jen et al. [140]. Copyright 2008 Elsevier.

The same behaviour was also documented by Kawai et al. [141], particularly on the
effect of temperature on the off-axis loading of unidirectional AS4/PEEK samples. The



Materials 2023, 16, 3913

27 of 61

failure surfaces showed tearing of the matrix, probably due to the higher shear stresses
acting along the off-axis direction. The effect of temperature on creep was also studied [142],
and a rise in the tensile creep compliance with higher levels of temperature was registered,
showing excellent creep resistance at room temperature everywhere but near the glass
transition temperature (above 130 °C), where creep compliance rises sharply [143,144]. Both
the fatigue and the creep-temperature responses of PEEK composites are highly dependent
on the matrix, mainly due to its viscoelastic behaviour at high temperatures [142-144].

9.3.3. Hygrothermal

Exposure to higher temperatures leads to a higher moisture intake, with the mechanical
properties such as flexural strength experiencing a slight reduction, up to 15%, under
80 °C at 85% RH [145]. Several other studies [138,146,147] concluded that the mechanical
properties of PEEK composites subject to different temperatures and moisture contents do
not degrade in a substantial way, not being, however, totally negligible.

9.3.4. Seawater

Boinard et al. [148] exposed samples of PEEK to different combinations of tem-
perature and salt content (distilled water and brine) and concluded that neither the
absorption nor the diffusion process are affected by the presence of sodium chloride.
Schambron et al. [149] obtained the same results in their research on carbon-fibre/PEEK
bone plates. Mechanical and fatigue tests after exposure to different ageing environments
with several NaCl concentration levels also showed that the degradation of mechani-
cal properties is hardly affected by immersion in water or saline environments at room
temperature and that the fatigue life is not altered.

9.3.5. UV Radiation

PEEK matrices have shown little to no reaction, in mechanical properties, to UV ex-
posure. Nakamura et al. [150] evaluated the mechanical properties of PEEK sheets after
being exposed to UV radiation, and recorded no significant reduction in tensile strength. A
slight increase resulting from the embrittlement has been registered due to the UV-induced
crosslinking [151]. This increase in strength is inversely proportional to the static tensile
stress applied to the specimens while being exposed. Niu et al. [152] registered a decrease
of 7.5% of stiffness after 1560 h of alternating cycles between 8 h of UV irradiation of
1.55 W/m? at 70 °C and 4 h of dark condensation at 50 °C, having identified fibre/matrix
debonding near the surface. This reduction in stiffness may slightly compromise the fatigue
life of PEEK composites, especially with higher degrees of crystallinity. Regardless, for a
significant reduction of mechanical properties to happen, very demanding and specific con-
ditions are needed, showing that PEEK has good resistance to UV radiation for the majority
of applications, much due to its stable aromatic structure, which makes it completely inert
to a wide range of chemical environments [153,154].

10. Biopolymers

As we thrive to reduce today’s society’s environmental footprint, adopting more and
more sustainable practices, the polymer industry has concomitantly reacted with the intro-
duction of the so-called biopolymers, also referred to as biodegradable or bio-based /biogenic [155].
Despite being interchangeably used, they entail different meanings: bio-based /biogenic
points to the origin of the polymer or the raw material from which it was produced, specify-
ing materials, generally, macromolecular polymers, that derive exclusively from renewable
sources, whereas biodegradable depends only on the chemical structure of a polymer and
refers to the recycling options available at the end of its service life, meaning they can
be fully degraded by microorganisms or enzymes under ambient conditions (i.e., outside
composting plants) within a reasonable time length resulting in nontoxic products. These
two terms are, thus, independent of each other and should not be confused, e.g., poly-
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mers based on fossil resources can still be biodegradable, and bio-based polymers are not
necessarily biodegradable [25,155].

In the following sections, we focus on some of the most representative bio-based and
biodegradable polymer matrices, namely starch—and its derivatives, particularly TPS, PLA
and PHAs—the most commonly used being PHB. On one hand, starch and PLA are, by far,
the most productive biodegradable plastics, accounting for 38.4% and 25.0% of the total
biodegradable plastic capacity, according to European Bioplastics Data from 2019 [11,156],
with PLA totalling 449,000 tons per year, its applications ranging from packaging to medical
devices. On the other hand, PHAs, despite their small market, high production costs and
complex extraction processes, are regarded as the most promising biodegradable polymer—
with a market worth of USD 57 million in 2019 almost doubling to USD 98 million in 2021
(projected), being not only biodegradable and naturally produced, but also biocompatible
with many organisms [11].

Additionally, to the best of the authors” knowledge, there are very few works focusing
on the environmental fatigue and creep behaviours of these polymers—Ilet alone their
composites—which comes as no surprise, considering that the shift of focus towards these
materials happened only recently, and the experimental methods are yet to mature. As we
detail below, most of the literature verses only on their static degradation, and, even if that
deviates from the scope of this review, it is the authors’ belief that there is still insight to
be gained from their degradation behaviour. Faster degradation kinetics (in strength and
moduli) have been linked with increased deformation—strain—levels [157], and, since the
mechanisms actuating in environmental fatigue and creep are the same as those involved in
degradation, mechanical tensile/compressive loading is only expected to accelerate/delay
the process. Finally, Table A3 (Appendix A) gathers the studies mentioned throughout this
section, briefly presenting their key findings.

10.1. Polylactic Acid

PLA is a polyester obtained from agroresources that is chemically synthesised using
monomers from the fermentation of plant-derived carbohydrates [13,25,158], which is
nearly amorphous in its pure form. Due to its low glass transition temperature (50-80 °C),
in several applications, it is often reinforced with fibres—often organic, such as kenaf
or sisal—or particles. As mentioned, very few studies have been performed regarding
PLA mechanical, let alone environmental, fatigue behaviour [159-162], most of which
focus on the properties of additive manufacturing specimens [163-173] and some in PLA
composites [174,175] and creep behaviour [162,176].

10.1.1. Water

PLA boasts a low water and oxygen acceptability level [177,178], with degradation
occurring due to hydrolysis of ester linkages followed by microbial breakdown [179,180].
This preferentially affects the amorphous regions of the polymer by erosion—only after a
long time do the crystalline regions undergo hydrolysis—and the degree of crystallinity of
PLA samples has been found to increase with degradation time [181]. Additionally, the pH
value was coupled with the degradation rate, and the degradation products themselves
contributed to altering the pH of the medium; more specifically, he decomposition rates in-
creased with increasing pH in the range 3.4-7, yet all samples assessed, both semicrystalline
and amorphous, attained the same pH value after about 20 days of hydrolysis [181].

D-PLA, despite being hydrolysable, is considered non-degradable, contrarily to the
degradable L-PLA [25,182-184]. Several studies have reported a negligible (or even no)
mass loss when immersed in sterile water (Figure 24) [13,185], even immersed in a labora-
tory aquatic medium over a period of 112 days (constant light, 30 °C) [25].
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Figure 24. Mass loss for PLA samples in seawater and fresh water. Reprinted with permission from
Bagheri et al. [185]. Copyright 2017 John Wiley and Sons.

Regarding composites, moisture absorption has been correlated with the volume of
fibres and voids in PLA /hemp composites [5], and although in the neat polymer a certain
time is required for the water to reach the inner core, composite samples are quickly filled
with water, leading to homogeneous hydrolysis [186]. Likewise, PLA /TiO; nanocomposites
were tested at (37 = 1) °C and pH = 7.4 over more than one year, and it was found that
the TiO, particles accelerated the degradation kinetics, with the hydrolysis starting at
the interface between fillers and matrix [187]. It has been found for PLA/PEG gels that
the loading frequency does not affect the degradation rate for blends with a low cross-
link density, whereas a higher frequency is linked to faster degradation rates in highly
cross-linked polymers [188].

10.1.2. Temperature

PLA has a glass transition temperature close to 60 °C, below which the migration of
moisture and microbial agents into the material is hampered by the increased stiffness and
reduced mobility of the chains, slowing down its degradation rate [5]. Contrarily, tempera-
tures above 50 °C have been found to accelerate the abiotic hydrolysis of PLA [189-192],
even if its biodegradation kinetics are generally considered slow, [193]—for a more com-
prehensive review, see Karamanlioglu et al. [194]. Temperature has been determined to
be the main factor affecting biodegradation in microorganism-rich environments such
as compost, soil and seawater with faster degradation rates registered therein than in
their sterile counterparts [191], also accounting for the differences between the distinct
environments—soil and aqueous media [25,190,192,195]. Samples tested at temperatures
from 25 to 50 °C exhibited degradation effects ranging from no damage after one year to a
mass loss of more than 40% just after 5 weeks [191,192], or, similarly, a decrease of 55% in
tensile strength over 11 months [196,197].

Focusing on composites, hydrophilic fillers, e.g., starch, kenaf fibres or wood—flour,
have been reported to increase the thermal decomposition rate under composting con-
ditions for as long as 90 days, e.g., from 60% to 80% when the starch content increased
from 10% to 40%, the same occurring when the T, is decreased by blending with other
polymers [198-200]. In addition, in PLA /KBF and PLA /flax biocomposites, a larger load-
ing was correlated with an accelerated decomposition, due to the increased micropore
surface area which, in turn, increases the transporting channels inside the composite used
by humidity and microorganisms [199].

10.1.3. Seawater

PLA has been found to degrade very slowly in seawater, due to the lack of effective
microorganisms that only allows for a (slow) abiotic hydrolysis to occur [13]. The high
salinity in seawater compared to distilled water delays the diffusion process and the
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degradation rate [11,201]. Even after 1 year, no visible degradation was reported for the
most common type of PLA (Figure 24) [11,185,201], and a weight loss of just 2.5% over
600 days was registered in a simulated marine environment [25,202].

Natural and static laboratory conditions have been compared, and the differences
have been found negligible after a period of 10 weeks at 25 °C for various degrees of
crystallinity (apart from the higher weight loss associated with mechanical forces) with a
slight increase in stiffness and strength during the first weeks [203,204]. Specimens tested in
a French harbour for 6 months exhibited only a reduction below 10% in tensile strength with
laboratory tests concluding that seawater temperature significantly affects the mechanical
properties [205].

However, even at moderate temperatures (around 40 °C), the tensile stiffness of PLA
matrices in PLA /flax biocomposites has remained constant, with the stiffness and strength
of the composite diminishing [206], behaviour attributed to wet ageing of the interfacial
adhesion. For most organic reinforcements, the water uptake increases with the fibre
content [207], leading, after long exposure periods, to the appearance of cracks in the fibre
and in the matrix [206,208].

Finally, samples immersed in a phosphate-buffered saline solution have been tested
and are shown to keep a strength above 200 MPa, from an initial bending strength of
280 MPa, for up to 25 weeks [186,209].

10.1.4. UV Radiation

UV radiation has been shown to reduce the toughness of PLA/PHB samples due to
surface modification, as it promotes solvent-induced crystallisation [177]. In a different
study, samples exposed to natural sunlight for 90 days, despite exhibiting no discernible
cracks or defects, suffered a 15-25% decrease in molecular mass and an increase in storage
modulus [5,210]. Mass losses, changes in crystalline structures and degradation of thermal
and mechanical properties, particularly Young’s modulus, were also noticeable under both
laboratory and natural UV irradiation [210].

10.1.5. Microorganisms

Microorganisms act in different environments, and throughout this section, we fo-
cus on natural soil and compost biotic media. Regarding the former, although PLA is
considered naturally biodegradable, it hardly degrades in a natural environment, due to
a lack of microorganisms capable of decomposing it [11,25,195,211-213], e.g., a weight
loss of 5% after 180 days with no visible changes has been recorded by [25,214]. In com-
post, however, it takes about 69 months for its complete decomposition, especially since
the temperature therein sits close to its Ty (58-65 vs. 60 °C, respectively), promoting
hydrolysis [11,157,191,192]. At 65 °C, samples have been recorded to suffer a mass loss of
34% after just 7 weeks [25,180], with further studies confirming the trend [13,191,215-217].
Moreover, the temperature has been shown to be the key factor affecting the polymer and
the microbial communities present; for instance, in [218,219], the recorded degradation
increased from 43% to 75% over roughly the same period when the temperature was
increased from 37 °C to 55 °C.

Degradation happens in two steps (Figure 25): (1) hydrolysis—first chemical, as
already described, and then enzymatic—to reduce the molecular weight followed by
(2) metabolisation of the chain monomers by the microorganisms present [5,13,158]. As
in the case of water uptake, microbial communities target predominantly the amorphous
regions, since the polymer chains are more flexible there, increasing the crystallinity of the
attacked regions and, thus, embrittling the polymer matrix [13,191,192,220].

Finally, in PLA matrix composites, the presence of the fillers usually favours moisture
uptake and, hence, the decomposition by microorganisms [5,212], which, besides affecting
the total mass as in [208], may also impact the overall mechanical, thermal and surface
properties. Alterations in the microstructure, promoting embrittlement, and, with them, an
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increase in the glass transition temperature and crystallinity degree have been reported in
the literature [5,212].

O OO Ooo
00 00

a) b)

B

Figure 25. Stages of a PLA composite degradation: (a) initial material; (b) cracks appear and the
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contact area increases with increased enzymatic degradation of the fibres; (c) hydrolytic degra-
dation of the PLA matrix; (d) embrittlement and disintegration. Adapted with permission from
Bayerl et al. [221]. Copyright 2014 Elsevier.

10.2. Polyhydroxyalkanoates

PHA—their most important representative being poly(hydroxybutyrate) (PHB)—are
biobased and biodegradable polymers produced by soil bacteria, typically stiff and brittle,
with low permeability to water and oxygen [13,25]. Taking a closer look at PHB, its
microstructure consists of alternating layers of crystalline and amorphous domains, the
latter being preferentially targeted by hydrolytic degradation.

10.2.1. Water

PHB is known to degrade in water, with the tensile strength decreasing significantly
in the initial stage of degradation and slowing down as decomposition evolves and the
rate at which decomposition occurs depending on the water inorganic composition and
temperature [208,222]. Mass losses of 7% and 35% were recorded after 180 and 358 days
of water exposure, respectively [223], and a value of 8.5% was measured for simulated
conditions over one year [13,185].

10.2.2. Temperature

Temperature is an important factor when assessing the biodegradability of PHB
composites [25], e.g., samples at 40 °C exhibited a weight loss of 0.64% per day [224], whilst
a 50% weight loss was registered for specimens kept at temperatures of up to 30 °C during
50 days.

10.2.3. Seawater

PHB is totally biodegradable in seawater, experiencing, much unlike PLA, fast hy-
drolysis [11]; several studies have been reviewed in [11]. Surface erosion was generally
considered the main initiator of degradation, promoted by the high availability of microor-
ganisms capable of degrading these matrices—even if still slower than in compost, after
which other mechanisms would act in the polymer matrix. Different studies have been
performed with rather distinct outcomes: weight loss of 7% after 1 year at 25 °C [185]
(Figure 26) against 42% after just 160 days at 29 °C or even 60% after 35 days in [11,13].
One common observation, nevertheless, is that the degradation of the polymer chains is
uniform and independent of the chain length [13]. Furthermore, after 140-day submergence
in a marine environment, the degradation levels of both the amorphous and the crystalline
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phases were reportedly the same [225,226]. Finally, PHA fibres, albeit not exhibiting signs of
hydrolysis even after 120 days exposed to a saline solution, contrasting against PHB/PHV
ones, have been shown to affect the degradability of the polymer matrix itself due to their
water uptake [227].
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Figure 26. (Top) Mass loss for PHB samples in seawater and fresh water. Reprinted with permission
from Bagheri et al. [185]. Copyright 2017 John Wiley and Sons. (Bottom) PHB samples in seawater
over 12 months: (a) not soaked; (b—d) soaked in different marine environments. Adapted with
permission from Sekiguchi et al. [228]. Copyright 2011 Elsevier.

10.2.4. Microorganisms

Comparatively to seawater, these polymers degrade much faster in soil and com-
post [11] according to multiple studies [5,229-234]. The involved kinetics depend strongly
on temperature, as it influences the biotic activity, leading to distinct rates over a period
of 200 days, namely 0.05%/day at 15 °C, 0.12%/day at 28 °C and 0.45%/day at 40 °C, as
reported by [13]. Likewise, a mass loss of 98% after one year has been measured by [13].
These results have been replicated for composting conditions [13], with results ranging
from a mass loss of 6% for temperatures of 6-32 °C over 150 days all the way to complete
degradation at 58 °C after 28 days. Degradation occurs preferentially in the amorphous
regions, being accelerated by applied strains (both static, creep-inducing, and cyclic), in-
ducing a change in semi-crystalline domains and increasing the amorphous fraction [235].
Finally, regarding composites, the incorporation of TiO, particles has been reported to slow
the degradation under sediment burial [232].

10.3. Thermoplastic-Starch

TPS is a biobased and biodegradable polymer(-matrix) boasting an amorphous struc-
ture that is synthesised by adding natural plasticisers to starch obtained from agricultural
resources—such as potatoes, corn and rice, all rich in polysaccharides—leading to a thermo-
plastic polymer [13,25]. Typically, TPS-based composites exhibit low mechanical strength
and impact resistance, being typically brittle and affected by water uptake [236]. Regarding
pure mechanical fatigue, it has been shown that reinforcements, particularly fibres, have no
effect on the failure mechanisms, which, again, confirms our assumption that the fatigue
behaviour for TPS-based composites depends solely on the matrix [162]. Degradation
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results under UV radiation, moisture, temperature and microbial attack range from mass
loss to surface oxidation, including changes in tensile and thermal properties [5,237].

10.3.1. Water

Starch alone possesses many polar groups that react forming hydrogen bonds, leading
to high water absorption [13]. This, nonetheless, can be offset by different additives, both
in the neat polymer and as reinforcements in composites [25]. Looking specifically at
composites, cellulose fibres have been recorded to enhance both mechanical and thermal
properties, whilst decreasing the water uptake [238,239].

10.3.2. Seawater

TPS has proven to be degradable in seawater, albeit slowly, with several blends and
composites registering weight loss and deterioration of tensile properties almost exclusively
in the starch fraction [240,241], as occurred in, e.g., PHB/TPS blends immersed in coastal
water in Puerto Rico over a period of 1 year or PE/TPS blends exposed in laboratory tests
simulating harbour conditions in the Baltic Sea over 20 months [240,242,243]. Enzymatic
hydrolysis has been reported to be the main contributing mechanism, which, in composites,
is favoured by the increased water uptake associated with most reinforcements, and by
high levels of strain that augment the surface area, thus helping the microbial communities
in seawater to infiltrate the composite. Moreover, as expected, the rate of degradation
depends on the microorganisms present: in river water (highest number of bacteria), a
weight loss of 32% was reported, decreasing to 3.3% in a marine environment, with studies
indicating rates as high as 2% day ! [11].

10.3.3. Microorganisms

Starch and TPS composites are known to degrade quickly under the influence of biotic
factors, with studies performed both in soil burial and composting conditions [244—248].
Regarding the former, values of 100% and 72.6% mass loss have been reported in the
literature for a period of 30 days at 30 °C [249] and 25 °C [250], respectively, whereas for
the latter, an unexpected longer time was measured in several studies [251,252], taking
up to 84 days at 60 °C to fully decompose. A low starch content is, additionally, prone to
slowing fatigue crack propagation and diminishing the incidence of microbial attack, with
a high starch content promoting faster degradation and creep kinetics due to an overall
increase in the penetration of water, light, oxygen and microbial attack. Contrasting results
have, nevertheless, been found in the literature, e.g., with studies reporting a long time for
complete degradation—as long as 12 years for some TPS/PE blends under composting
conditions [25,180].

11. Conclusions

This work reviews the physical and chemical phenomena involved in the environmen-
tal fatigue and creep performance of polymer-matrix composites, relating them to different
microstructures, either semi-crystalline or amorphous. The studies mentioned throughout
this work are gathered in Tables A1-A3 in Appendix A, wherein we collect the specimen
dimensions, the testing conditions and duration and the most relevant findings.

We begin by describing how solvents, particularly water, induce swelling, which may
lead to hydrolysis and changes in Ty over enough time. At low temperatures, water stiffens
a polymer matrix, promoting earlier fatigue failure for high loads, whereas, above Tg, it
acts as a plasticising agent, increasing the strains required to initiate a crack, a behaviour
clearly established for, e.g., PP and PA composites.

The effects of seawater are also discussed, stemming from a combination of mechanical
(currents); biotic (bacteria and fungi); chemical (pH and salinity); and thermal factors (such
as the temperature profile of the ocean). All of these contribute to shortening the service
life of a PMC, since under creep and/or fatigue loads, its degradation rate is accelerated—
which occurs, e.g., for PHB matrices. In addition, the type and content of the reinforcements
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may increase the fatigue damage kinetics, particularly if fibres suffer water absorption
or biodecomposition.

On the topic, biotic agents promote chemical degradation, as their enzymatic action
can metabolise some polymers and, particularly, natural fillers, leading to a change in the
structure and/or composition, whose products can accelerate the loss of integrity. This has
been shown to be particularly relevant for natural fibres and/or biodegradable composites,
such as those with PLA and TPS matrices, especially under tensile fatigue/creep loads that
increase the exposed area.

Focusing on liquid chemical agents, it was found that penetration is paramount for
a PMC. Permeation initially induces chemical reactions that dissolve the matrix. Further
propagation leads to the destruction of the interface bonds, and fibres may even be left
exposed to the solution resulting in surface cracks. Fatigue and creep responses are thus
reduced by up to 58% in the slope of the S-N curves due to a drop in the interface properties
and ability of the matrix to transfer loads between fibres, a behaviour clearly established
for, e.g., vinyl ester.

Another important factor is the incidence of UV radiation, particularly UV-B, which
is powerful enough to break the chemical bonds within polymer chains in a matrix, par-
ticularly at a thin layer on the surface, embrittling this region and, upon fatigue loads,
promoting earlier cracking and further embrittlement as the exposed area increases—for
instance, in PLA composites.

Temperature was found to be one of the most important environmental factors related
to the decrease in fatigue and creep resistance. Higher temperatures lead to the movement
and sliding of polymeric chains, primarily in amorphous regions, leading to a decrease in
stiffness and, thus, to the reduction of fatigue and creep resistance. Differences between the
coefficients of thermal expansion of the matrix and reinforcements are the source of many
other effects, such as the development of internal stresses when exposed to cyclic thermal
variations or cryogenic temperatures, ultimately causing the development of micro-cracks
and fibre-matrix debonding, further reducing fatigue performance due to accelerated crack
propagation—as seen in epoxi-matrix composites.

The assessment of lighting strike influence, an important factor for open field use
composites, was also conducted in this work. The creation of the high current channel
coupled with the low electrical conductivity of the matrix creates a very high temperature
gradient near the attachment point, originating small interlaminar spaces in the process. The
accumulation of pyrolysis gases inside the gaps induce an explosive effect which extensively
damages the composite and consequently has its fatigue and creep resistance reduced.

Particularly evident in the case of biodegradable and bio-based polymer matrices,
the available literature on fatigue and creep of PMCs focuses mostly on the assessment of
the mechanical properties under constant laboratory conditions, using accelerated testing
methods and curve-fitting to extrapolate the full behaviour. Nevertheless, the results
gathered from such tests may not be directly extrapolated, due to unforeseen alterations
in behaviour that the short duration of the tests fails to capture. Not only are longer tests
required, but also few studies follow the existing testing standards, preventing direct
comparison of the obtained results. Still, the different environmental conditions must be
assessed, as this area remains to be thoroughly explored. Most works available focus on
epoxy-matrix composites, with thermoplastics only recently coming under the spotlight.
Regarding biodegradable and biobased polymers, pure mechanical fatigue and creep
studies are even rarer, with almost all of the available literature studying degradation and
decomposition effects, mostly from a chemical or environmental standpoint, and not really
concentrating on the mechanical properties that are the focus here. These current trends
as well as opportunities and challenges for further studies are compiled in Table A4 in
Appendix B for each polymer. Beyond these, other limitations include the existence of
size factors that affect crack nucleation and propagation, which have yet to be thoroughly
explored beyond the fracture mechanics field, accounting for the environmental factors
mentioned. Similarly, the manufacturing method plays an important role in determining
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the properties of a given composite and is left to be tackled in coming studies. Future
studies should focus, on the one hand, on the development of the required methods, and,
on the other hand, on the actual creep and fatigue properties of such polymer matrices,
in an effort to keep up with the new composites that are being developed, eventually
contributing to understanding the complex interactions occurring between the different
mechanisms, while allowing for tailoring of the relevant engineering properties.
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Appendix A. Summary of Existing Literature
Appendix A.1. Thermoset Polymers

Table Al. Summary of existing studies for environmental fatigue and creep of thermoset polymers.

Degradation and

Polymer/Composite Specimen Tested Conditions Time Studied Fatigue/Creep Effects
Epoxy
Water
Cvdlic loadin Reduction of fatigue life
Glass and glass—carbon- D y & from 107 to 10° cycles for
. Unidirectional performed with
reinforced epoxy laminates specimens immersed in glass/epoxy samples.
(30 vol%) [67] d}i)s tilled water at 25 °C Noticeable drop-off at 45%
UTS for hybrid laminates.
Immersion in fresh Drop-off from 80% to 65%
Carbon fibre-reinforced 150 x 15 mm? water, seawater and UFS for infinite
unidirectional / seawater with 70 bar 3 months life—5 x 106 cyles—with

epoxy [68]

cross-ply laminates

hydrostatic pressure at
50 °C

no discernible distinction
between immersion type.

Carbon fibre-reinforced
epoxy (57 wt%) [69]

165 x 20 x 2 mm?>
fabric

Immersion in distilled
water at 40 °C

0,2,8,14, 20,24, 72,
168, 264 and 504 h

Creep strain increased up
to an immersion period of
24 h (~0.010%) before
suffering a gradual
decrease to its minimum
value corresponding to
504 h (~0.0035%).
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Table Al. Cont.

Polymer/Composite

Specimen

Tested Conditions

Time Studied

Degradation and
Fatigue/Creep Effects

Temperature

Carbon fibre-reinforced
epoxy (46.96 vi%) [73]

130 x 10 x 3 mm? 3D
angle-interlock woven
fabric

Cyclic loading
performed at 25 and
100 °C

Reduction in tensile fatigue
limit from 38% UTS at

25 °C to 30% UTS at

100 °C.

Decrease in fatigue lifetime

. . Cyclic loading o .
Pl el 3o rsmmt poromata 20,02, T e
40 and 60 °C P .
maximum fatigue stress.
Long carbon 1 mm thick Cyclic loading Tensile and fatigue
fibre reinforced epoxy  unidirectional/ performed at 20 and ) strengths augmented by a

(60 vol%) [75]

cross-ply laminates

—196 °C via immersion
in liquid nitrogen

factor greater than 1.5 with
a decrease in temperature.

Hygrothermal

Glass fibre-reinforced

ISO 14130: 0°

ASTM D5229/D5229M:
T =50 °C (immersion

500, 1000, 1500 and

Fatigue lives of
conditioned specimens
shortened by three orders
of magnitude. Permanent

epoxy [79] unidirectional samples in demineralised water) 4800 h according to  17% mechanical
performance reduction
after drying due to
degradation.
' . . o Fatigue life reduction from
Glass fibre-reinforced ASTM D3479: 3 mm Conditioning at 40 °C 180 davs 106 cveles to
epoxy (55 wt%) [81] thick laminates and 60% RH Y 538 ><y1 05 cycles
Significant deterioration in
. . 60% RH at 50 and 70 °C. fatigue behaviour due to
. 3 8
Glass fibre ret)nforced 10(.) X 10 .X 2.8 mm Immersion in distilled 160,180, 77 and 11 leaching of the glass fibres
epoxy (55 vol%) [82] unidirectional coupons water at 60 and 90 °C. days and hydrolysis of the
epoxy resin.
For 20,000 cycles,

Flax fibre-reinforced
epoxy (37.7 vol%) [83]

4 mm thick
250 x 25 mm? and
80 x 25 mm? coupons

50% RH at 23 °C. Some
samples were then
immersed in distilled
water at 70 °C.

Up to mass equilib-
rium/26 days

maximum stress reduced
from 196 to 148 MPa. Slope
of the corresponding fitting
curve superior for aged
samples—enhanced
fatigue resistance for high
numbers of cycles.

Flax fibre-reinforced
epoxy (40 vol%) [85]

ASTM D3479:
non-woven coupons

Immersion in a water
bath at 45 °C. Cyclic
loading performed at
23,50 and 75 °C.

Until saturation.

At ambient temperature
and 50% loading level,
fatigue modulus loss
increased to 70% from
25-30%.
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Table Al. Cont.

Polymer/Composite

Specimen

Tested Conditions Time Studied

Degradation and
Fatigue/Creep Effects

Seawater

Basalt fibre-reinforced

70 mm long and 3 mm

ASTM D1141-98:
immersion in artificial

Maximum applied stress
reduced by 11% for

epoxy [87] w;ieg:? iﬁ 0 mm seawater via a salt 1,3and 6 weeks 107 cycles following
saug & solution conditioning for 6 weeks.
For 10* cycles, stress
. . ASTM D1141: amplitude 1.2 times higher
Carbon fibre-reinforced . . . e .
epoxy (40 vol%) [88] Notched laminates immersion in artificial =~ 30 and 60 days for dry laminates. No
poxy and natural seawater discernible differences for
high-cycle fatigue.
Liquid chemical agents
Fatigue lifetime reductions
ASTM D3039: ACI 3R-04: immersion of 69.28 o 60.75% UTS,
. . L 1 . N 73.39 to 68.55% UTS and
Carbon fibre-reinforced  unidirectional in distilled water and
. . 2 years 65.00 to 54.41% UTS for,
epoxy [89] pultruded plates an alkaline solution respectively, S-N curve
according to with a pH =12.6 . p y’ ,
fitting, Whitney’s and
Sendeckyj’s methods.
Fatigue strength and life
reductions of 21.36 and
62.38% for specimens
L .4 conditioned in the 25 wt%
Immersion in acidic . .
Glass fibre-reinforced and alkaline solutions alkaline solution for
o 2.2 mm thick plates . . 1,2,3 and 4 months 4 months. Fatigue strength
epoxy (56 wt%) [90] with a concentration of . ;
5 15 and 25 wi% and life reductions of 41.95
’ ’ and 97.19% for specimens
conditioned in the 25 wt%
acidic solution for
4 months.
Radiation
For stress ranges smaller
. . ASTM D638-03: UVB radiation in an than 500 MPa, reduction in
Carbon fibre-reinforced o . .\ . .
epoxy [92] tri-axial laminates unloaded condition 750 h fatigue lives from above
poxy according to with an intensity of 313 10° cycles to below
10* cycles.
Severe reductions in both
-ray irradiation at maximum stress and
Glass fibre-reinforced ) doses of 20, 100 and ) number of cycles with
epoxy (50 wt%) [93] 200 kGy at room increasing irradiation dose
temperature for low-cycle fatigue
(N < 10%).
Vinyl ester
Water
Reduction in fatigue lives
Glass fibre-reinforced Uni- and bidirectional Immersion in distilled more pronounced with
30 to 600 days

vinyl ester [94]

laminates

water at 40 °C

higher exposure times and
stress levels.
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Table A1. Cont.
. . - . . Degradation and
Polymer/Composite Specimen Tested Conditions Time Studied Fatigue/Creep Effects
Seawater

Glass fibre-reinforced

ASTM D2290: double

ASTM B-117: T =35 °C
(exposure to salt water
spray); immersion in

Reduction in stress
amplitude from 24 to

15 MPa for 10° cycles after
salt water spray exposure
for 300 h. Reduction by a
factor of 6 in lifetimes after

vinyl ester notched 23 mm wide 300 to 10,000 h . L
(66 vol%) [95] rines oxygenated salt water immersion in oxygenated
’ 8 and 100% RU salt water for 10,000 h.
conditions Fatigue strength and life
reduced by ~2 MPa and a
factor of 2 after exposure to
100% RU for 10,000 h.
Exposure to a 3.5 w9 Significant decreases in
Qlass fibre-reinforced Pultruded salt solution at 65 °C fatigue strength. f.or .
vinyl ester unidirectional coupons  and fresh tap waterat long-term conditioning.
(28-30 vol%) [96] 45°C No discernible differences
for short-term exposure.
At 30% UFS, fatigue lives
Glass fibre-reinforced Exposure to water and were recorded to be
vinyl ester ASTM D790-92 bars salt solutions (5 and up to 6570 h reduced from beyond
vol% wt% Nal cycles to within
(34 vol%) [97] 10 wt% NaCl) 107 cycl ithi
10%-107.
Decrease of ~62% across
all strain ranges. Superior
Carbon fibre-reinforced =~ ASTM D7264: woven .ASTM ].31141: . 1mpact.for low-cycle
vinyl ester [98] fabric immersion in synthetic 140 days fatigue: average measured
seawater reduction between 37% at
0.46% strain range to 90%
at 0.6% strain range.
Cyelic loading 71% degrz}datlon in ’;h.e
arformed with number of cycles to failure
Carbon fibre-reinforced =~ Carbon stitched perte . . for laminates tested
vinyl ester [99] bonded fabric specimens immersed in 6 months immersed in seawater.
seawater. Immersion in o ’
o Drop of 30% for
seawater at 40 °C. i,
preconditioned samples.
Liquid chemical agents
Basalt fibre-reinforced Spraying with artificial
vinvl ester Tendons with ¢ = 4 mm acid rain—pH =25— 58% decrease in the slope
(70 }\]/01" %) [100] ¢= during cyclic of the S-N curves.
’ loading
Polyester
Water
Fatigue life reduction to
one-ninth compared to the
Glass fibre-reinforced 3 dry samples for a stress
vinyl ester 300 X 25 > 3.5 mm Immersion in water 1 month level of 40% UTS following

(55 vol%) [101]

laminates

a moisture uptake of 0.38%
with respect to the initial
weight.
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Table A1. Cont.

. . - . . Degradation and
Polymer/Composite Specimen Tested Conditions Time Studied Fatigue/Creep Effects
Seawater
Short randomly Reductions in fatigue

. Lo performance. Drop
o.rlente(.:l glass . ASTM D790 specimens Immersion in natural 90, 180 and exacerbated with
fibre-reinforced vinyl seawater 270 days ) . .
ester (30 vol%) [102] increasing immersion

times.
Significant reduction in
Class fibre-reinforced Immersion in a 3.5 wt% fatigue lives under a
- 5and 10 mm thick NaOH solution prior to simulated marine
vinyl ester 30 days

(55 vol%) [103]

non-crimp panels

tensile fatigue test in
the same conditions.

environment. No changes
in slope of the S-N curves:
same failure mechanisms.

Appendix A.2. Thermoplastic Polymers

Table A2. Summary of existing studies for degradation, fatigue and creep of thermoplastic polymers.

Degradation and

Polymer/Composite Specimen Tested Conditions Time Studied Fatigue/Creep Effects
PP
Water
Reduction of fatigue life. Rate of
degradation in fatigue reinforced
Recycled PP reinforced with 5 wt% glass fibre is
with short glass fibres . ASTM D5229: approximately the same for both
(5 wt%, 10 wt%, ﬁasr?\i zrr;e tlhtie;rlzsﬂe immersion in distilled 120 days wet and dry conditions. For 10,
20 wt%, and ! water at 25 °C 20, and 30 wt%, drastic decrease
30 wt%) [109] in fatigue strength over longer
number of cycles originated
from interfacial degradation
Sisal fibre-reinforced 3 o Reduction of tensile strength due
PP [118] 120 x 12.5 x 2.5 mm Water at 28 °C 3 days to plasticisation.
Up to 40% reduction is stiffness
Flax fibre-reinforced PP DIN 53495: for Green flax/PP for an
(both Green and Fibre mat immersion in water 60 days immersion time of 8 days.
Duralin fibres) [253] at room temperature Negligible effects on tensile
strength
Short hemp—glass fibre ASTM ]?57(?-98: Rgductlon 1{)1 strengtl: and
. immersion in stiffness, 40% and 47%
hybrid PP - distilled Upto3624h el inlv d
composite [113] istilled water at 40, respectively, mainly due to
60 and 80 °C interfacial degradation
Reduction of both stiffness and
. . . strength with increasing water
?’llzjllgtzfj‘;/re;%fsﬁ‘;d ASTM type I tensile Immersion in hot 216 h immersion time and fibre
0’ i bars water at 90 °C content, firstly due to

and 30 wt%) [254]

plasticisation effect then from the
leaching out of fibre materials.




Materials 2023, 16, 3913

40 of 61

Table A2. Cont.

Polymer/Composite

Specimen

Tested Conditions

Time Studied

Degradation and
Fatigue/Creep Effects

Temperature

Wood fibre-reinforced

Insulated chamber at

Creep modulus is verified to
decrease with an increase in
temperature. At 60°, after

16)(1)) ‘f\i(g /‘;’EI/TO?O o, and - 23,40 and 60 °C 2h 180 min, close to 65% lower
© relatively to the one for the same
conditions at room temperature.
Decrease in both tensile strength
E-glass Temperature chamber and fatigue limit with increase in
fabric-reinforced PP 50 x 5.75 x 2 mm?3 at 20p 50 and 100 °C - temperature. For 100°, nearly
(60 wt%) [111] ! 18% and 17%, respectively,
relative to room temperature
Drastic reduction of both
Wood flour-reinforced  Type Tl ASTM D638 —10,21,30,45and o\ eiasmi;y “.‘f}?.ul“s and ultimate
PP (46 wt%) [255] (14 mm thick) 65°C SIrENgth With merease
temperature, mainly due to the
surpassing of Ty.
Seawater
In saline environment, nearly
ASTM D5229: both full loss of tensile strength and
Class fibre-reinforced distilled and reduction of almost 85% of
PP[116] 150 x 30 x 0.3 mm3 simulated saline Up to 6 months  transverse tensile strength.
environment at 25 Effect attributed to poor
and 60 °C interface strength and corrosion
of glass fibres.
Wood flour-reinforced ASTM: D-7031-04: 26% higher reduction of flexural
o distilled, Caspian Sea strength under saline
PP (50 wt% and - . Up to 30 days .
70 wt%) [117] and Persian Gulf environment compared to
water distilled water
o . Increase in weight loss with fibre
Coir £1bre—re1r:)forced POP . content. Maximum registered
(5 wt%, 10 wt%, 15 wt% - Saline water Up to 6 weeks

and 20 wt%) [256]

loss of 8% for 20 wt% coir fibre
content

UV radiation

Sisal fibre-reinforced
PP [118]

120 x 12.5 x 2.5 mm?3

UV radiation in a
weatherometer

Up to 12 weeks

Loss of tensile strength hindered
by increasing fibre content.
Reduction of nearly 95% of
tensile strength for unreinforced
PP, mainly due to chain
scissioning and photooxidation

Flax fibre-reinforced PP

UV irradiation at a

Reduction of both bending
modulus and flexural strength
(17.03% and 26.43%,

(30 wt%) [119] B wavelength of :;40 nm - Up to 960 h respectively). Damage attributed
and 1.55 W/m ;
to the number and size of
surface cracks
Reduction of both bending
UV irradiation at a modulus and flexural strength
Pine fibre-reinforced PP wavelength of 340 nm  Up to 960 h (9.72% and 9.70%, respectively).

(30 wt%) [119]

and 1.55 W/m?

Damage attributed to the
number and size of surface
cracks
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Table A2. Cont.

Degradation and

Polymer/Composite Specimen Tested Conditions Time Studied Fatigue/Creep Effects
PA
Water
S-N curve of dry samples is
Short g!ass 45% and 93% RH ' ' above than f'or the we:t. There is
fibre-reinforced - both at 25 °C Until saturation  also a low difference in the
PAG6,6 [124] endurance limit (40 MPa for dry
and 35 MPa for wet)
Reduction of tensile strength and
Short glass Immersion in boilin lastic modulus. Increase on
fibre-reinforced ASTM D638 Dumbbell Crsio OIS Atleast24 h elastic modulus. merease on
water fracture strain. Effects explained
PA6,6 [125] e
by plasticisation.
Exponential decrease in tensile
Impacfr modlfled short Dumbbell (3.8 mm Immersion in water properties increasing water
glass fibre-reinforced thick) at room temperature Upto140days  content. Reduction of
PA6 (35 wt%) [126] p approximately 14% of fatigue
strength.
?igi):r]ii_r%fljrscsed PA6,6 Immersion in Reduction of tensile strength and
o o 4 ASTM D638 Dumbbell . 60 days elastic modulus (nearly 50% and
(10 wt%, 20 wt% and distilled water 80%, respectively)
30 wt%) [127] o, Tesp y)
Short carbon ASTM D5229: Loss of tensile strength and
. . Dumbbell (GB/T . L, elastic modulus increasing
fibre-reinforced 1040:2-2006) immersion in water Up to 2 months aceine temperature and
PA6 [131] ' at 20,40 and 60 °C geing "emp
moisture content.
Drastic reduction of mechanical
Carbon fibre-reinforced ASTM D5229: properties due to plasticisation

PA 6 (35 wt%) [132]

250 x 10 x 1 mm?3

immersion in water

Until saturation

effects. Loss up to 62% of tensile
strength and 83% of elastic
modulus.

Temperature

Short glass o Y Reduction of elastic modulus

fibre-reinforced - %{?;_Iand 130°C at 50% During test and ultimate tensile strength

PAG6,6 [124] (63% and 60%, respectively).
Reduction of both tensile and

Short carbon compressive strengths as well as

fibre-reinforced PA6 Dumbbell (3 mm thick) 23,50, 70 and 90 °C During test elastic modulus with increase in

[128] temperature. Consequent
reduction in fatigue life.

Short glass Reduction of fatigue limit (47%

fibre-reinforced PA6,6 g?éil)b bell (1 and 3 mm 23 and 130 °C During test for T =1 mm and 57% for

(35 wt%) [129] T =3 mm)

Seawater

Short glass Immersion in both

fibre-reinforced PAG 1SO 527-2 type 1A distilled and saline 100 h No significant influence due to

(50 wt%) [133]

(5g/LNaClagq.)
water at 90 °C

the salinity
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Table A2. Cont.

Degradation and

Polymer/Composite Specimen Tested Conditions Time Studied Fatigue/Creep Effects
UV radiation
Reduction of tensile strength
(13%) up to 750 h followed by a
Glass fibre-reinforced UV irradiance at Up to 1000 h ;i:lléittlgg taot ;Sgg:{)i f;);}:;)iiure
o, - 2
PA (10 wte) [134] 550 W/m cross-linking. Reduction of
flexural strength. Development
of cracks and disbonding.
Both unreinforced and UV-C irradiation at Significant decrea.ise in tensile
' ) strength for unreinforced PA. No
carbon fibre-reinforced =~ Dumbbell 254 nm and Up to 7 days .
PA6 (25 wt%%) [135] 202 W/m? clear effect on the reinforced
’ specimens.
' . . . Slight increase in degree of
l(jfgzb[olrééﬁbre—remforced 10 x 80 x 4 mm? ;J()\(])_lzgzd;;hon at Up to 600 h crystallinity. No noticeable effect
on mechanical properties
PEEK
Water
o, o
Carbon fibre-reinforced 3 mm thick 16512)121:10&:1 ﬁ bSifiEd Until saturation Tensile fatigue practically
PEEK (54 v%) [138] o & unaffected
Immersion in No effect whatsoever on
Carbon fibre-reinforced L . . mechanical properties.
- distilled water at 23, Until saturation . .
PEEK (60 vf%) [139] 70 and 100 °C Explained by the low moisture
uptake
60, 70 and 80 °C at . . o
Carbon fibre-reinforced =~ ASTM D790 specimens ~ 80% RH and Up to 118 davs Stl;g:t tr}f;i L}l,ce?l(s)ﬁélsfrﬁnoigiziﬁl
PEEK [145] (0.125 mm thick) immersion in distilled P Y affeci e & y
water at 70 and 80 °C ’
Reduction of 15% and 17% of
60, 75, 80 and 95 °C at tensile strength and 17% and
Carbon fibre-reinforced g?g%?goiziﬁis 75% RH, 80 °C at 85% Up to 1400 h 19% of flexural strength for
PEEK (63 wt%) [146] (1.2 mm t}}:ick) RH and immersion in P exposure at 80% RH and
: water at 80 °C immersion in water, both at
80 °C, respectively.
Unphased longitudinal tensile
strength. Reduction of
Carbon fibre-reinforced 3 Immersion in boiling transverse tensile strength due to
PEEK (60 vf%) [147] 30> 12> 1 mm water Upto168h interfacial weakening deriving
from water uptake in the
interphase.
Temperature
. . 1 h of Negligible effect on fatigue
Carbon fibre-reinforced 100 x 10 x 2 100 °C reconditioning strength

PEEK (61 vf%) [128]

and during test
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Table A2. Cont.

Polymer/Composite

Specimen

Tested Conditions

Time Studied

Degradation and
Fatigue/Creep Effects

Carbon fibre-reinforced

PEEK (61 v{%) [140]

ASTM D3039-93
(240 x 25.4 x 2.0 mm?)

RT, 75, 100, 125 and
150 °C

During test

Nearly 80% retention of stiffness
and tensile strength. Drastic
reduction at 150 °C due to the
proximity to Ty and consequent
softening of the matrix.
Reduction of the fatigue
performance with increase in
temperature (approximately 20%
loss of strength relatively to
room temperature determined
S-N curve.

Slight decrease in stiffness from
20 to 140 °C. Strong creep

Dumbbell (5.4 mm Temperatures During cree behaviour above 130 °C due to
PEEK [142] thick) ’ between 20 and test (15’;) P the proximity to Tg. After 1h,
200 °C creep compliance at 200 °C was
nearly 9 times larger than at
20 °C.
Both unreinforced and 23, 80', 120 and 140 °C . Greater creep compliance with
. . 3 for reinforced and 23,  During creep increase in temperature.
carbon fibre-reinforced 150 x 10 x 1 mm 5 . . .
o 60, 80 and 100 °C for  test (10 h) Significant increase in
PEEK (60 v{%) [144] . . o
unreinforced compliance at 140 °C

Seawater

Victrex and Tronic

35 x 12 x 3.2 mm? and

Distilled water and
sodium chloride
solution with a

Until saturation

No significant difference in both

™ _ 3 . . .
Ltd ~ PEEK [148] ¢ =20 x 1mm salinity of 35% at 30 absorption and diffusion
and 75 °C
. .. No effect on the specimens’
Braided Carbon 103 x 15 mm? Immersion in water mechanical properties for both

fibre-reinforced PEEK
[149]

3.18-3.32 mm thick

and saline solution
(0.9% NaCl) at 40 °C

Up to 12 weeks

water and saline immersion
conditions

UV radiation

PEEK sheets [150]

Dumbbell (0.4 mm

UV irradiation at a
wavelength of

Embrittlement of the specimens
(increased yield strength and

Carbon fibre-reinforced

thick) 250-400 nm and drastic reduction of elongation at
3.47 W/m? break
ASTM G 154:
alternating between

UV wet-cycle

Slight decrease in the elastic
modulus on samples with higher

PEEK (60 v{%) [151] 2.5 mm thick COI’l(fhthl’}S (.)f 8 h of Up to 900 h crystallinity degree due to

UV irradiation at Hoto-d dation

60 °C and 4 h of dark photo-degra

condensation at 50 °C

ASTM G 154:

alternating between Reduction of the elastic modulus

UV wet-cycle (7.5%) after 1560 h of exposure.
Carbon fibre-reinforced . conditions of 8 h of No documented effect on tensile
PEEK (30 vf%) [152] Dumbbell (4 mm thick) UV irradiation of Up to 1560 h strength. Superficial

1.55 W/m? at 70 °C fibre/matrix debonding was

and 4 h of dark observed.

condensation at 50 °C
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Appendix A.3. Biopolymers
Table A3. Summary of existent studies for degradation, fatigue and creep of biopolymers.
. . . . . Degradation and
Polymer/Composite Specimen Tested Conditions Time Studied Fatigue/Creep Effects
PLA
Water
Simulated aquatic
Rigid PLA [25] - medium under 112 days Negligible weight loss
constant light at 30 °C
Blends containing PLLAa
degraded slower than
Blends of PLLAs and ¢ = 25mm x 30 mm Phosphate solution 1,2,3,6,12,18 and Eﬁ?ﬁigﬁ;&;ﬁbﬁjssi: of
20 wt.% of PCL [178] (pH=74,37°C) 24 weeks and shear strengths of the
blends left after 12 weeks
in vitro.
o o Composting 65 °C 34% mass loss due to
Zjléo[lljé(l)? , 28% Food utensils (aerated once/twice 7 weeks hydrolysis. Reduced to
per week) small fragments.
Mass loss from 70% after
I o 30 days to 54% in 68 days.
PLA grades [181] 150 pm thick films Bidistilled water (58 °C, up to 68 days pH of medium increases
pH=57) s
initially and then
decreases.
Pure PLA: no detectable
Starch (0-70%), PLA Soil water content: weight loss; little decline in
(13-100%) PHEE 16.51 x 1.91 x 0.318 cm?® 15-25%; Soil 1 year strength. Weight loss
(0-27%) [182] temperature: 0-30 °C increased with increasing
starch and PHEE contents.
Composting at Broken down into smaller
PLA[184] - 50-60 °C 45-60 days molecules
Freshwater (T =25 °C
2 and under fluorescent .
PLA [185] 1.2 x 1.2 cm* x 320 um light, 16 h light and 8 h 1 year No degradation reported
dark)
PLA/TiO-2 1 % 2 em? fc})}?lifﬁteflu—ff;fj ¢ 70 weeks weight losses up to 8.6%
nanocomposites [187] ¢ 37°C) pH=7 for TiO2-15 after 70 weeks
. Total mass loss in 8 and
PEG-PLA ¢ =5mm x 5mm Testing frequency of 10 days 10 days depending on
hydrogels [188] 3Hz s >
cross-linking density
Simulated marine
Buriti—fibre/PLA 3 environment (22-25 °C, o .
composites [202] 200 x 100 x 1 mm pH = 7.9-8.5) and >600 days 10-12% weight loss
several organisms
. Phosphate-buffered
PLA/ hydroxyapatlte Rods (¢ = 3.2 mm) solution (pH = 7.4 at 50 weeks Strength above 200 MPa up
composite [209] 37°C) to 24 weeks
Temperature
At 55 °C, tensile strength
3 _ o .
PLA [191] 7 x 3 x 0.02 cm® and T =25,37,45,50,55 °C 1 year lost after 9-12 days. At

2 x 2 x 0.02 cm®

in soil and compost

37 °C, 53% of tensile
strength lost after a year.
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Table A3. Cont.

Degradation and

Polymer/Composite Specimen Tested Conditions Time Studied Fatigue/Creep Effects
35 °C (2 days) followed No mass loss; yet showing
2
PLA/talc blend [193] 2 cm by 58 °C (20 days) 22 days visible signs of degradation
Buried in Higher temperatures
Mediterranean soil (about 60 °C) required for
PLA films [196] Thickness 20-400 pm conditions. In addition, 11 months total degradation. Almost
lab and composting no degradation at 30 °C
tests. after 20 days.
Costa Rican soil 42% weight loss after
. a (average temperature 12 weeks. Estimated
PLA films [197] of 27 °C and moisture 12 weeks 6 months for total
content of 80%) degradation
Degradation increases from
PLA with starch/ 3 about 60% to 80% when the
wood—flour [198] 1020 x 3 mm AS IS0 14855 80 days starch content increases
from 10% to 40%
. Saline solution (0.85%
PLA-grafted acrylic 50 x 35 x ~ o .
acid/starch films [199]  0.05-0.02 mm? NaCl, pH =70, 180 days >77% weight loss
T =37°C)
No degradation for PLA.
PLA /kenaf bast . . 13% decrease in weight
fibre [200] - Compost soil burial 6 months retention after 11 weeks for
PLA /50 wt% kenaf fibres
PLA films [216] 0.3 mm thickness (temperature up to 70 days P
59 °C) acidic water-soluble
degradation products
Seawater
Artificial seawater
5 (T =25 °C and under .
PLA [185] 1.2 x 1.2 em* x 320 pm fluorescent light, 16 h 1 year No degradation
light and 8 h dark)
Soil burial (T =30 °C,
P.LA/corn §tarch 40 x 10 x 0.4 mm? 80% relative hurmdlty 6 weeks No weight loss
biocomposites [195] and composting
microorganisms)
Natural seawater
PLA splines [201] 80 x 4 x 2 mm? (Coastal Bohai Bay, 1 year 2% weight loss
China)
Simulated marine
environment
PLA /buriti fibre [202] 200 x 100 x 1 mm?> (T'=22-25°C, 600 days 10-12% of weight loss
pH =7.9-8.5, simulated ¥ &
UV radiation and
several organisms)
Natural conditions o .
PLA films [203] 30 x 3 x 0.05 mm? (Pacific coast off Japan, 5 weeks 25% weight los.s. Complete
o loss of mechanical strength.
T =19-26 °C)
Natural conditions
PLA films [204] 30 x 3 x 0.05 mm? (static oceanic seawater 10 weeks No weight loss. No change

from Aichi, Japan,
T=25°C)

in mechanical properties.
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Table A3. Cont.
. . - . . Degradation and
Polymer/Composite Specimen Tested Conditions Time Studied Fatigue/Creep Effects
. No mass low. Only slight
PLA splines [205] 180 x 10 x 4 mm? Lorient harbour o 6 months tensile strength loss
(France), T =11-19 °C
reported.
Molecular weight loss
Natural seawater (Brest betvx.feen 44-58%, hlghelj
PLA/flax Dog-bone geometr Estuary). T =20 and 3 months for film stacked composites.
biocomposites [206] 5 & y 5 y-L= 10% decrease in Young’s
40°C
modulus; ~30% decrease
in strength.
UV radiation
Vacuum oven at room
PLA-PHBHHXx blend temperature (24 h) and Loss of toughness; “rapid”
films [177] 3> Tem > 125 um annealed at 60 °C 3h physical ageing.
(30 min)
Elongation at break and
tensile stress increased
after 60 days and, after
240 days, the maximum
PLA /3 wt% carbon 8 x 10-2 mm thick Avg. solar irradiance: 14, 30, 60,90 and elongation at break was
black films [210] ¢ 27 mW /cm? 240 days 25% of its original value.
Decrease in molar mass of
15% after 90 days. Increase
in E after 90 days of
exposure.
Microorganisms
ASTM D.5526-94 (2002):
PLA [158] - T=21°C, 390 days Little biodegradation
RH = 49%, 55%, 65%
Adapted from ISO
PLA [158] - 15985 and ASTM 170 days 36% degradation
D.5511-02: T =35 °C
. Composting o
PLA utensils [180] - environment, T = 65 °C 7 weeks Mass loss of 34%
Cultures of
. Amycolatopsis sp. o
PLA films [192] - deposited onto PLA 14 days 60% mass loss
films
Proteinase K solution (icigns;etse ?ﬁ;n;?gflit;(:}r:eln
PLA/corn starch [195] 10 x 20 x 0.4 mm? (50 mM Tris-HCl buffer, 10 days ys: &
H =86, T =37 °C) starch content, the faster
pH=e6 1= the degradation.
Adapted from SR EN ;ir/;;z:is; 1\({)53'11;,24 o
PLA/chitosan 3 % 3 em? ISO 846/2000: sterile 150 days modulus and <35%

composites [212]

(pH = 6.6) and natural
(pH =7.0) soils

decrease in tensile strength,
depending on % chitosan.

PLA99.0 and
PLA77.0 [213]

Plate 5 x 9 cm?

Soil burial, pH = 6.8

17-20 months

Higher molecular weight
decrease after 20 months
than after 17 months.
Negligible weight loss.
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Table A3. Cont.
. . ‘e . . Degradation and
Polymer/Composite Specimen Tested Conditions Time Studied Fatigue/Creep Effects
EN13432 at ambient
PLA trays [214] - temperature: 180 days No mass loss
Composting 15-30 °C
PLA with 2 % 2 em? ASTM 5338: 17 davs 97% reduction in molar
additives [215] e T = 45-70 °C y mass
No mass loss, with changes
. . in average molar mass after
PLA, PLA/PHB 3 Industrial composting,
blend [216] 40 x 3 x 0.3 mm T = 50_59 °C up to 70 days 21 flays. C(?mplete
disintegration after
70 days.
PLA/ ce.llulose fibre B T =30 °C, RH 60% 600 h Losses up to 40% in tensile
composites [217] strength
Particle sizes: o o . a1
PLA powder [218] 125-250 ym T=37°C 277 days 43% of biodegradability
Particle sizes: Modified ISO 13975: o . .
PLA powder [219] 125-250 ym T = 55 °C 75 days 75% of biodegradability
Higher degradation for
ISO 20200: PLA (up to 3 days) with
E;ﬁ/cenliulo?f [220] 15 x 15 x 0.03 mm3 enzymatic-active 21 days respect to PLA
ocomposties medium, T =37 °C nanocomposites (up to 10%
remaining after 21 days).
PHA
Water
Freshwater (T = 25 °C
5 and under fluorescent o
PHB [185] 1.2 x 1.2 cm* x 320 um light, 16 h light and 8 h 1 year Approx. 8.5% mass loss
dark)
. ¢ =30 mm x Freshwater (T =5.5 °C, 21% weight loss. Half-life
PHB discs [222] 0.08-0.1 mm depth of 4 m) 35 days of 55 days.
Dog-bone geometry F;ef};‘i,;girC 34-100% mass loss
P(3HB) samples [223] (2-mm thick) pH = 5.4-6.6, depth of 358 days dependlr}g on the
formulation
0.5m)
Temperature
T =40 °C; water o . o
PHB [224] Dog-bone; 2 mm thick  content: 14-22%; 150 days 62 r/ ° dv;’elght loss of 0.64%
pH = 6.3-7.1 perday
Soil burial as per ASTM
PHB films [257] 8 x 8 mm? x 108 um D 5988; temperatures 50 days 50% weight loss
up to 30 °C
Seawater
Artificial seawater
5 (T =25 °C and under Approx. 8.5% mass loss
PHB [185] 12 x12em® x 320 um o o cent light, 16 h 1 year (same for pure water)
light and 8 h dark)
Natural conditions o .
PHB splines [203] 30 x 3 x 0.05 mm? (Pacific coast off Japan, 5 weeks 65% weight loss. Complete

T =19-26 °C)

loss of mechanical strength.
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Table A3. Cont.

Polymer/Composite

Specimen

Tested Conditions

Time Studied

Degradation and
Fatigue/Creep Effects

Natural conditions
(static oceanic water

9% weight loss. 40%

PHB films [204] 30 x 3 x 0.05 mm? . 10 weeks decrease in mechanical
from Aichi, Japan, streneth
T =25°C) S
Seawater (Zeebrugge 31-52% mass loss
Dog-bone geometry harbour, T = 6-14 °C, .
P(3HB) samples [223] (2-mm thick) pH = 7.6-7.9, depth of 270 days ;i;ielﬂiilg(g)non the
6 m)
Tropical marine
3-PHB disks [225] ¢ =30mm x 0.1 mm (ejr,“ilr;;n;l%lts 160 days 58% residual weight
pH =7.0-7.5)
PHB-38-wt% TiO; 5 River estuary Up to ~82% mass loss
composite [232] 10> 10 mm (T =32.0°C, pH =7.06) 8 weeks depending on the region
Natural conditions
(Osaka port,
PHB films [258] 12 x 12 x 0.32 mm?3 T - 14.'3_19'2 G 6 weeks 40-100% weight loss
Misaki town,
T =12.5-14.0 °C,
Japan)
Natural conditions 38-58% weight loss
PHB films [259] 0.005-0.1 mm thick (ﬁciu:hZSC?gla Séa_, 160 days depending on the thickness
~ PH= of the film
~7.2)
Simulated conditions . o .
PHB films [260] 0.1 mm thick (Tokyo bay and Pacific ~ 28 days vvjae’;egit iolsoj'_zif_vszf;:;m
Ocean, T =25 °C) P Eehay
ASTM 6691: artificial 30% weight loss. 14%
oy . o . o
PHB films [261] 0.15-0.19 mm thick conditions (13 marine g 4. ¢ weight loss for flowing
microorganisms, water testin
T =30°C) &
3 % 30 mm2 X 50 wm: Dynamic seawater
R-PHB films [204] > K (T =19-26 °C, depth of 35 days 60% weight loss
18 x 30 mm~* x 25 um
1.0 m)
UV radiation
Artificial UV-A
Sslﬁhﬁ?;f g:)l;l&dae; d <10% increase in Young's
PHB [231] 3-mm thick 8 12 weeks modulus; 67% decrease in
4 h in the dark under tensile strength
condensed water at &
50 °C)
ASTM D5988: mixture
PHB [231] 3 x 13 x 3mm° of san.d , soil and 10 months 6.5% weight loss
organic matter
(T=30°C,RH =6.8)
Microorganisms
Tropical conditions
(Vietnamese soils, 18% mass loss. Daily mass
PHa films [229] ¢ =30mm x 0.1 mm outside air 12 months loss of 0.04-0.33%

temperature ~ 30 °C,
RH = 78%)

depending on location
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Table A3. Cont.
Polymer/Composite Specimen Tested Conditions Time Studied Degradation and
y P P Fatigue/Creep Effects

Mix of top-soil, sand

PHB/poly(ester- and composted manure

urethane) 20 x 20 mm? (T=30°C, 28 days ~22% weight loss

films [230] pH=75-85,
RH = 22-26%)
Microbially active soil

PHB/33%wt. laprol g . beds (T =25 °C, o

films [233] 0.3-0.4 mm thick pH = 6.5, 75 days 50% mass loss
RH = 22-24%)

. Composting conditions, 94% and 33% for 10 wt%

:g:{g?mxyvalem T =15,28,40 °C, 151 days and 20 wt% of
RH = 14-22% hydroxyvaleric acid
Australian Standard AS

o .

f;il/;s%vaﬂt rf:sb[;c;;’]“al 2 x 2 cm? 14855: T = 58 °C, 30 days 80% degradation

RH = 50-55%
TPS

Mechanical fatigue

Fatigue strength: 8.2 MPa

IPS/10 wth flax PN-EN ISO 527 T=21°C, RH=65%  LUMMUMSHESS: — qpg)ha) and 8.8 MPa
fibres [162] 2 MPa. Freq.: 5 Hz
(TPS)
Water
Degraded within 6
months—weight loss
TPS/polypropylene . ASTM D1435: before disintegration:
sheets [237] 0.7 mm thick T~25°C,RH~80%  ~omonths 0.7-3.6%. ~decrease in
Young’s modulus; 75-83%
decrease in tensile strength
TPS/cellulose ISO 62 (1999): Absorbed water decreased
fibres [238] 30 x 30 x 1 mm? T =23-25°C, 24h from 63% to 8% due to the
RH = 45-55% added fibres
Seawater
15.5% in water with
microorganisms; 11.7% in
PCL/TPS 2 Baltic sea (T ~ 22 °C; water without
(TPS > 85 wit%) [240] 20 > 150 mm pH =5-8) 28 weeks microorganisms. ~91%
decrease in tensile strength
in both.
PCL/TPS 5 Baltic seawater under o .
(TPS > 85 wt%) [241] 20 x 150 mm lab conditions 36 weeks 5% weight loss
Starch only: severely
deteriorated before 25 days.
T =25-32°C Starch—-PHBV: severel
3 , y
Starch/PHBV [242] 10 X 12 x 2.5 cm pH = 75-83 1 year deteriorated between
25-150 days, depending on
composition
Baltic Sea
— 00 i B
Polyethylene /5-8% 150 x 20 x 0.08 mm? (T =3.2-21.6 °C, 20 months No weight loss. ~decrease

starch [243]

pH = 8.1-8.5)

in tensile strength
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Degradation and

Polymer/Composite Specimen Tested Conditions Time Studied Fatigue/Creep Effects
Microorganisms
Starch utensils [180] - ZVZerS’cSi,rr% g and 25°C 52 weeks ~60% weight loss
Adapted from EN
14806 and EN 20200: Complete mass loss after
Starch and starch/ 25 % 25 mm? T —58°C 12 weeks 4 weeks (starch) and
polycaprolactone [244] H=6 0—’8 5 6 weeks
IID{H ; 3'0_ 65'0/’ (starch/polycaprolactone).
i?gﬂjg:;}dlfferent 25 x 25 mm? pH =7-8, RH = 50% 30 days Mass loss over 90%
Adapted from ASTM Weight loss over 60%.
Starch- Dumbbell D5338: composting 404 Afte; iigafsl’ nstant
polycaprolactone [246] (127 x 178 x 3mm®)  conditions, T =50 °C, ays approxrmately consta
H=78 strength and reduced
p ’ modulus.
Sisal fibre-reinforced
polycaprolac- 3 Soil burial (T =20 °C, o .
tone/starch 30 x 15 x 10 cm RH = 40%) 9 months 47% weight loss
blends [247]
Composting conditions,
S{erl:ﬁ(éigased 2 x 2. cm? T =25-60 °C, 45 days 70% biodegradation
RH = ~72%
Zii{)ig:gt[ﬁ;?lcmm 15 x 15 x 1 mm? IZI-:I 20502)00 " 30 days Mass loss of 61.89%
TPS/50 wt% T =30°C
eggshell powder 15 x 15 x 1 mm? RI-_I B 50_é00 Y 30 days Mass loss over 90%
composites [249] h ¢
TPS films [250] 5 x 5 cm? IY;I-:I 5570?5';00 Y 30 days Mass loss of 72.6%
TPS films [251] 25 x 3.5 cm? (TOS:CIZI?;?E g)c 70 days Mass loss of 40%
TPS films [252] - igﬁg}ggitsl?g 49 days Mass loss of 45%

Appendix B. Knowledge Gaps in the Literature

Table A4. Summary of the main knowledge gaps identified in the literature.

Polymer Matrix  State of the Art Opportunities and Challenges
Thermosets
e Comprehensive overview of the most common .
. o . *  More comprehensive assessment of the
environmental conditions with general agreement . i Lo
o . ; : impact of salt water, UV radiation and liquid
on their impact in creep and fatigue behaviour; . .
. chemical agents on fatigue and creep
e  Sparse research on the use of natural fibres and
Epoxy responses;

mainly focused on flax fibres;

*  Limited studies regarding the influence of salt
water, UV radiation and liquid chemical agents on
fatigue and creep behaviour.

. Studies on different natural fibre
reinforcements with different sizes and
contents.
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Table A4. Cont.

Polymer Matrix  State of the Art Opportunities and Challenges
e  Comprehensive understanding on the effect of salt e  More comprehensive assessment of the
water in creep and fatigue behaviour; impact of moisture and liquid chemical
¢  Limited studies on other environmental effects agents on fatigue and creep responses;
such as moisture and liquid chemical agents; e  Studies aiming to characterise the effect of
Vinyl ester ®  Research mainly focused on glass fibre-reinforced temperature and UV radiation on fatigue and
composites with little investigation into carbon creep behaviour;
and basalt fibres; . Further evaluation of other fibre
. Knowledge gap pertaining to the effect of reinforcements and research on the use of
temperature and UV radiation. natural fibres.
e  Severe lack of knowledge on the impact of most * More comprehensive asses.sment of the
environmental effects on fatigue and creep, with impact of salt water on fatigue and creep
the little existing research mainly focusing on salt responses; )
water; . Studies aiming to characterise the effect of
Polyester . Sparse studies on other environmental effects such important environmenta'l c'onditions'such as
as moisture; temperature and UV radiation on fatigue and
®  Research mainly focused on glass fibre-reinforced creep bghawour; . .
composites. o Evalua.tlon of other. fibre reinforcements,
including natural fibres.
Thermoplastics
. Assessment of the influence of salt water on
e Overview of the most common environmental the behaviour of different types of natural
conditions; fibre-reinforced PP;
e Use of different natural fibres with different sizes =~ ®  Determination of the effect of UV exposure
PP and contents; directly on both fatigue and creep behaviour;
e Little work on mechanical fatigue and creep ¢ Development of a concise study on the
performance for both seawater and UV radiation influence of different fibre reinforcements on
exposure. the composite response (for each
environmental factor).
¢ Conduction of more studies regarding the
. Effects of some conditions such as water/moisture influence of salt water on the behaviour of
uptake and temperature; mechanical and both fatigue and creep
PA . Limited studies about the influence of saline resistance;
environments on fatigue and creep behaviour; . Evaluation of the impact of UV radiation
o Lack of a clear understanding of the effect of with the aim of resolving the existing lack of
exposure to UV radiation. consensus in the available literature.
. Conduction of more studies regarding the
. Genergl agreement on the response to factors such influence of UV radiation and time of
PEEK . as moisture uptake and temperature; exposure on the creep and fatigue behaviour

Lack of strong knowledge regarding the influence
of UV radiation on the creep and fatigue
behaviour.

of specimens;
o Relation between the UV radiation effect and
crystallinity degree.




Materials 2023, 16, 3913 52 of 61

Table A4. Cont.

Polymer Matrix  State of the Art Opportunities and Challenges
Biopolymers
Degradation behaviour;
New tre'nd to assess the stafic (s.hort-term) Development of new accelerated methods to
mech'amcaI Pr.opertles cons1d§r1ng the usage of test creep and fatigue performance,

PLA P.LA in addictive mangfacturl.ng; considering the short disintegration time;
Little work on mechanical fatigue and creep Systematic characterisation of polymer
performance; . . blends and composites.

No work on environmental fatigue and creep
performance.

L . . . Assessment of the possibility of incorporating
Degr a.dat101T1 in composting conditions and in different reinforcing fibres/particles;

PHAS i?ﬁj;gfggﬁzgzﬁial fati d Before assessing environmental creep and

gue and creep fatigue performance, mechanical fatigue and
performance; . . creep life in laboratory conditions should be
Employment of very thin specimens. analysed as a reference line.
Similarly to the case of PHB, assessment of
Composting and/or soil burial degradation of the mechanical fatigue and creep
TPS household items; performances as a reference;
Predominance of cellulose-based starch; Relation between the origin and the pOSSibly
Commonly encountered in blends. different mechanical fatigue and creep
behaviour.
Evolution of mechanical properties
Mostly biodegradable and/or bio-sourced throughout the lifetime of a component;
fibres—kenaf, sisal and flax; Investigation of new fibre-matrix

Fibres Focus on the impact of moisture/water uptake in combinations, also beyond bio-based fibres;

the short-term properties of the composite. ¢  Comprehensive assessment of the mechanical
creep and fatigue performances of
composites with different fibre content.
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