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The goal of this study was to determine whether a bio-based self-reinforced polylactic acid (SRPLA) is suitable for
use in structures deployed in the marine environment. The material was produced from co-mingled fibres with
different melting points. Two key criteria, durability during service and microplastic formation, were examined.
To assess durability, mechanical properties, tension and transverse impact, were used to quantify the influence of
seawater ageing for up to 24 months. After seawater ageing at 40 °C for 12 months, composite strength was
completely degraded. To assess microplastic formation, specimens of SRPLA were exposed in seawater to
accelerated ultraviolet (UV) radiation simulating natural exposure for up to 18 months. Fluorescence microscopy
and infrared technology were used to quantify and characterise the microplastics formed. Their number was
independent of UV exposure, suggesting short-term UV radiation does not accelerate SRPLA microplastic for-
mation. We discuss the potential for SRPLA to be considered a promising material for sustainable marine

applications.

1. Introduction

The replacement of petrochemical based polymers by bio-based
polymers offers the potential to reduce environmental impact through
reduced energy requirements and carbon footprint. When bio-based
polymers are bio-degradable, through composting or other processes,
this can also significantly improve end of life conditions and further
reduce negative environmental impacts. As a result, fully recyclable poly
(lactic) acid, PLA, has received considerable attention. This polymer was
first synthesised in 1845 but it was not until the 1990’s when Cargill and
Dow Chemicals industrialised the process [1], and set up the Nature-
Works™ company, that it became widely available. It is a biobased,
compostable, semi-crystalline polymer which has found many applica-
tions from packaging to medical components [2].

Polymers exhibit remarkable properties such as low weight and ease
of manufacturing, but their stiffness and strength remain low compared
to traditional structural materials. Fibrous reinforcement with glass or
carbon fibres can improve properties significantly but may complicate
end of life recovery due to the different natures of the components. If
polymers can be reinforced by fibres with the same molecular chemistry
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then these drawbacks may be overcome, and this has led to the devel-
opment of a class of materials known as self-reinforced (SR) polymers.
The most common approach is to use a polymer with two melting points,
fibres with a high melting temperature (Tm) and matrix with a lower
Tm. The SR polymer is manufactured by forming at an intermediate
temperature. After early work by Capiati and Porter on model poly-
ethylene composites with two melting temperatures [3] various SR
polymers were developed [4,5]. In addition to polyethylene [3,6,7],
polypropylene (PP) reinforced by PP fibres has been examined in detail
[8-11], while polyethylene terephthalate (PET) [12,13], polymethyl
methacrylate (PMMA) [14] and cellulose [15-17] have also been stud-
ied. Published results for these SR polymers have shown good fibre/-
matrix adhesion with significant strength and stiffness improvements
compared to the parent materials [e.g. 4].

Another member of this family is SRPLA, composed of PLA matrix
reinforced by PLA fibres. It is receiving current attention due to envi-
ronmental impact concerns, but it was studied previously for medical
applications. For example, Majola et al. described a study of SR PLLA
and SR PDLLA/PLLA rods as fixation structures for bone surgery [18],
while Wright-Charlesworth et al. examined processing effects using
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nano-indentation [19]. More recently, Mai et al. developed a
manufacturing process for this material in order to overcome the brit-
tleness and low thermal stability of PLA [20]. They produced PLA films
by extrusion, and then oriented them by drawing them at temperatures
below their melt temperature. The resulting properties depend on the
drawing temperature but in their work maximum tape stiffness and
strength of 6.7 GPa and 278 MPa respectively were obtained. These
values are similar to other published values for drawn PLA. They are
lower than those obtained for PE and PP but the theoretical crystal
modulus for PLA is also much lower, around 12 GPa, [21]. Laminates
were produced by stacking oriented and matrix layers in a hot press.
Other recent work has been presented on PLA nano-fibre reinforced PLA
[22].

The self-reinforced PLA composites studied in the present work were
developed within the European BIO4SELF project [23-25] and were
then studied further within the EU SeaBioComp project [26]. The
manufacturing approach uses co-mingled fibres of two melting tem-
peratures, 177 °C and 125-135 °C. Unidirectional SRPLA panels were
produced by heating just below the melt temperature of the higher
melting fibres and consolidating in a press. Measured strength values in
the oriented direction of 107 MPa were around twice those of the un-
reinforced PLA, but lower than theoretical predictions. Very large strains
to failure were obtained, over 30%, indicating that the SRPLA approach
was able to overcome intrinsic PLA brittleness.

Plastics are extensively used in marine applications and there is
strong concern over their degradation with time, both with respect to in-
service performance and to possible marine pollution. For this reason, it
is important to understand the mechanisms of degradation and their
kinetics before using a new material at sea. The present paper in-
vestigates the potential of SRPLA for marine applications such as port
infrastructure, buoys and pleasure boat structures. These marine struc-
tures are subjected to various mechanical constraints, with impact
resistance being particularly important. The relevant background to this
work therefore covers previous seawater ageing studies, impact behav-
iour and microplastic formation of SRPLA materials in a marine
environment.

The behaviour of PLA alone in humid environments has been
examined in some detail, as it is one of the elements of the composting
environment. For example, parametric studies on PLA grades and
environmental conditions are available [27,28]. However, degradation
studies of PLA in seawater are less common. Le Duigou et al. [29]
examined unreinforced and flax fibre reinforced composites in seawater.
For their unreinforced polymer (injection moulded L9000 grade from
Biomer™) saturation weight gain at 40 °C was low, around 0.65%. After
3 months in water at 40 °C (at saturation) a loss in strength of around
30% was observed. Deroiné et al. [30] compared distilled water and
seawater degradation of another PLA (7001D from NatureWorks™)
after six-month immersions at different temperatures. They showed
strong drops in strength and failure strain at 40 °C but little change for
this duration at 25 °C.

Previous work on the influence of moisture on SRPP materials
showed significant water uptake due to the presence of voids but little
influence on mechanical properties [31]. For SRPLA however, although
some mechanical properties are given in Refs. [20,23], few long term
properties are available. An exception is the recent work on biodegra-
dation of polymers from renewable resources [32] and particularly
SRPLA [33]. This described results for three test conditions, composting,
immersion in ultra-pure water and thermal ageing, all at 58 °C. For the
materials studied significant degradation occurred fastest under com-
posting conditions, more slowly in water and not at all under thermal
ageing alone.

Very few studies have examined the impact behaviour of self-
reinforced polymers. Alcock et al. [34] provided results for ballistic
impact of SRPP and showed that they retained good impact resistance
even at low temperatures. Aurrekoetxea et al. [35] presented a study of
falling weight impact on 2.2 mm thick woven SRPP composites, and
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indicated damage and perforation thresholds of 5 and 31 J. Santos et al.
also used a falling weight tower to compare the penetration impact
behavior of five commercially available self-reinforced composites with
thicknesses from 0.5 to 2.1 mm, based on PP and PET [36]. They found
significant differences in penetration impact resistance, from 15 to 40
J/mm. Mai et al. examined energies absorbed during impact on SRPLA
and revealed an increase of 14 times compared to unreinforced PLA
[20].

Microplastics, i.e. plastic particles smaller than 5 mm in diameter,
are ubiquitous in the global ocean [37]. An important source of micro-
plastics in the marine environment is particles fragmented and released
from larger-sized plastics under a combination of physical, chemical and
biological forces [37]. Therefore, when assessing the characteristics of
SRPLA applications deployed in seawater, attention should be given to
their potential of releasing microplastics, due to concerns on toxico-
logical and environmental impacts [38,39]. Ultraviolet (UV) radiation,
the trigger to initialise the abiotic degradation of plastics, is considered
as the leading force for microplastic formation [42,43]. A number of
studies have provided evidence of microplastics released from conven-
tional plastics under UV radiation in laboratory conditions, observed via
weight loss, changes in average particle size and SEM observations
[43-46]. However, quantitative evidence of microplastic formation
after UV radiation is limited, especially for bio-based composites [47,
48]. To date only a few studies have assessed the disintegration of PLA
and its capacity to form microplastics; for example [47] where the
author found 425 and 20,000 PLA microplastics (2-60 pm)/L released
from samples in the dark and subject to 56-day UV radiation, respec-
tively. The quantification and characterisation of microplastics formed
from SRPLA is a key element to assess the sustainability of future SRPLA
applications and to support a transition process to improved plastic
materials.

Although the behaviour of SRPLA materials in a marine environment
has received little attention to date, it is important to examine as it is
anticipated that their future use in the marine environment will signif-
icantly increase after the implementation of new EU legislation on single
use plastics [49]. Therefore, in the present research we aim to: 1)
Evaluate the seawater diffusion kinetics; 2) Quantify the influence of
seawater on mechanical behaviour, and 3) Examine the formation of
microplastics under solar radiation. We believe that this information is
essential for both designers and end-users and will lead to improved
marine applications.

2. Materials and methods

The material tested in this work was manufactured from two co-
mingled grades of PLA fibres, with a 50:50 mixing ratio woven in a 0/
90° configuration with a fine weave (twill 2/2, 680 g/m? and a repeat
element around 2 mm x 2 mm) and press formed at 160 °C. The 4000
dtex fibres show diameters around 21 pm (Fig. 1a). The composite was
supplied as sheets of three woven layers with a 1.3 mm thickness
(Fig. 1b).

2.1. Tensile tests

In an initial material characterisation tensile tests were performed on
the unaged high Tm fibres (Fig. 1a), using pneumatic yarn grips. The
distance between grips was 500 mm, loading rate was 50 mm/min, and
strain was measured by following markers on the fibres with two digital
cameras and image analysis. To determine a modulus value, the applied
stress o is needed; this was obtained from the applied load F, the density
p (measured by gas pycnometer) and the measured linear weight in tex
(g/km) using the expression:

6 = pF(N)/linear weight(tex)

Fig. 2 shows the fibre behaviour. Based on these results from 5 tensile
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Fig. 1. Material studied, a) High Tm PLA fibres, b) SRPLA sheet.
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Fig. 2. Tensile properties of high melting temperature PLA yarns.

tests on the unaged fibres, we determined an initial axial modulus
around 5.6 GPa (Table 1).

The mechanical properties of the low Tm fibres were lower than the
detection limit of the equipment used. Hence, no results are shown for
these samples.

SRPLA tensile tests were performed on ISO 527 type 5A dogbone
specimens cut from the sheets with a die punch. For each test condition
eight specimens were prepared, four were tested with a clip-on Instron™
extensometer and four without. This allowed modulus to be determined
from the initial stress-strain slope together with strain to failure on four
specimens and break stress to be measured without the influence of the
extensometer on four others. Crosshead displacement rate was 2 mm/
min. Tests after ageing were performed on wet specimens unless speci-
fied; specimens were removed from ageing tanks then kept in water until
mounting on the test frame. Additional analyses of mechanical test
specimens were performed by calorimetry (TAI Q200™ DSC equipment
under nitrogen), at a heating rate of 10 °C/min. Scanning Electron Mi-
croscopy (SEM) observations were made on Au-Pd coated samples in a
FEI Quanta™ 200 microscope.

Table 1
Initial properties of reinforcement fibres and SRPLA in 3 directions, mean
(standard deviation).

Modulus, Break stress, Break strain,
(GPa) (MPa) (%)
Fibre high Tm 5.60 (0.70) 281 (22) 31 (4
Typical bulk amorphous 3.5 59 7
PLA [53]
SRPLA 0° 2.75 (0,02) 37.6 (0.7) 25 (2)
SRPLA 90° 2.42(0.21) 35.0 (1.3) 27 (2)
SRPLA 45° 1.89 (0.04) 31.4 (0.5) 31(2)

2.2. Seawater ageing

Seawater ageing was performed in temperature-controlled tanks at
the Ifremer Centre, supplied with natural seawater pumped from the
Brest Estuary (France). The water was continuously renewed and the
tanks used in this work were maintained at 4, 15, 25, 40, 60 and 80 °C &
2 °C. The immersed coupon dimensions were 50 x 50 mm? It is
important that these be sufficiently large to limit edge effects [50,51].
They were removed periodically for weighing on a Sartorius™ balance.
For each test condition 5 coupons were weighed.

2.3. Additional ageing conditions

In addition to these seawater ageing tests two extra series were
performed. First, a set of specimens was held at 40 °C in an oven for 9
months before testing, to examine whether the temperature alone
affected the tensile behaviour. Second, another unaged reference series
was tested at the end of the ageing period, one year after the initial tests,
to check that the material had not changed with time during room
temperature storage.

2.4. Falling weight impact tests

The impact damage behaviour of the SRPLA has been characterised
by drop weight impact tests. An Instron CEAST™ 9350 low-velocity
falling weight impact tower was employed with a hemispherical nose
impact tup with a diameter of 20 mm. The machine was equipped with
an anti-rebound system. Three different incident impact energies were
employed from barely visible damage up to penetration. Impact tests
were performed on square specimens of dimensions 100 mm by 100 mm
with thickness of 1.3 mm. The test specimens were clamped on a rigid
metallic support ring of 20 mm, and incident energies ranged from 5 to
15 J. The different energy values were obtained by adjusting the drop
height of the impact mass (3.15 kg). For each incident energy level five
samples were tested dry and five after ageing under each of two con-
ditions; immersion in sea water at 25 and 40 °C for 40 days. Samples
were removed from the 15 J impact samples, coated under vacuum with
a1 pm thick gold-palladium coating using a Quorum™ Q150 R-S rotary
pumped coater. Sample images were recorded at a magnification of 40
and 200 X with a ZEISS™ EVO MA10 scanning electron microscope.

2.5. Assessment of microplastics formation

The UV exposure experiment was performed in an Atlas Suntest CPS
+ instrument fitted with a Xenon lamp (1500 W) and daylight filter,
with the emission range at 300-400 nm. Irradiation intensity was con-
ducted at 60 W/m? and the temperature in the chamber was maintained
at 35-38 °C. Prior to exposure, SRPLA sheets were cut into 0.15x 2 x 4
cm flakes using a stainless-steel scissor, and thoroughly rinsed with
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Milli-Q water (Millipore Corporation). To avoid releasing particles due
to the mechanical stress induced by cutting manipulation, the edges of
the flakes were smoothed using a hot knife. Each flake was placed in a
pre-cleaned 25 mlL quartz cuvette and immersed with 20 mL artificial
seawater that was prepared according to ISO 10253:2016 [58] and
filtered through a 0.2 pm PTFE filter. Triplicated samples (i.e. in total 12
cuvettes) were subjected to UV exposure for 77, 458, 917, and 1368 h,
which corresponded to 1, 6, 12, and 18 months of central European solar
irradiance exposure, respectively [44]. Dark control samples (n = 3)
were wrapped with aluminium foil and incubated in the same conditions
for 1368 h. Loss of water by evaporation was compensated by regularly
supplying vials with Milli-Q water. After sampling, water samples were
filtered through 0.2 pm Whatman® PTFE filter, stained with 1 mL Nile
Red (10 pg/mL in acetone) and stored at room temperature in the dark
until further analysis. The formed microplastic from SRPLA flakes were
identified using a combination of fluorescent microscopy and image
analysis (details given in SI). Several Quality Criteria and Quality Con-
trol measures, recommended in de Ruijter et al. [52] were implemented
during the experimental procedures to avoid contamination of the
samples by airborne fibres and other particles (details provided in SI). A
blank procedure (i.e., 20 mL Milli-Q water) was carried out prior to each
sample test to account for background PLA contamination.

The microplastic formation dataset (i.e. the number of microplastics
formed at each UV radiation time) was analysed using a non-parametric
test as the ANOVA assumption of normality was not met. To do so, a
Kruskal-Wallis Rank Sum Test was performed to if there were significant
differences in the number of microplastics formed in each time treat-
ment (o = 0.05). A Dunnett test was applied to compare the variance in
number of microplastic particles between the treatment and control.
Statistical analysis was performed in R, v3.6.1 [59].

3. Results
- Initial mechanical properties

First, tensile tests were performed on the unaged SRPLA, and prop-
erties in the 0°, 90° and 45° directions were determined, Fig. 3 and
Table 1.

The main benefit in adding fibres to PLA matrix is an increase in
stiffness in the fibre directions. Strains to failure in all three directions
are also significantly higher than values usually cited for unreinforced
PLA (<10% elongation). More significant stiffness improvements were
found previously for unidirectional composites based on the same
comingling process [23]. There is a small (around 10%) difference in
properties between the 0° and 90° directions (Fig. 3); for the subsequent
ageing studies all specimens were cut in the 0° direction.

- Seawater ageing

40
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Fig. 3. Typical stress-strain plots for SRPLA loaded in 3 directions.
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In the SRPLA specimens placed in seawater tanks we recorded, in the
first hours of immersion, a weight gain of 2-8% percent, with consid-
erable scatter (Fig. 4a). Our observations using SEM indicate that surface
porosity may be the cause for rapid water incorporation within the
SRPLA material (Fig. 5). It is postulated that these surface pores are
filled within minutes. This was confirmed by additional short immer-
sions and drying. As the amount of porosity varied between samples this
resulted in large variability in weight gains. If this first weight mea-
surement (after 9 h in water) is assumed to be solely due to instanta-
neous filling of free space rather than diffusion into the polymer this
initial (9 h) value can be subtracted from all subsequent measurements,
and with this correction more conventional plots such as those shown in
Fig. 4b were obtained for the different temperatures. Saturation plateau
weight gain values around 1-2% were then similar to expected weight
gains based on previous PLA studies [29,30]. Corrected plots were then
produced for all six immersion temperatures, based on mean weight gain
measurements on five coupons at each at each time and condition
(Fig. 6).

Behaviour of this SRPLA in seawater can be divided into two regimes.
At temperatures above 40 °C the weight gain is rapid and causes
degradation in a few days at 80 °C and a couple of weeks at 60 °C.
Degradation refers here to physical separation of coupons into several
pieces. The mechanisms will be described further in the Discussion
section below. At temperatures below 40 °C the material saturates in a
Fickian manner, and after one year at 4, 15 and 25 °C the weight gain is
constant, around 1.7%. Around 40 °C there is a transition between these
two regimes, with slowly increasing weight gain over 6 months followed
by an acceleration and then decreasing weight gains. The form of this
plot at 40 °C is similar to that shown in Ref. [29] for 40 °C seawater
ageing of injected PLA specimens. It was attributed to hydrolysis, and
molecular weight measurements indicated significant chain scissions.
Ignoring the surface pore water and assuming Fickian diffusion at the
start of immersion it is possible to determine diffusion coefficients and
saturation weight gains at each temperature (Table 2).

Masses at saturation are around 1.8% for all immersion conditions.
At 40 °C and 60 °C these values correspond to the level before coupon
weight starts to increase. At 80 °C there is no stable weight gain value,
degradation starts before saturation.

- Changes in tensile properties with immersion time at 40 °C.

The tensile property values measured periodically throughout the
ageing period (modulus, break stress and strain), all decreased with
ageing time, Fig. 7.

The modulus is less sensitive to ageing over the first 9 months than
failure properties, whereas the failure stress drops progressively. The
failure strain remains at a high level for about 3 months before falling to
low values.

Results from two extra series should also be mentioned. First, an
unaged reference series was tested at the end of the ageing period, one
year after the initial tests. Results were identical to those of the unaged
specimens tested initially, indicating that the material had not changed
with time during room temperature storage (20 °C). Second, another set
of specimens was held at 40 °C in an oven for 9 months before testing, to
check that the temperature alone did not affect the tensile behaviour.
The results were also identical to those of the unaged reference
specimens.

- Impact behaviour

For many marine applications, impact is a critical loading. It is the
case here for the targeted applications which are port infrastructure such
as dock fenders, floating navigation buoys with a risk of collision and
pleasure boat structures. Impact tests were therefore performed on dry
and seawater saturated SRPLA biocomposites. The maximum energy
absorbed and maximum peak force at different incident energies are
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Fig. 4. Coupon weight measurements, a) raw data, b) after removal of 9 h weight values.
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Fig. 5. SEM image showing surface porosity.

reported in Table 3.

The force-displacement, force-time and energy-time traces subjected
to different impact energy levels (5, 10, and 15 J) under dry and water
immersed conditions are shown in Fig. 8. As the energy levels increase,
the impact force also increases for all samples. For all samples subjected
to 5 J incident energy there is a barely visible impact damage indicated
by force displacement curves which return to their origin or show a
closed shape. This indicates that the samples absorb all the incident
energy. A similar trend can be noted for dry samples and those immersed
in water at 25 and 40 °C. Similar behaviour is observed for energy ab-
sorption curves at 10 J incident energy (Fig. 8 (a)), with no visible effects
of moisture absorption on the impact damage. The applied energy of 5
and 10 J was not sufficient to perforate and fully penetrate the speci-
mens. At these energy levels, all samples behaved in a similar way with
similar maximum force and absorbed energy. An incident impact energy
of 10 J is just enough to indent the specimens. It is worth noting that at
the 5 and 10 J incident energy levels, the energy applied has been
dissipated mainly through an elastic response. At 15 J, however, all the
specimens, both dry and water aged, are fully penetrated, and the
impact tup pierces the specimen completely.

Examples of images of front and rear faces of impacted specimens are
shown in Fig. 9 (a) and 9(b) respectively. These reveal that at the 5 J and
10 J impacted points, there is only a slight whitening, which appears
more pronounced after water ageing. As the energy level increases, the
size of the surface indentation increases. However, for 15 J, all the
samples show penetration damage. These results indicate that the
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Fig. 6. SRPLA mean weight gain plots at six temperatures. Upper: complete
immersion period. Lower: zoom on first month of immersion.

Table 2
Initial diffusion coefficients and saturated weight gains for different seawater
immersion temperatures.

Temperature (°C) D (m?%/s) * 10712 Ms (%)
4 0.17 1.8
15 0.53 1.7
25 0.55 1.8
40 1.56 2.1
60 3.85 1.7

impact resistance of SRPLA is not strongly affected by immersion in
water. Indeed, closer examination of the fracture regions suggests that
for the water immersed conditions the material fails in a more ductile
fashion. The immersion durations here were quite short; for a prolonged
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Fig. 7. Mean tensile properties during seawater immersion at 40 °C. Error bars show standard deviations.
Table 3 However, there is no clear indication that at these moisture contents the

able

Summary of low-velocity falling weight impact test results for three different
incident energy levels at dry, 25 and 40 °C water immersion, mean (standard
deviation).

Incident Specimen ageing Maximum absorbed Maximum force

energy (J) condition energy (J) (N)

5 Dry 5.23 (0.03) 1172 (4)
Water immersed 5.24 (0.05) 1152 (3)
25°C 5.24 (0.03) 1137 (7)
Water immersed
40 °C

10 Dry 10.73 (0.00) 1570 (18)
Water immersed 9.93 (0.07) 1671 (11)
25°C 9.88 (0.05) 1658 (8)
Water immersed
40°C

15 Dry 15.11 (0.85) 1673 (209)
Water immersed 10.20 (0.98) 1705 (119)
25°C 11.90 (2.65) 1838 (233)
Water immersed
40°C

period, the results from long seawater ageing presented above suggest
that cracks would initiate, and the impact failure modes would be ex-
pected to become more brittle.

Scanning electron microscope images of samples removed from the
15 J incident energy impact samples are shown below (Fig. 10).

The local damage behaviour appears to be similar for dry and 25 °C
water aged samples. For samples impacted after 40 °C ageing, there is
some evidence of matrix degradation where the fibres are more exposed.
Moreover, at 40 °C, PLA fibres show less distortion than at dry and 25 °C.

ageing treatment influences the impact performance of SRPLA samples
significantly.

- Microplastic formation

The procedure to quantify the microplastic formation described
previously was judged to be suitable for its purpose as no contamination
was observed, and recovery rates were high. During the entire proced-
ure, we accounted for airborne contamination via the observation of 15
negative control samples (procedural blanks, i.e. only 20 mL Milli-Q
water), in which only one SRPLA contamination particle was
observed. In the recovery test, we achieved a recovery rate of 111% =+
17% (mean + standard deviation) of SRPLA particles, which is compa-
rable to Maes et al. [54]. After exposure to artificial seawater, SRPLA
microplastics released from original flakes were observed in all samples
including those subjected to Ultraviolet (UV) radiation and those sealed
from UV (i.e., dark control). To confirm the polymer composition of
formed microplastics, 44 particles were analysed with p-FTIR and 33 of
them were correctly visualised as SRPLA. Particles that misidentified as
SRPLA were removed prior to microplastic quantification. The UV ra-
diation had no effect on the number of formed SRPLA microplastics
(Fig. 11). The average number of MP particles in “dark control” and “UV
exposures” are 9 + 5 and 17 + 18 respectively. Within UV exposures,
the average number of formed SRPLA particles was independent of UV
radiation duration (p = 0.12; Kruskal-Wallis). The highest mean number
of SRPLA microplastics was 39 + 30 in samples after 917 h UV exposure.
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Fig. 8. Low velocity falling weight impact test results (a): force-displacement traces, (b) force-time plots and (c) energy-time plots.

4. Discussion

First, the influence of seawater on SRPLA stability will be discussed,
with particular emphasis on ageing temperature. Then the suitability of
this material for use in a marine environment will be considered.

4.1. Degradation of SRPLA during immersion

The results shown in this work indicate that for temperatures above
the dry Tg (55-60 °C) hydrolytic degradation in water of these SRPLA is
rapid, as has been shown previously in studies on composting of PLA, for
example [28]. For the 60 and 80 °C immersion conditions here, exten-
sive cracking appeared on the coupons within a few days, so that me-
chanical testing was no longer possible. The cracks appear to follow the
fibre orientations, Fig. 12.

A first question is why does degradation occur at 40 °C ? Optical and
SEM images show the damage mechanisms, Fig. 13. At a macroscopic
scale large cracks are visible. Microscopic inspection reveals many sur-
face blisters and fine cracks which appear to orignate from them. Blisters
can form during wet ageing when water diffuses through an outer layer
and changes in water concentration result in pressure building up within
the layer by osmosis. It is a well-known phenomenon in boat-building
with composites which have an outer gel-coat layer of a different
chemistry to the composite matrix [55,56] but it is not clear why this
should occur here.

Published results by Gil-Castell et al. [33] suggest that the glass
transition temperature (Tg) drops during water immersion, in a similar
way to that of polyamides, so that the material state with respect to the

ageing conditions evolves with time, and after around 6 months in water
the new Tg is below the 40 °C water temperature. To examine this hy-
pothesis unaged and aged samples from the present study were analysed
by DSC after drying; a small drop in Tg was measured after ageing at
40 °C, Table 4, but the values remain above the temperature of the
ageing water. The reduction is much smaller than those reported in
Ref. [33]; this may be due to different test conditions (sea water vs
ultra-pure water) or differences in the polymer grades.

However, the darkened colour of the coupons after extended im-
mersion at 40 °C suggests that there is an additional degradation
mechanism. The samples are immerged in natural seawater, pumped
from the Brest Estuary, and this contains marine microorganisms.
Longer exposure to these may also contribute to degradation. In order to
study this further it would be interesting to run additional tests in par-
allel in deionized water.

The residual properties after 40 °C immersion are plotted with
respect to corrected weight gain in Fig. 14. Failure property changes are
directly related to the amount of water in the material over the first 6
months, before more extensive damage develops, in the form of
cracking, similar to that noted more rapidly at higher temperatures.

The sequence of damage development at different temperatures can
now be described: At high temperature (60, 80 °C) hydrolysis is rapid,
leads to macroscopic cracking. At 40 °C the first damage is the removal
of surface matrix, with the appearance of blisters and small cracks. These
expose larger surfaces to water ingress and the weight gain accelerates.
The presence of mico-organisms in seawater may also contribute to
degradation.

This direct correspondence between water ingress and mechanical
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Fig. 9. Visual observations of the samples depicting their (a) front and (b) rear impacted faces respectively, with different energies (5 J, 10 J, 15 J) in dry, 25 °C and

40 °C wet aged conditions.

properties and the possibility to determine water profiles from the
diffusion kinetics suggests that it will be possible to estimate lifetimes for
marine structures under these conditions. However, 40 °C is a relatively
high water temperature. Sea temperatures vary considerably, from
around 30 °C in tropical regions to near 0 °C at the poles. Temperature
also drops with depth, reaching around 5 °C in the deep oceans. The
degradation rate in service will therefore depend on the location and the
immersion depth. The next question which this raises is whether after
sufficiently long times at lower temperatures the materials would also
start to degrade ? An additional set of tests was therefore performed on
wet samples which had been immersed for 12, 18, 21 and 24 months in
25 °C seawater (Fig. 15). This revealed a gradual drop in strength, with a

loss after 2 years of around 23%, and degradation times around 6 times
longer than at 40 °C.

The weight gain at 25 °C after 24 months in seawater has increased,
from 1.7% after 1 year to more than 2% after 2 years. This figure also
indicates why the transverse impact properties did not change signifi-
cantly after ageing for 4 weeks in water at 25 and 40 °C: Much longer
ageing times would be required to degrade these properties signifi-
cantly. Within the Bio4Self project ageing tests were performed on a
similar material, using an Arrhenius extrapolation from tests after
ageing at different temperatures and relative humidities [57]. The re-
sults predicted that it would take about 10 years at 25 °C and 70%RH to
reach a 20% reduction in tensile strength. The result in Fig. 15 shows
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Fig. 11. Boxplot of the count of SRPLA microplastics (>50 pm) versus the
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logarithm with a base of 10. The UV exposure “0 h” refers to “dark control”.

Fig. 12. Weight gain coupon immersed at 80 °C for 4 days.
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Fig. 13. Images of weight gain coupons. a) Unaged coupon. b) Coupon after 12 months 40 °C. ¢) Low magnification SEM coupon surface after 12 months immersion
40 °C, arrows indicate blisters. d) and e) SEM high magnification images with arrows showing cracks initiating from blisters, 12 months 40 °C.

Table 4
Values of Tg measured by calorimetry (DSC), mean (standard deviation).

Unaged Reference 24 months at 25°C 9 months at 40 °C 12 days at 60 °C
[§9) (9] (9] (9]
62.4 (0.4) 61.9 (2.0) 58.1 (0.2) 55.5 (0.4)
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Fig. 14. Correlation between normalised loss in failure properties, after
different immersion times at 40 °C, compared to initial unaged values and
weight change.

that such a reduction was reached after only 2 years in natural seawater
at 25 °C. This may suggest that biological factors accelerate degradation,
but may also simply reflect uncertainty in extrapolating test data from a
few months to longer times.

4.2. Use of the SRPLA in the marine environment

In order to evaluate new materials for marine applications it is
essential to assess their degradation in the marine environment. The
investigation of microplastic formation is an essential part of this eval-
uation. In this study, the formation of SRPLA microplastics (>50 pm)
was detected in all samples after up to 1368 h exposure in artificial
seawater regardless of whether subjected to UV radiation or not. The
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Fig. 15. Comparison between tensile response of unaged samples and samples
after 12, 18, 21 and 24 months’ 25 °C and 40 °C seawater immersion.

mean number of microplastic particles in “dark control” and “UV
exposure” samples were 9 + 5 (SD, n = 3) and 17 + 18 (SD, n = 3)
respectively. These results are in line with those of Lambert and Wagner
[47] who exposed pieces (1 x 1 cm) of PLA disposable cups in deionized
water to visible and UV light for 56 days, and found the presence of MPs
(2-60 pm) both in UV treated and dark control samples. Similarly, Song
et al. [48] confirmed the finding on polypropylene (PP) and expanded
polystyrene (EPS) pellets after similar exposure duration. However, the
number of formed microplastics in those two studies is orders of
magnitude higher than in the present study. For example, the results of
Lambert and Wagner [47] indicated an estimated 425 and 20,000 par-
ticles (2-60 pm)/L respectively in PLA samples in the dark and subject to
56-day UV radiation, which is up to 1000-fold of the number in the
present study. The smaller number of microplastics formed from SRPLA
can be expected given its durability in seawater (i.e. no significant
changes in tensile properties after 8 weeks seawater immersion at 40 °C,
Fig. 7). However, test specimens in literature studies are usually from
commercial products (e.g. disposable PLA cups [47]) where the dura-
bility information in seawater is unavailable. It should also be noted that
the targeted size range in the present study (>50 pm) is larger than the
values in the work of Lambert and Wagner [47] (i.e. 0.6-18 pm and
2-60 pm) due to different microplastic identification techniques
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applied. When different size ranges are compared; distinct size fractions
may show a different pattern of microplastic abundance. For example, in
the works of Kooi et al. [40,41], the author suggested that the abun-
dance of microplastic in the environment follows a power law function
against their particle sizes (i.e. smaller microplastics are more abundant
than larger ones). Similarly, Lambert and Wagner [47] found that the
concentrations of 0.6-18 pm PLA microplastics formed are up to
1000-fold of the value for 2-60 pm microplastics. Future studies are
encouraged to solve such non-alignment in the quantification of
microplastic formation.

Similar numbers of SRPLA microplastics were formed in samples
subjected both to 1368 h UV and sealed from UV (Fig. 11), suggesting
that UV radiation does not accelerate microplastic formation from
SRPLA on the short term. Similarly, Lambert and Wagner [47] found
PLA particle concentration (2-60 pm) did not obviously increase after
1344 h UV and daylight exposure, but a significant increase in particle
concentrations were observed after 112 days. However, when compared
with conventional polymers, the findings varied among polymer com-
positions. For example, Song et al. [48] reported that 2 months UV ra-
diation did not affect the number of formed microplastics for PP and
EPS. Exposed to the same UV dose as the present study, Sgrensen et al.
[44] found that polyethylene terephthalate (PET) fibres fragmented into
smaller micron-sizes, indicating the formation of microplastics. So far,
conclusions cannot be draw on whether SRPLA is more resistant to
microplastic formation under UV radiation than conventional polymers
since 1) a lack of direct comparison between SRPLA and representative
conventional polymers on the number of microplastics formed under the
same UV radiance dose; 2) UV radiation doses and the methods of
characterising microplastic formation vary between studies. Future
studies are strongly recommended to establish standardized guidelines
for assessing the microplastic formation and numeric thresholds of
formed microplastics, compared to reference conventional polymers, for
newly developed plastic materials and applications prior to reaching the
market.

5. Conclusions

This study provides new information on the stability of self-
reinforced PLA in a marine environment. SRPLA is a material which is
bio-sourced, and degrades rapidly at temperatures of 60 °C and higher.
However, this material is quite stable in cold seawater, at temperatures
of 4 and 15 °C, and retains its tensile and impact performance for short
immersion durations at 25 and 40 °C. Longer immersion in seawater
results in quite rapid degradation at 40 °C and slower degradation, by a
factor of around 6, at 25 °C. This study has provided quantitative data
for the first time to evaluate the tensile properties of SRPLA for marine
applications. In parallel with the mechanical study the first results
presented here for microplastic formation of SRPLA indicate that for-
mation rates are quite low and that UV radiation does not affect their
formation, but more work is needed to establish comparisons with other
common plastics. Finally, the materials tested here were produced from
co-mingled fibres, but there is considerable scope for innovative fabri-
cation developments to produce SR composites from alternative feed-
stock such as core-sheath fibre technologies. These are currently under
investigation.
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