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ABSTRACT

Tidal turbine blades operate under challenging conditions
as integral components of tidal energy converters. Constant sub-
mersion in seawater and exposure to high loads necessitate thick
wall sections (10-100 mm) throughout blades, particularly at
the root. Thermoset matrices are conventionally used in vacuum
infusion processing to form durable fibre-reinforced composite
components with structural integrity. However, the cross-links
that provide these desirable properties also prevent melting and
reshaping, limiting recyclability compared to thermoplastics. Ad-
vancements in recyclable liquid thermoplastic resins (LTPR) offer
the opportunity for more sustainable material solutions for com-
posite blades. Understanding the effects of prolonged submersion
in saltwater on LTPR composite materials is critical for their ap-
plication in thick-section structures used in the marine and tidal
energy industries. This paper investigates the water uptake of two
glass fibre/LTPR composites, manufactured with different grades
of the same acrylic-based resin, Elium® 188 XO and Elium®
191 XO/SA, using accelerated ageing testing to simulate 10 years
of submersion. GF/Elium® 191 XO/SA reached saturation more
rapidly than GF/Elium® 188 XO, resulting in a greater total mass
increase of 1.00% compared to 0.54%, with standard deviations
of 0.65% and 0.02%, respectively. This study is part of an ongo-
ing, longer-term assessment aimed at experimentally simulating
a 20-year lifespan, representing the full design life of tidal turbine
blades.

Keywords: Turbine Blades, Materials, Composites,
Thermoplastics, Thick-section, Vacuum infusion pro-
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NOMENCLATURE

Acronyms and Material Designations

CF Carbon fibres

EOSL End-of-service-life

E188 XO Elium® 188 XO

E191 XO/SA  Elium® 191 XO/SA

FRC Fibre-reinforced composite

GF Glass fibres

LTPR Liquid thermoplastic resin

SSE Sum of squares error

Latin Letters

D, Diffusion coefficient [m3s!]

h Average specimen thickness [mm]

M(t) Moisture content of material as a function of
time, % of oven-dry mass

M, Moisture equilibrium content of material, % of
oven-dry mass

t Immersion time [seconds]

T, Glass transition temperature [°C]

Ws Specimen baseline mass before submersion [g]

Wi Specimen mass at time of weighing [g]

1. INTRODUCTION

Tidal energy has considerable potential as a reliable renew-
able energy resource. It is predicted that by 2050, the UK’s
electricity demand will rise to between 550 and 680 TWh/year,
compared to 317 TWh in 2023 [1, 2]. The UK’s practical tidal
energy resource is estimated at 34 TWh/year, which accounts
for 50% of Europe’s resources [1, 3]. Rotor blades are a key
component of tidal energy converters such as tidal stream tur-
bines. Continuously submerged in saltwater, tidal turbine blades
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are continually subjected to high loads, necessitating the use of
thick sections (10-100 mm), especially in the root of the blade
[4, 5].

The majority of tidal turbine blades are manufactured from
thermoset polymer fibre-reinforced composite (FRC) materials
using vacuum infusion processing, reinforcing an epoxy matrix
with glass fibres (GF) or carbon fibres (CF) [4-9]. Thermoset
FRCs have traditionally been the preferred material choice for
composite applications because of their ease of manufacturing,
good mechanical properties, environmental resistance, and low
cost. Despite their relatively superior toughness, impact resis-
tance and out-of-plane properties, thermoplastics are typically
melt-processed and therefore solid at room temperature and there-
fore require high temperatures and pressures during manufactur-
ing limiting their applicability [10-12].

The cross-links in thermosets provide the durability and
structural resilience needed for tidal turbine blade parts, but this
same cross-linking typically prevents melting and reshaping —
characteristics essential to many conventional recycling processes
accessible to thermoplastics. Since there are currently no large-
scale recycling solutions for managing decommissioned turbine
blades, blades are incinerated or disposed of in landfill if not
repurposed. Presently, the waste generated by the tidal energy in-
dustry is relatively minimal due to the limited number of deployed
devices, many of which have not yet reached their end-of-service-
life (EOSL). However, it is estimated that 1 GW of tidal energy
capacity will result in around 6,000 tonnes of blade waste. With
projections indicating 0.9 GW of installed tidal capacity in the
UK by 2035, the potential for waste generation is significant and
cannot be ignored [13, 14].

Recent material innovations in recyclable liquid thermoplas-
tic resins (LTPR) provide the potential for more sustainable mate-
rial choices for composite blades [6-9, 15, 16]. These materials
are initially low-viscosity resins that can be processed at low,
ambient temperatures using established resin infusion techniques
to produce parts with high strength, toughness and impact re-
sistance, making them a potential direct replacement for epoxy
resins[10, 15, 17, 18]. A key factor in assessing the suitabil-
ity of these materials for thick-section structures commonly used
in the marine and tidal energy sectors is their water absorption
behaviour over the product’s lifetime.

Water absorption in FRCs is associated with both physical
and chemical changes in materials, including reduced mechanical
properties, swelling, shape deformation and hydrolysis [19-21].
The swelling and plasticisation of the matrix in acrylic-based
FRC materials as a result of water uptake are known to lead to a
decrease in mechanical properties and degradation of the fibre-
matrix interface [18]. Within the same environment, the rate of
diffusion and amount of water absorbed by FRC materials is de-
pendent on multiple factors including the type of resin and fibres,
fibre volume fraction, fibre:matrix interface and the material mi-
crostructure including any cracks or defects [20, 22-24]. The
harmful impacts of water ingress on FRC tidal turbine blades can
be mitigated by further increasing the thickness of parts, which
introduces additional design and manufacturing challenges [24].

Previous studies have investigated the diffusion kinetics of
acrylic LTPRs submerged in seawater, assessing unreinforced

acrylic LTPR samples, as well as those reinforced with carbon
or glass fibres [18, 22]. However, there has been little focus on
the behaviour of these materials in thick-section laminates for an
extended test period. The objective of this paper is to evaluate the
long-term behaviour of two acrylic-based, thick-section FRCs in
seawater through accelerated ageing testing. This study is part
of an ongoing assessment to experimentally simulate a 20-year
period, which represents the full target design lifetime of tidal
turbine blades. This paper focuses on the first 10 years of test-
ing, presenting conclusions from this initial phase and outlining
directions for future work.

The remainder of this paper is structured as follows: the
materials and experimental methods are introduced in Sect. 2,
including the diffusion models considered. Section 3 presents the
results and discussion, as well as an outline of the ongoing, longer-
term assessment and future work. Finally, the paper concludes in
Sect. 4.

2. MATERIALS & METHODS
2.1 Materials

This work compares two distinct grades of acrylic-based
LTPR, Elium® 188 XO (E188 X0O) and Elium® 191 XO/SA (E191
XO/SA), which polymerise in-situ when combined with an ini-
tiator. Both grades are low-exotherm variants for use in infusion
processing, specifically for applications in the marine and wind
industries where thick-section composite components are com-
monly used. The properties of the two resins are summarised in
Tab. 1 [15, 25, 26].

TABLE 1: COMPARISON OF UNREINFORCED LOW-
EXOTHERM ACRYLIC LTPR GRADES USED IN THIS STUDY
[27, 28].

Property E188 XO E191 XO/SA

Viscosity 100 100

(cP at 25°C)

Processing temperatures 20 - 60 20 -60

°C)

Reactivity 60 - 90 > 60

(minutes)

Initiator BP-50-FT peroxide MEKP Butanox M50
United Initiators Easy Composites

Additional information DNV certified -

Water uptake -

7 days at 23°C (ISO 62) 0.55% 0.86%

One laminate was created from each resin, combining the
LTPR with ten plies of quasi-unidirectional (quasi-UD) E-glass
fibre (GF) fabric, which contains an acrylic-specific sizing agent
(Textile Structure 7009444; Johns Manville & SAERTEX).
The quasi-unidirectional (quasi-UD) non-crimp fabric comprised
0° fibres (1152 g/m?), 90° fibres (35 g/m?), and synthetic polyester
stitching (13 g/m?) for a total areal weight of 1200 g/m?). Each
laminate was manufactured using 3 parts initiator to 100 parts
resin by weight, with a five-minute mix time. Peroxide initiator
BP-50-FT (United Initiators) was used for the E188 XO lami-
nate and methyl ethyl ketone peroxide (MEKP) catalyst (Easy
Composites) for E191 XO/SA.
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2.2 Laminate Fabrication

In the production of tidal turbine blades, dry fibres are ar-
ranged into a single-sided mould. Manufacturing aids, such as
distribution medium and peel ply, are placed on top, and a vacuum
bag is applied to serve as the upper mould half. The vacuum fa-
cilitates the continuous flow of resin over the layup. This process
is often referred to as Vacuum Assisted Resin Transfer Mould-
ing (VARTM) in the context of tidal turbine blade manufacture
[16, 29].

In this study, a glass plate covered with release film was used
as the tool for the vacuum infusion. An infusion medium, serving
as both flow mesh and perforated release film, was positioned on
the tool before laying the glass fibre fabric and another layer of
infusion medium. While the use of flow mesh on top of the layup
is standard practice, the extra layer between the layup stack and
and the tool was used to enhance resin flow through the thick
laminate. It should be noted that, for both layers, the infusion
medium was slightly narrower and shorter than the laminate to
prevent resin race tracking. Each ply measured 195 mm x 460
mm x 10-plies equating to polymerised thicknesses of 8.4 mm
and 7.8 mm for the GF/E188 XO and GF/E191 XO/SA laminates
respectively.

2.3 Sample Preparation

Samples were taken from each panel using water jet cutting.
For each material, four samples, each measuring 100 x 100 mm,
were obtained for water ageing testing. The surface finish of the
entire laminate varied in certain areas. For example, imprints
were present where the resin inlet port was located on each lam-
inate, as well as in areas intentionally not covered by infusion
media. The position of the samples on the plate was optimised to
maximise space, ensuring even thickness distribution and consis-
tent surface quality for each specimen, as demonstrated in Fig. 1.

RESIN INLET END OF LAMINATE

" O

]

DﬂDDmm

VACUUM OUTLET END OF LAMINATE

FIGURE 1: FOUR 100 X 100 MM SPECIMENS WERE CUT
FROM EACH LAMINATE USING WATER JET MACHINING.

The thickness of the laminates posed challenges for sample
extraction, as standard tools such as sawing and milling would
cause excessive damage to the laminate sheet. Water jet cutting
was selected since it presented the lowest risk to laminate qual-
ity. However, slight delamination was evident at the corners of
some samples where the jet entered the laminate. On inspection,

two of the GF/E188 XO samples sustained minor damage, and
one GF/E191 XO/SA sample was severely damaged as shown
in Fig. 2. Typical issues in composite laminate manufacturing,
such as incomplete fibre wetting, inadequate ply consolidation,
and trapped air, are amplified in the production of thick-section
laminates. These challenges can result in void formation, uneven
polymerisation, and reduced dimensional stability throughout the
laminate’s thickness. Some level of variation between samples
of the same material and presence of defects was therefore ex-
pected. Surface level voids and cutting-induced delamination
defects visible by eye were noted prior to immersion.

a)

460 mm

195 mm

FIGURE 2: EVIDENCE OF CUTTING-INDUCED DELAMINA-
TION ON GF/E191 XO/SA LAMINATE PLATE (A), WITH SOME
RESULTING DEFECTS CLASSED AS MAJOR (B) AND SOME
AS MINOR (D). SOME SAMPLES REMAINED UNAFFECTED
(©).

ASTM D5229/D5229M specifies that specimens for thick-
laminates with anisotropic moisture diffusivity constants should
measure 100 x 100 mm with either aluminium or stainless steel
bonded to the edges [30]. This is to minimise edge effects and en-
sure water is absorbed through the thickness of the laminate rather
than along the fibres. No adhesive with a specified hydrophobic
nature that could withstand the test temperatures in saltwater
was available on the market at the time of sample preparation,
meaning any adhesive used would be prone to water absorption.
The authors understand that other studies have encountered is-
sues with metal plates detaching during testing. Metallic plates
would also corrode in the saltwater, introducing unknowns to
the experiment. Painting and leaving only the top and bottom
faces of the laminates exposed to ensure through-thickness water
absorption was considered. However, there were concerns that
surface preparation of the samples for painting might render the
edges of the laminate hydrophilic. The edges of the samples were
therefore left in their as-cut state. This is considered the worst
case test environment for a tidal turbine blade, which would have
a coating and paint protecting the FRC from seawater, with water
only coming into contact in the case of damage or a defect in the
surface finish.
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2.4 Seawater Ageing

This study forms part of an ongoing longer-term assessment
using accelerated ageing to simulate a 20-year period, the target
lifetime of a tidal turbine blade, as discussed in Sect. 1. Sam-
ples are submerged in filtered natural seawater at 55°C (x 2.5°C)
and this paper considers data up to almost seven months sub-
mersion, replicating 10 years at 9°C sea temperature, outlined in
Appendix A. It is generally recommended that the test temper-
ature of seawater ageing experiments is at least 20°C below the
glass transition temperature of the material, 7,. However, studies
have shown that T, of a material can reduce by around 20°C for ev-
ery percentage increase in moisture and ASTM D5229/D5229M
recommends to keep material samples 25°C below the wet T,
(30, 31]. The T, for GF/Elium® composites has been found to
exceed 100°C and is specified as 102°C for cured, non-reinforced
resin by Arkema [22, 27, 32]. 55°C was therefore selected as
the test temperature as it provides a suitable ageing acceleration
factor without degrading the polymer matrix [19, 31, 33, 34].

Seawater was collected from Longniddry, Scotland, and fil-
tered using aquarium wool to remove sediment before being
heated in a water tank. Evaporated water is periodically re-
placed with distilled water to ensure the salinity and volume of
water remains constant. Samples were oven-dried at 50°C for
17.5 days prior to immersion. Each sample is held in a bag made
from infusion mesh, mounted within the tank using fishing wire
to ensure all sides of the samples are exposed to water, as shown
in Fig. 3. A circulation pump is used to continually agitate the
water.

Thermocouple for
temperature
control

Water pump
for circulation

Heating
element

Material
samples in
mesh bags

FIGURE 3: SEAWATER AGEING TEST TANK SHOWING SAM-
PLES SUBMERGED IN WATER (SHOWN WITHOUT TANK LID
FOR CLARITY).

At each measurement interval, samples were removed from
the test tank and placed in buckets of tap water for 15 minutes to
cool. Lint-free cloths were then used to pat dry all faces of each
specimen, removing any surface moisture. Each specimen was
weighed using a mass balance with a readout and reproducibility
of 1 mg. Samples were weighed in batches, and the measurement
procedure for GF/E191 XO/SA samples began 15 minutes after
GF/E188 XO, ensuring samples were out of the test tank for less
than 30 minutes, as specified in ASTM D5229/D5229M.

The percentage mass increase was calculated at each weigh-
ing interval, M (z), using Eq. 1 ([30]) where W; is the specimen

mass at time of weighing and W,, the baseline dry mass of the
sample before submersion. The average of the four samples for
each material group was calculated at each timestamp and used
for analysis.

W — W,
M(t) = —— "2 %100 (1)
Wp

2.5 Diffusion Models

Diffusion coefficients, D ,, and moisture equilibrium content,
M,,,, of samples can be calculated using Fickian diffusion models
asoutlined in ASTM D5229/D5229M [30]. In order for a material
to be classed as Fickian, absorption and desorption curves plotted
on a graph of M,, versus Vtime must be essentially linear up to
60% of M,,, and then exhibit a concave portion relative to the
x axis until M, is reached. For the same testing conditions,
absorption curves for different thicknesses of the same material

must be super-imposable if the x axis is plotted /time /thickness
as opposed to Vtime [30]. Equation 2 can be used to fit a Fickian
diffusion curve to data, enabling calculation of D, and M, for
material test specimens of thickness, A [18, 30].

worfef o3 o

There are material forms that are known to invalidate these
assumptions, potentially resulting in non-Fickian behaviour. This
may include materials with a multi-phase diffusion mechanism,
notable surface cracking, an unusually high number of voids,
or uneven void distribution amongst other reasons [30]. Dual
Fickian diffusion models have been used to interpret non-Fickian
behaviour in cases where two diffusion processes occur simul-
taneously, each with distinct speeds and maximum moisture ca-
pacities. Equation 2 is therefore expanded to form Eq. 3. This
enables calculation of two different diffusion coefficients, D
and D ,»,and moisture content values, M,,,; and M,,», that corre-
spond to each diffusion process, the sum of which gives the total
moisture saturation as shown in Eq. 3 [35, 36].

3. RESULTS & DISCUSSION

Figure 4 shows the percentage mass increase versus the
square root of immersion time for the GF/E188 XO and GF/E191
XO/SA specimens. An initial analysis of the plotted experimen-
tal data suggests that both materials exhibit Fickian behaviour,
displaying a linear increase in water uptake followed by a plateau
upon reaching saturation. However, when calculating the best-fit
curve, a Dual Fickian model yielded a lower sum of square errors
(SSE) value for both material sets, suggesting that the material
forms analysed invalidate one of the assumptions of Fickian dif-
fusion outlined in Sect. 2.5. Values presented are therefore the
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average of each of the four specimens and the plotted curve of
best fit was calculated using a Dual Fickian diffusion model us-
ing Eq. 3. Figure 3 also displays the minimum and maximum
measured values for each material group. The resulting diffusion
coefficients, D;; and D ,,,and moisture content values, M,,; and
M5, are presented in Tab. 2.

TABLE 2: DIFFUSION COEFFICIENTS, D,, AND EFFECTIVE
MOISTURE EQUILIBRIUM CONTENT, M, OF GF/E188 XO
AND GF/E191 XO/SA SAMPLES AT 55°C. VALUES CALCU-
LATED USING A DUAL FICKIAN DIFFUSION MODEL.

GF/E188 XO GF/E191 XO/SA

D (m?>s7')  1.02x107° 1.30 x10710
D, (m*s™)  1.79 x10712 6.64 x10712
M1 (%) 0.06 0.58
M, (%) 0.48 0.42
M,, (%) 0.54 1.00

Figure 4 indicates that water diffuses into the GF/E191
XO/SA specimens at a faster rate with the specimens gaining
more mass versus the GF/E188 XO samples. This aligns with
material data sheets for the unreinforced acrylic resins that show
unreinforced E191 XO/SA reaches a higher percentage mass in-
crease after 7 days at 23°C compared to unreinforced E188 XO,
tested as per ISO 62, as displayed in Tab. 1 [27, 28].

Davies et al. found that unreinforced Elium® samples dis-
played Fickian behaviour. However, when the same resin was
reinforced with glass or carbon fibres, evidence of non-Fickian
behaviour was observed, suggesting that an additional diffusion
mechanism was taking place as well as water entering the resin
[22]. As outlined in Sect. 1, diffusion parameters are dependent
on multiple factors including resin chemistry, curing conditions,
number and location of voids [22, 30]. When evaluating the
results of the two diffusion processes occurring simultaneously
using a Dual Fickian model, it can be seen that D, is a faster
process compared to D, for both sets of material specimens, as
shown in Tab. 2, aligning with Bel Haj Frej et al.’s suggestion that
anomalous water uptake can be separated into a ‘fast’ and ‘slow’
process [36]. Devine et al. determined a D, of 1.81x107!2
m’s™! for GF/Elium® 188 O samples when submerged in sea-
water for 5 months at 50°C, with samples showing evidence of
Fickian behaviour [18]. The D, values found in this study are
of a similar magnitude, with the GF/E191 XO/SA samples expe-
riencing a quicker rate of diffusion, 6.64x107'?> m?s’!, compared
to GF/E188 XO, 1.79x107!2 m?s’!. Interestingly the two ma-
terial groups in this work reach similar moisture content levels
through the second diffusion process, with M,,,» values of 0.48%
and 0.42% for the GF/E188 XO and GF/E191 XO/SA samples
respectively, despite GF/E191 XO/SA having a higher overall
My,.

The calculated values from the first diffusion process show
a quicker diffusion rate for GF/E188 XO compared to GF/E191
XO/SA, with values of 1.02 x107° m2s™! and 1.30 x10719 m2s7!,
However, the moisture content associated with this diffusion pro-
cess, M1, is significantly different, with GF/E188 XO only
reaching 0.06% and GF/E191 XO/SA increasing to 0.58%. It

is acknowledged that there is a greater range in values between
the four specimens for the GF/E191 XO/SA samples, which will
be discussed further in Sect. 3.1.

3.1 Data Range

The percentage mass increase values used for analysis in this
work are the average of the four samples for each material group
at each weighing interval. Figure 4 displays the minimum and
maximum values recorded, showing a greater range in recorded
values for GF/E191 XO/SA. From the average values for GF/E191
XO/SA, the material appears to exhibit Fickian behaviour. How-
ever, itis evident that the maximum value is continuing to increase
after initially reaching a plateau, whereas the minimum value ap-
pears to be decreasing after 2250 /s, suggesting leaching. When
evaluating the percentage mass increase values for the individual
specimens, the behaviour is split, with two samples following
the profile of the maximum values and two samples the mini-
mum. For both material groups, the samples showing the highest
percentage mass increase were taken from the inlet end of each
laminate, suggesting that one of the mechanisms responsible for
diffusion is related to a difference in microstructure due to loca-
tion within the laminate. This appears to have a stronger influence
than the delamination damage caused by water jet cutting when
preparing the samples. It is worth noting that some difference
in quality and microstructure throughout thick-section laminates
is unsurprising due to the associated manufacturing challenges
outlined in Sect. 2.3.

Fitting Dual Fickian models to the dataset of each sample
allows calculation of individual M,, values. For the GF/E188
XO samples, the average M,, from the four individual fits was
determined to be 0.54%, with a standard deviation of 0.02%. The
four individual fits for the GF/E191 XO/SA samples resulted in
an average M,, of 1.13%, with a standard deviation of 0.65%.
This highlights that the GF/E191 XO/SA specimens are behaving
inhomogeneously, showing differentiated behaviour making di-
rect comparison between the two materials complex. The overall
M,,, values of 0.54% and 1.00% for GF/E188 XO and GF/E191
XO/SA, respectively, displayed in Tab. 2, were calculated using
the mean data set. The values calculated using the two differ-
ent methods therefore align for E188 XO but disagree for E191
XO/SA.

The experimental results and literature considered indicate
that two diffusion mechanisms are occurring in each set of mate-
rial samples, albeit with different coefficients. Root cause analy-
sis of these different processes is considered outside of the scope
of this paper and will be investigated in future work, discussed
further in Sect. 3.2.

3.2 Longer-term Assessment and Future Work

This paper presents results for the first 10 years of an ongoing
simulated 20-year period, reflecting the target design lifetime of
tidal turbine blades. The full 20-year data set will ultimately
be assessed using Fickian and Dual Fickian diffusion models,
determining which has a lower SSE, as was performed for the
10-year data period considered in this work. It is anticipated
that the Dual Fickian model will still yield lower SSE values and
further work is planned to investigate potential causes for the
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FIGURE 4: WATER ABSORPTION CURVES FOR GF/E188 XO AND GF/E191 XO/SA SAMPLES AT 55°C. CURVES OF BEST FIT
FOR EACH DATA SET HAVE BEEN CALCULATED USING A DUAL FICKIAN DIFFUSION MODEL.

two diffusion processes occurring. Longer-term data will enable
more in-depth analysis of the water uptake of both materials,
particularly for unusual results such as the differing behaviours
of the GF/E191 XO/SA samples.

X-ray imaging was used to visually assess the microstructure
of samples before immersion. Three specimens of each material
were sent for imaging prior to immersion. For each group, the
central portion of all three samples was scanned as well as the
delaminated corner for one of the affected samples to assess the
damage from water jet cutting. This work will be repeated at
the end of the 20-year test period, scanning the same areas and
enabling direct visual comparison of the microstructure before
and after water ageing. Images of the samples before immersion
will also be utilised when determining the reason for two diffusion
processes.

4. CONCLUSION

This paper aimed to evaluate the long-term behaviour of
two acrylic-based, thick-section FRCs in seawater through ac-
celerated ageing testing, forming part of an assessment of their
suitability for tidal turbine blade manufacture. Four samples of
both GF/Elium® 188 XO and GF/Elium® 191 XO/SA compos-
ites were immersed at 55°C for 7 months to simulate 10 years of
submersion. Both materials reached saturation within the test pe-
riod but demonstrated aspects of non-Fickian behaviour. Fitting
a Dual Fickian model provided insights into two simultaneous
diffusion processes occurring in each material. The GF/Elium®
191 XO/SA composite reached saturation significantly faster than

its counterpart, with a higher total percentage mass increase of
1.00% compared to 0.54%. However, the standard deviation
of these results was found to be 0.65% and 0.02% respectively.
Given the timeline of the study, these results provide an indication
of the diffusion behaviour of the materials assessed but should
not be considered conclusive. Nevertheless, there is evidence
of a complex relationship between the materials, manufacturing,
resulting microstructure, and diffusion behaviour, which should
be the subject of further studies.
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APPENDIX A. ACCELERATION FACTOR
CALCULATION

Long-term exposure of a material to seawater can be assessed
using accelerated ageing, where increasing the water temperature
accelerates the movement of moisture by diffusion into the mate-
rial, enabling a short period of ageing at a higher test temperature
to be equated to a longer period of exposure at a lower service tem-
perature [23, 31, 33, 37]. Assuming an Arrhenius dependency,
the diffusion rate (k) varies with temperature, (7):

Eq
kq = koe™ RT “4)

where ko is the reference diffusion rate coefficient, E, is
the activation energy, R is the universal gas constant (8.3145
kJ kmol'K!) and T is the temperature (K). An acceleration fac-
tor (AFr,s) achieved using a higher test temperature (77) with
respect to a lower service temperature (7s) is defined by [33, 37]:

AFp = e | %A 7)] 5)

The E, for this study is assumed to be 48.1 kJ kmol'!, calculated
using Eqn, 4 and diffusion coefficients for unreinforced acrylic
resin at three different temperatures determined by Davies et al
[22]. Ts was set as 9°C, and consequently, 55°C was chosen for
Tr. Further reasoning behind this decision is outlined in Sect. 2.4.
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