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Abstract

The main objective of this research was to evaluate the piezoresistive response and mechanical performance of seawater-
aged blades manufactured with glass fiber/epoxy resin incorporating multi-walled carbon nanotubes (MWCNTs).
MWCNTs content was 0.75 wt. %, which was sufficient to form an electric percolation network. MWCNTs were
dispersed in the fiber using the spray-coating method, allowing the entire blade outer surface to gain strain self-sensing
capability. Exposure of the blades with and without MWCNT to seawater caused a moisture absorption of 1.67% and
1.56%, respectively. This caused damage such as matrix cracking, and fiber/matrix interfacial debonding. These effects were
manifested by an increase in tip displacement of 13% and 1.43% in the blades with and without MWCNTs, also local
deformations on the blade increased. The MWCNTs induced a positive effect on piezoresistive capability, resulting in the
development of sensitivity to deformation. This showed that MWCNTs in the specified content is efficient for damage
detection in complex structural components even after seawater aging while retaining maximum electrical resistance
change of 0.45% and 0.26% on the tensile and compressive side, respectively. With acoustic emission (AE), it was confirmed
that the presence of MWCNTs acts as toughening mechanisms reducing damage such as micro-cracks in the matrix.

Keywords
Acoustic emission, composite laminate, hydrokinetic turbine blade, multi-walled carbon nanotubes, piezoresistive
response, seawater aging

Introduction durability is essential for the turbine’s operation and must
have a certain resistance to the corrosive marine environ-
ment,'*'* and considering that the duration of a hydroki-
netic turbine is around 20 years,'>'® these elements must
preserve their properties throughout that time. In addition to
the adverse environment in which the blades operate, they
are also exposed to potential damage from low-speed im-
pacts caused by floating or submerged debris, underwater

With the growing global trend for reducing the use of fossil
fuels, which are the main generators of carbon dioxide
emissions that cause adverse effects on the environment,
such as the greenhouse effect, and which has been in-
creasing in recent years,' > one of the alternatives to mit-
igate them is to make use of clean energy or alternative
energies.” ® One of the ways to generate clean energy is
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cables, ice, marine animals, collisions with vessels, and
docks."!” The blades are also exposed to high levels of loads
due to current velocities and water density; they also ex-
perience cavitation and wear caused by turbulence gener-
ated by the currents.'® Being immersed for extended periods
in humid environments, the blades undergo a phenomenon
known as aging. As a result, unscheduled maintenance
requirements for HATTs are largely due to a large blade
failure rate.'® Because of this, it is important to mention that
currently the material most commonly used for
manufacturing blades is glass fiber-reinforced polymers
(GFRP),? due to their elevated mechanical properties such
as strength, rigidity, low density, fatigue resistance, and
corrosion resistance.”! This combination of characteristics,
among other advantages, has made GFRP one of the best
choices for composite materials in the design of marine
structural components, not only for hydrokinetic turbine
blades but also for boats, ships, platforms, and various other
applications.?

The aging of marine components with polymeric ma-
trices is a serious problem that leads to the degradation of
mechanical properties,>** thereby reducing the expected
element’s lifespan and amplifying failure modes that occur
prematurely and can be catastrophic for the structural in-
tegrity of marine elements.'® Added to these structural and
physical problems, there is also a cost associated with the
deployment, maintenance and recovery of HATTs that are
installed in hostile underwater environments that make
reliability and preservation the main concerns of designers
and researchers.”

Because the interest of researchers in the study of
marine effects on structural components has been in-
creasing, some authors, such as Shi et al.,?® have fo-
cused their research on studying phenomena that occur
during the operation of the blades, such as cavitation.
Additionally, Ghoil and Saini focused their research on
erosion, which is caused by the dynamic action of sand
flowing with the water current, causing wear, this wear
reduces the efficiency and lifespan of the turbine,
leading to operational issues, premature maintenance,
and, in turn, economic losses.?’ In this regard, Hassan
also studied the erosion mechanisms in composite
materials and the influence of immersion in seawater on
the mechanical properties of hydrokinetic turbine
blades.®

But some other authors have conducted a more
comprehensive investigation by experimentally”’ and
numerically studying the structural behavior of the blades
through finite element analysis (FEA). This is the case of
Jaksic et al.,>® who based their experiment on large-scale
blades, where they studied the materials, performed
numerical analysis, conducted static and fatigue ex-
periments on the blades. On the other hand, Gonabadi
et al.’' established a design methodology based on hy-
drodynamic models by applying the finite element

analysis (FEA) method to experimentally validate blades
manufactured with composite materials, the aim was to
predict the structural performance of the blades under
extreme loading conditions. Fagan et al.’>? developed
a design methodology based on damage mechanics to
assess blades of hydrokinetic turbines. On the other hand,
Kennedy et al.*® presented a study on the fatigue of glass
fiber-reinforced polymers (GFRP) subjected to acceler-
ated aging. They established that moisture saturation has
a detrimental effect on the fatigue strength of the com-
posite for its use in marine energy structures. Nachtane
et al.** used the most advanced finite element features
available to investigate the effects of environmental
exposure on the mechanical properties of a composite
hydrokinetic turbine.**

Regarding their contribution, Davies et al.>” investigated
the behavior of blades exposed to the marine environment,
for this purpose they proposed several material alternatives
to be investigated through tests on full-scale blades.*> Also
Robin et al. have conducted studies on structural compo-
nents to evaluate their in-plane and out-of-plane perfor-
mance when the elements have been aged with seawater.>®
In this sense, other researchers have also studied alternatives
to reduce the negative impact of the marine environment on
structures by incorporating cores.’’ Jiang et al. have con-
tributed with extensive research on the effect of seawater on
the mechanical resistance of a blade; they concluded that
seawater negatively impacts the resistance of the blade, in
terms of the stiffness and risk of failure of the composites.
However, the results showed that the blade can withstand
the design loads and that its operation is guaranteed during
its useful life despite the absorption of seawater.*® Despite
the studies found in the literature on the topic of hydro-
thermal aging in composite structures, it is still considered
a challenging topic because it has not been fully understood
and should not be underestimated and requires special at-
tention and further studies.*”

As observed, there is a growing trend towards har-
nessing marine currents through energy converters. This
has raised significant technological concerns, such as
structural health monitoring (SHM) for detecting failures
in the blades. These failures can cause disruptions in the
efficiency of turbines when they are in operation. As
a result, various failure detection methods have been
under development, and one of them involves detecting
failures through sensors incorporated into structural el-
ements, such as the voltages and phase currents of the
generator windings.*® Another type of sensor that has
also been explored and is inherently integrated into the
manufacturing of structures is fiber-based sensors,
forming the Bragg grating grid.*'*** In general, structural
health monitoring involves a variety of sensors (strain,
vibration, temperature, GPS) that can be permanently
installed on the elements or embedded within their
structure.** 7 However, integrating any type of sensor
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into the structure of an element can affect its mechanical
properties, particularly those of the blades, and as a re-
sult, their mechanical performance may be severely
compromised.*® Another technique to monitor SHM of
components in operation is acoustic emission (AE). It is
based on the transient waves produced by the appearance
of internal defects; features of AE signals may provide
information about the damage mechanisms and defect
evolution.*” Lately this approach has been applied in
systems and structures for the generation, transmission,
transformation, and storage of renewable energy, being
able to monitor the structural condition and diagnose
failures in the systems and structures.>’

In recent times, the use of nanomaterials, specifically
multi-wall carbon nanotubes (MWCNTs), has been
promoted with a dual purpose. On the one hand, to en-
hance or maintain mechanical properties intact and on the
other hand, to reinforce electrical properties as a means
for structural health monitoring of components.*® The
efficient incorporation of MWCNTs into the fiber of
GFRP leads to the formation of electrical percolation
networks, providing the ability to be used as piezor-
esistive sensors without affecting the mechanical
properties.’' >> MWCNTSs can be incorporated into the
composite using two approaches, the first by mixing the
nanomaterials in the resin®*>> and the second by dis-
persing the nanomaterials directly in the reinforcement.’®>®
The greatest challenges when using the second type of
dispersion consist primarily of achieving uniform coating on
the fiber, obtaining good interlaminar adhesion and making
the process scalable at a minimum cost.>* In this case, new
avenues for the development of minimally invasive and high-
performance sensors for process monitoring have been
opened, since the integrated nanomaterials impart structure-
dependent electrical characteristics.*® Such is the case of
Rubio-Gonzalez et al. who developed a composite material
blade with the incorporation of MWCNTs, with the aim of
obtaining a blade capable of being self-sensitive to de-
formation due to external loads.>

Although piezoresistive capabilities for structural
health monitoring in seawater-aged specimens have
been studied,®” there is still some uncertainty about how
these piezoresistive properties will behave after aging. It
remains to be confirmed whether these properties remain
active after seawater aging in more complex structural
elements, such as a hydrokinetic turbine blade. Given
this context, this paper firstly presents a study on the
aging of a hydrokinetic turbine blade with the in-
corporation of MWCNTs in its matrix. Subsequently,
static tests were conducted using relevant standards to
investigate the piezoresistive response of the aged blade.
The results of the mechanical and piezoresistive re-
sponse were complemented with acoustic emission
studies, visual inspection and fractography by scanning
electron microscope for the damage analysis.

Experimental

Materials

For the manufacturing of the blades, Epolam 2040 epoxy
resin was used, which was mixed with the Epolam 2040
hardener at a ratio of 100:30 by weight, these materials were
supplied by Axson Technologies (USA). Unidirectional
(UD) and TRIAX fiber fabrics with a density of 2.62 g/cm®
from Axson Technologies (USA) were also employed. For
the blade core, R-3318 polyurethane foam was used, with
a density of 288 kg/m’>. The foam core of polyurethane (PU)
was purchased from General Plastic Manufacturing Com-
pany (USA). Multi-walled carbon nanotubes (MWCNTs)
with an average length of 1-10 um and an outer diameter of
10-35 nm were used, with a purity of>90%. The MWCNTs
were produced by chemical vapor deposition and purchased
from Sunnano (China).

Fabrication of multifunctional tidal turbine blade

A novel method was employed to manufacture the blades
used in the experiments,”® which involves a one-step
injection process using the Vacuum Assisted Resin
Transfer Moulding (VARTM) method. In this process,
a split metal mold with the blade’s geometry inside and
a polyurethane foam core specially machined to the shape
of the blade was used. During manufacturing, the outer
layer of the blade’s fiberglass fabric was impregnated
with MWCNTs, following the process reported by Rubio
et al. This process involves the dispersion of the
MWCNTs/ethanol mixture using a professional airbrush,
with an MWCNT content of 0.75 wt. %. After curing,
excess resin at the edges of the blades was trimmed. Four
blades were prepared and they are shown in Figure 1(a);
Blade 1 and Blade 2 were manufactured without
MWCNTs, while Blade 3 and Blade 4 contain MWCNTs.
Additionally, Blade 2 and Blade 4 underwent a seawater
aging process. A summary of the manufacturing con-
ditions is shown in Table 1.

Seawater aging

The seawater aging process was conducted by keeping the
blades submerged in a thermostatic bath with artificial
seawater at a temperature of 60°C for 365 days. Before
immersion, the blades were weighed using a Mettler Toledo
scale with a 5 kg capacity and an accuracy of 0.01 g, the
same scale was used to measure the increase in the amount
of moisture absorbed by the blade at certain time intervals.
The percentage of moisture absorption (/) is determined
by the following equation.®’

W, — W,
705100
Wy

Mt = (1)
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Table 1. Blade description.
Manufactured by RTM process with PU core
Label Reinforcement Matrix MWCNTSs (0.75% wt.) Seawater aging Length (mm)
Blade | (BD-1) Glass fiber Epoxy resin No No 670
Blade 2 (BD-2) No Yes
Blade 3 (BD-3) Yes No
Blade 4 (BD-4) Yes Yes

Where W, is the weight of the blade at a certain immersion
time and W is the initial weight of the blade before being
submerged in seawater.

The artificial seawater was prepared by mixing 708.7 g of
Morton Systems Saber II Pellets salt diluted in 20 L of
purified water following the recommendations of previous
studies.?>**? This mixture reached a salinity of 36.8 psu
(35.2%), similar to the seawater characteristics of the Gulf
of Mexico.

Static structural testing

The static structural test of the blade was conducted on a test
bench designed following the recommendations of the IEC-
61400-23% y IEC TS 62600-3.%* The test bench is equipped
with a Futek FSH04080 load cell (USA) with a capacity of
22.5 kN, as well as a TE Connectivity displacement
transducer with a measurement range of 0—1.27 m (see
Figure 2). The load was applied using a steel cable wound
around a pulley by the action of a Kollmorgen AKM54H-
ACG2LBOW servo motor. During the test, values of applied
force and displacement of the blade tip were recorded.
Deformations were measured by 7 strain gauges attached to
the surface of the blade. The gauges were distributed in

a way that made it easy to monitor points of interest, as
shown in Figure 1(b).

Electrical resistance measurement procedure

During static structural tests, the measurement of electrical
resistance change was also carried out. The measurement of
resistance change was only performed on the blades con-
taining MWCNTs. For this purpose, the blades were in-
strumented with two pairs of electrodes consisting of thin
copper wires attached to the surface of the blade and spaced
2 cm apart. The electrode’s location coincided with the
position of strain gauge 2B (see Figure 1(b)). To attach the
wires to the surface of the blade, conductive silver paint
from Ted Pella Inc (USA) was used, see Figure 3. The
electrodes were attached to the suction side and the pressure
side at the height of the maximum chord over the sparcap.
The resistance change values were collected using a Key-
sight Truevolt 34465A digital multimeter connected to
a computer via USB. For storage, a code generated using
MatLab software was used. The sampling rate used was
1 Hz, and a multiplexer was employed to read both elec-
trodes simultaneously. The relative change in electrical
resistance (AR), was obtained using the equation (2), where
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Figure 2. Instrumentation diagram for static testing of blades.

Ry is the initial resistance and R; is the value of the resistance
measured during the static test.

AR = (M) % 100 )
Ry

Acoustic emission technique

During the static structural test of the blade, damage was
also monitored using the Acoustic Emission (AE) tech-
nique. For this purpose, a Micro-SHM System from Mistras
Group Inc was used. Simultaneous measurements were
conducted with two sensors at a frequency of 5 kHz. The
sensors were placed at the root of the blade; one of them was
attached to the pressure side, and the other to the suction
side, as shown in Figure 3. During the damage monitoring
test with AE, amplitude values over time were obtained.
These data were collected from the beginning of the test
until the maximum applied load.

Scanning electron microscopy

The coupons obtained from the tested blades, were ex-
amined by using a scanning electron microscope (SEM)
JEOL JSM-6610LV operated at 15 kV at different magni-
fications. For this purpose, the coupons were coated with
gold by sputtering. The aim was to analyze the damage
mechanisms of the tested blade in the area with the greatest
damage.
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vomotor S

‘L-.,
%
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Figure 3. Instrumentation diagram of the blade for
piezoresistive tests.
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Figure 4. Moisture absorption results in blades with and
without carbon nanotubes.

Results and discussion

Moisture absorption analysis

Figure 4 displays the results of the relative moisture ab-
sorption (M,) as a function of the square root of time
(¢'/2(h'/?)) of the blades that were submerged for 365 days
in seawater. The graph shows a linear behavior at the be-
ginning of the moisture absorption curve up to a time of
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304'/2. This behavior is observed in both blades (without
and with MWCNT) subjected to aging. The water ab-
sorption kinetics were fitted to the Fick’s law behavior. After
this time, the curves exhibited a non-linear behavior until
the onset of a plateau at # = 90 4'/2, at this point, the blades
begin to saturate with water. The moisture absorption is
higher for the blade containing carbon nanotubes, which
reached a maximum moisture absorption percentage of
1.67%, compared to 1.56% for the blades without carbon
nanotubes. This behavior is directly related to the presence
of carbon nanotubes in the fiber. This result of higher water
absorption may be associated not only with the hydrophilic
behavior of carbon nanotubes but also with the presence of
small voids in the matrix due to the nanotubes, as well as the
agglomeration and dispersion of the nanotubes, and the
temperature of the seawater in which the elements were
submerged.%%-3-6¢

Performance of structural properties

The structural performance of the blades was evaluated
through a static test, in which the blades with and without
MWCNTs were tested under both dry and aged conditions.
The design load obtained through numerical simulation was
789 N*? and was applied in percentage intervals of 50, 70,
80, 90, and 110%, resulting in a maximum applied load of
868 N, after reaching the maximum value of the load,
a discharge of the applied load is carried out. All blades
resisted 110% of the design load, although showing some
variations in tip displacement and maximum deformation.
These results are summarized in Table 1. It was observed
that sample BD-4 showed a higher tip displacement with
a value of 52 mm, this behavior is directly related to the
higher percentage of moisture absorbed (see Figure 4) due
to the presence of MWCNTs.®® Moisture causes the matrix
to plasticize and undergo hydrolysis,”” making it ductile and

55
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Figure 5. Tip displacement and strain values (4A gauge) of the
tested blades.

less rigid,(’8 in other words, the fiber-matrix interface un-
dergoes imminent degradation (Figure 5). Similarly, blade
BD-3 containing MWCNTs exhibits a higher tip dis-
placement compared to blades without MWCNTs, sug-
gesting that the presence of MWCNTSs may lead to reduced
blade stiffness.®® In the case of blades without MWCNTSs,
the results show a smaller tip displacement (41.8 mm) for
the unaged blade (BD-1) compared to the tip displacement
(42.4 mm) for the aged blade (BD-2), see Figure 5. This is
attributed to matrix plasticization caused by the seawater
aging.”’ Seawater aging causes the displacement of the
blade tip to increase by 1.43% in the case of blades without
MWCNTs, while this increase is 13% in blades with
MWCNT.

In relation to the strain measurements obtained with
strain gauges attached to the surface of the blades, it can be
observed that the non-aged blades (BD-1 and BD-3) exhibit
higher strain readings compared to the aged blades (BD-2
and BD-4). This comparison is made at the position of strain
gauge 4A (see Figure 1), the lower strain values in the aged
blades are primarily attributed to inadequate load transfer
from the point of load application to a distant strain mea-
surement point, where strain gauge 4A is located, at a dis-
tance of 289 mm, this effect is related to matrix
degradation.”' However, when the strain measurement point
(gauge 1B) is closer to the load application point (155 mm),
the strain is higher in the aged blades. This reinforces the
theory that load transfer to distant points from the load ap-
plication point is not effective due to matrix degradation,”" as
seen in Figure 6. The presence of MWCNTs in the unaged
blade (BD-3) causes greater deformation compared to the
unaged blade without MWCNTs (BD-1). This can be ob-
served by comparing the strains at gauges 4A and 1B in
Figure 6, this difference is primarily attributed to the presence
of MWCNTs in the matrix, and this behavior is consistent
with the tip displacement of these blades. In the aged blades
(BD-2 and BD-4), the presence of carbon nanotubes causes

2500 .
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S
£ 2000 |
<
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Figure 6. Strain values of gauge 4A and | B of the tested blades.
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Table 2. Summary of the results of static blade testing.

MWCNTs (0.75% wt) Condition Max tip displacement (mm) Max strain-gauge 4A (uie) Max strain-gauge |B (ue)

Blade (BD-1) No Dry 41.8 2415 1928
Blade (BD-2) No Aged 424 2389 2034
Blade (BD-3) Yes Dry 46.0 2429 2019
Blade (BD-4) Yes Aged 52.0 2288 2149
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Figure 8. Results of AE in dry (left) and aged (right) blades, (a, c) blades without MWCNTs, (b, d) blades with MWCNTs.
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greater deformation in the blade at the position of gauge 1B,
which is closer to the load application point. This effect may
be attributed to the presence of nanotubes and the degradation
of the matrix due to absorbed seawater. Similarly, this be-
havior is consistent with the tip displacement of these blades.
An inverse behavior can be observed in the strains at gauge
4A, which is farther from the load application point in the
aged blades. This is attributed to the poor load transfer from
the tip to distant load application points due to matrix
degradation Table 2.

Electromechanical response

The electrical response of the blades was monitored during
the static test. Electrical resistance measurements were
taken from both aged and non-aged blades with MWCNTs.
The electrical resistance relative change curves (AR/R,) are
plotted against time () considering values from the elec-
trodes placed on the compressive and tensile sides of the
blade. The graphs also display the load values over time (see
Figure 7). Figure 7(a) shows the results for the dry blade
with MWCNTs, indicating a piezoresistive response to
tension (blue line) and compression (red line), while there is
a trend to follow the mechanical response in both electrical
curves. Variations are also noticeable, which could be at-
tributed to inherent noise in the properties of the nanotubes
and the lack of robustness in the load application system.
The maximum electrical resistance change value on the
tensile side was 0.34%, and on the compressive side,
a maximum of 0.23%. Regarding the piezoresistive re-
sponse of the aged blades with MWCNTs, it is presented in
Figure 7(b), the electrical curves also show a trend to follow
the mechanical curve. Additionally, these curves exhibit
some presence of noise. The maximum electrical resistance
change value on the tensile side is 0.45%, and on the
compressive side, 0.26%. According to these results, aged
blades exhibit higher sensitivity in the electrical curves,
which may be attributed to matrix plasticization, facilitating
contact and the formation of the bridging effect’>”* of the
nanotubes when a load is applied, allowing for the for-
mation or maintenance of the electrical network. It is also
important to mention that a significant finding of this re-
search was to demonstrate that the piezoresistive property of
the blades can be preserved even after seawater aging. This
may be a suitable technique for structural health monitoring
of components exposed to marine environments.

Acoustic emission measurement

The Acoustic Emission (AE) monitoring was carried out
during the static testing of the blades. The results are
presented in Figure 8, where the amplitude values of counts
(in dB) are plotted against time. Additionally, the curve of
applied load versus time is included. The amplitude and

quantity of counts are directly related to the level of noise
produced by damage mechanisms during the static testing.
In general, it is observed that the number of counts and
amplitude increase as the applied force also increases. The
greatest number of counts is observed when the maximum
load is reached, and this behavior is observed in all the
blades. According to the results, it can be observed that the
aged blade without MWCNTs (Figure 8(c)) and the aged
blade with MWCNTs (Figure 8(d)) exhibit a higher count
density compared to the count density of the dry blades
without and with carbon nanotubes (Figure 8(a) and (b)).
This behavior suggests that the quantity of internal defects is
higher in the aged blades, due to the weakening of the fiber—
matrix interface caused by moisture. Another important
finding was that in the dry blade without MWCNTs
(Figure 8(a)) a higher density of counts was observed
compared to the dry blade with MWCNTs (Figure 8(b)), this
behavior could be explained by the presence of the
MWCNTs, which, when interacting with the matrix, pre-
vents the generation and propagation of micro-cracks
caused by applied load. The same behavior was observed
in the aged blades without MWCNTs when compared to the
aged blades with MWCNTs, although the matrix is

Figure 9. Visual inspection after structural test dry (left) and
aged (right) blades, (a, b) without MWCNTSs, (c, d) with
MWCNTs.
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Figure 10. Fractography of damage zone on the aged blade without MWCNTs.
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Figure I1. Fractography of damage zone on the aged blade with MWCNTs.
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Figure 12. Fractography of damage mechanisms of aged blade, (a) fiber/matrix debonding, and (b) matrix microcracking.

degraded due to the effect of seawater, carbon nanotubes
prevent damage mechanisms such as micro-cracks from
propagating.

Analyzing the AE results in Figure 8, it is important to
highlight that the greater acoustic activity exhibited by the
wet sample without CNT (Figure 8(c)) is associated with all
the damage mechanisms present in the composite material.
Matrix cracking and debonding present lower energy and
amplitude values compared to delamination and fiber
breakage mechanisms,* and this fact is further verified by
SEM observations of the failure surface. Aging in seawater
causes the blades to present more acoustic and higher en-
ergy events during the bending test. Additionally, the
acoustic events of wet blades occur early in time, while in
dry blades they are slightly delayed.

Visual inspection and fractography of damage

After the structural static test, a visual inspection of the
blades was conducted. Figure 9 provides a comparison of
the damage in the blades without (Figure 9(a) and (b)) and
with (Figure 9(c) and (d)) MWCNTs, and visual inspection
of the blades without aging is also presented (Figure 9(a)
and (c)) and with aging (Figure 9(b) and (d)). The first
finding observed was the change in color of the matrix
(yellowish) in the aged blade without MWCNTs
(Figure 9(b)) due to the temperature of the seawater. While
the blade with MWCNTs (Figure 9(d)), due to its appear-
ance, it is difficult to appreciate the color change. Addi-
tionally, areas of internal color change in the blade without
MWCNTs (Y1, Y2, see Figure 9(b)) were found, which may
be due to the presence of damage mechanisms, these color
changes can be observed to a lesser extent in the blade with
MWCNTs, as can be seen in areas Z1 and Z2 of the

Figure 9(d). These color changes are more evident in the
edge area of the blades (Y1 and Z1) and over the sparcap
area (Y2 and Z2), see Figure 9(b) and (d). Damages caused
by the tooling, originating near the root of the blades, are
also observed (Y3 and Z3). In the case of the unaged blades
without MWCNTs (Figure 9(a)) significant damage could
not be visually observed at first glance (X1, X2), only
a small mark near the root area (X3) is noticeable, which is
attributed to the contact between the blade and the testing
tool. In the case of the blade with MWCNTs without aging,
the damage caused by the static test cannot be seen with
visual inspection, as shown in the Figure 9(d).

After visual inspection, coupons were extracted from the
areas (Y1 and Z1) where the internal color change in the
blades indicated the presence of greater internal damage,
which needed to be verified by scanning electron micros-
copy inspection. The results demonstrate that there are
different damage mechanisms such as matrix cracking,
fiber/matrix debonding, and fiber breakage due to the load
applied during the static test (see Figures 10 and 11). Ac-
cording to the results, the most frequently found damage
mechanism is fiber/matrix debonding that causes the in-
ternal color change in the aged blade without MWCNTs (see
Figure 10). Likewise, fiber breakage can be observed clearly
near the external surface of the blade as well as matrix
cracks. In the case of the blade aged with MWCNTs (see
Figure 11), no matrix cracking damage was found, but
damage mechanisms such as fiber/matrix debonding and
fiber cracking can be seen, although to a lesser extent
compared to the blade aged without MWCNTs.

On the other hand, Figure 12 shows images with different
magnifications of the evidence found on the main damage
mechanisms that occur due to seawater aging in the blades.
In Figure 12(a), the presence of fiber/matrix debonding can
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be seen in great detail, which occurs due to the swelling of
the matrix caused by the difference in thermal expansion
between the fiber and the matrix. Likewise, in Figure 12(b),
the presence of micro-cracks in the matrix can be observed.

Conclusions

The effect of seawater aging on the mechanical performance of
tidal turbine blades made of PU foam/fiberglass/epoxy com-
posite was evaluated. The seawater-aged blade was subjected
to flexural loading and damage monitoring was performed
using acoustic emission and the self-sensing capability of the
blade. The self-sensing capability was provided by the in-
corporation of MWCNT into the outer layer of the blade during
the manufacturing process. Some relevant conclusions drawn
from this research work are the following:

® Exposure of the blades with and without MWCNT to
seawater caused a moisture absorption of 1.67% and
1.56%, respectively, inducing damage such as matrix
cracking and debonding of the fiber/matrix interface.
Furthermore, an increase in tip displacement of 13% and
1.43% was observed in the blades with and without
MWCNT due to seawater aging.

® Despite the negative effects of seawater aging, the self-
sensing capability of the blade was maintained, and the
electrical resistance change approach enabled monitoring
of strain and damage to the seawater-aged blade.

¢ Local damage due to seawater aging and applied load was
observed on the blade, and the above-mentioned damage
mechanisms were confirmed by SEM evaluation.

® Fewer acoustic emission (AE) events were observed in
blades with MWCNT, suggesting that the presence of
MWCNT acts as a hardening mechanism to reduce
damage. On the other hand, blades aged in seawater
exhibited more AE counts compared to the dry ones;
confirming damage such as weakening of the fiber—
matrix interface caused by humidity.

Therefore, it is worth mentioning, that the self-sensing
capability induced by the incorporation of MWCNTs in
combination with AE could be suitable non-destructive
inspection techniques for SHM of marine components,
such as tidal turbine blades.
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