
Vol.:(0123456789)

Journal of Bio- and Tribo-Corrosion           (2025) 11:18  
https://doi.org/10.1007/s40735-025-00941-w

Erosion Mapping of Coated Composites: Simulating Conditions 
for Tidal Turbines Blades

Emadelddin Hassan1 · Margaret M. Stack1

Received: 9 August 2024 / Revised: 30 December 2024 / Accepted: 2 January 2025 
© Crown 2025

Abstract
The tribological mechanisms of potential composite materials that could be used in tidal turbines considered the effects of 
various erosion parameters on the degradation modes, both with and without particles, in still and seawater conditions. The 
aim of this study was to investigate the potential of a specialised epoxy erosion-resistant coating for glass fibre-reinforced 
plastic (GFRP) in resisting the impact of slurry erosion. Slurry erosion is a process by which solid particles suspended in a 
fluid medium impinge on a surface, causing material loss due to repeated impacts. The coating efficacy was evaluated through 
a series of tests, including three different speeds and six different impinging angles and the results were used to generate 
tidal turbine maps. The study provided insights into the durability and of the epoxy and potential use of the coating in tidal 
turbine blade industries where resistance to erosion is crucial for long-term performance and safety.
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1 Introduction

Surface coatings have significant potential to reduce wear 
and erosion [1]. In studies of erosion in marine renewable 
energy systems, such as tidal turbine blades, there have 
been some recent studies on blade durability in laboratory-
simulated erosion conditions using a range of experimental 
protocols [1–3]. In these experimental conditions, important 
parameters such as impact angle, velocity (relating to thrust 
loading), and particle concentration at the surface interface 
can be evaluated.

Such research is important as tidal energy is increasingly 
viewed as an important energy resource in the renewable 
energy spectrum [4]. However, the high-water densities 
encountered in blade impact test the current materials and 
surface engineering approaches. Understanding the mechan-
ics of failure will provide understandings into materials 
selection in such conditions.

Very few studies in recent years have concentrated on 
erosion resistance in the presence of surface coatings. Such 
surface engineering approaches are key to extending lon-
gevity of the turbine blades. Tailoring the coatings to the 
environment is the route to preventing failure at interfaces 
in the material.

In this study, a coating was applied to a standard GRP 
composite and tested in simulated tidal erosion conditions 
over a spectrum of impact angles and velocities. The results 
have indicated a very significant difference in erosion mech-
anism with impact angle. Microscopy and erosion maps 
were used to identify modes of erosion and mechanisms of 
degradation.

2  Materials and Methodologies

2.1  Materials

The materials used in this study include FR4-G10 GRP, 
which serves as the base for the erosion-resistant coating 
being evaluated. These materials were selected for their 
unique properties and suitability for the intended purpose 
of the study. Technical specifications for each of these mate-
rials are provided in Table 1, which includes information on 
their mechanical, thermal, and water absorption properties.
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To ensure consistent and accurate testing, the materials 
were prepared by cutting sheets of plate arranged in a spe-
cific size of 36 mm by 25 mm and 3 mm thickness. The 
sheets were cut to fit into the Jet rig specimen holder which 
is used to direct the slurry at the coated samples. The uni-
formity and precision of the sample size and arrangement 
ensure that the results of the tests are reliable and repeatable.

The FR4-G10 GRP materials as a base for the coating is 
based on their durability, strength, and erosion resistance, 
which are essential properties for withstanding the impact 
of slurry erosion.

Overall, the use of these materials in the study ensures 
that the results obtained are applicable to real-world sce-
narios and can provide insights into the efficacy of the epoxy 
erosion-resistant coating for protecting materials from slurry 
erosion in various industries.

2.2  Coating Composition

Belzona 2141 is a high-performance, erosion resistance 
polymeric coating manufactured by Belzona International 
Ltd, which was selected for testing in this study due to 
its mechanical properties and high erosion resistance as 
described in Table 2.

To apply the Belzona 2141 coating to the FR4-G10 GRP 
samples, the surface of the samples was first prepared using 
80-grit sandpaper, which helps to ensure good adhesion 
between the coating and the composite material. The Bel-
zona 2911 activator was then mixed with the Belzona 2141 
coating to achieve the required polymeric coating. This mix-
ture was carefully prepared according to the manufacturer’s 

instructions to ensure the correct ratio of components and 
consistency of the coating [5].

Once the samples were prepared and the coating mixture 
was ready, the coating was applied as a one-coat system by 
brush [1, 5] to achieve the desired thickness. The coating 
application process was carried out under the supervision 
of Belzona representatives to ensure that it was performed 
correctly and according to the manufacturer’s guidelines [5].

After application, the coated samples were left to dry for 
24 h in ambient temperature conditions to allow the coating 
to cure and reach its full mechanical properties. The coating 
thickness was measured to ensure that the average thickness 
of 0.8 mm was achieved for all samples.

The application process for the Belzona 2141 coating 
involved careful preparation and application to ensure that 
the coating was evenly applied and had the required thick-
ness and mechanical properties. The use of this high-perfor-
mance coating in the study provides valuable insights into its 
effectiveness in protecting composite materials from slurry 
erosion in various industrial applications.

2.3  Impingement Rig Test Set‑Up

The experimental setup features a custom-designed slurry 
jet rig as shown in Fig. 1, constructed following the guide-
lines of Hutchings [6]. It consists of a polypropylene conical 
trapper for efficient sand recirculation, a T-shaped nozzle for 
slurry generation, and propellers driven by electric motors 
to ensure uniform mixing and circulation of the slurry. The 
rig’s configuration allows for precise adjustment of param-
eters, such as slurry flow velocity and impingement angle, 
whilst operational guidelines dictate a maximum testing 
duration of 30 min to prevent pump overheating.

2.4  Test Conditions

The erosive characteristics were assessed through the exami-
nation of mass reduction utilising an analytical balance with 
a precision of ± 0.01 mg, coupled with a surface analysis 
conducted using a Scanning Electron Microscope (SEM). 
The experimental parameters, including impact angles, 
velocities, test duration, sand concentration, salinity, and 
test temperature, are summarised in Table 3.

Prior to each calibration, the rig was thoroughly pre-
pared by filling it with clean water and running the pump 
for 5 min. This ensured that the system was flushed and 
free from residual sand particles or solution from previous 
experiments, thereby eliminating potential sources of con-
tamination or measurement inaccuracies.

The velocities used in the tests were precisely regulated 
by varying the inlet nozzle diameters, as detailed in Table 4. 
To ensure the accuracy and reliability of these velocity meas-
urements, the experimental rig was subjected to a systematic 

Table 1  Technical specifications of FR4-G10 GRP

Technical data Units Test method Values

Colour NA NA Light Green
Specific Gravity g/cm3 ISO 1183 1.95
Water Absorption mg ISO 62 5.5
Flexural Strength MPa ISO 178 500
Tensile Strength MPa ISO 527 450

Table 2  Coating specifications

Properties Unit

Colour Green
Hardness ASTM typical value 87
Heat resistance 40 °C
Tensile strength ASTM D412 15.2 MPa
Tear strength ASTM D624 380 pli
Density 1.1 g/cm3
Water absorption nil
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calibration process. This involved first measuring the initial 
volume of water in the rig. The pump was then activated, 
and the elapsed time for a predefined volume of water to pass 
through the system was recorded. The final volume of water 
collected in a separate container was measured, and the net 
volume of water that passed through the rig was calculated 
by subtracting the initial volume from the final volume.

The statistical analysis employed in this study ensured 
the reliability of the results through the use of MATLAB 
to develop erosion maps for various conditions. Custom-
ised codes were created to process the experimental data 
and visualise material loss across different impact angles 
and velocities. Mean values from repeated experiments 
were calculated to minimise variability, whilst standard 
deviation quantified measurement dispersion, ensuring 
consistency and repeatability. The erosion maps inte-
grated multiple datasets, allowing for a robust evalua-
tion of trends and relationships, reducing the influence 
of experimental noise and enhancing the reliability of the 
study’s conclusions.

The flow velocity (v) was determined using the follow-
ing equation:

where ‘v’ is the velocity, ‘Q’ is the flow rate, and ‘A’ is a 
cross-sectional area of the flow path. The volumetric flow 
rate (Q) was calculated by dividing the measured water vol-
ume by the elapsed time, whilst the cross-sectional area (A) 
was determined based on the nozzle dimensions.

To improve measurement precision and reduce uncer-
tainty, the calibration procedure was repeated three times 
under identical conditions. The mean velocity values 
were calculated to provide a reliable representation of 

(1)v =
Q

A
,

Fig. 1  Impingement Rig Test 
Set-Up

Table 3  Test parameters

Parameter Values

Impact Angles 15°, 30°, 45°, 60°, 75°, 90°
Impact Velocities 6.25 m/s, 8.42 m/s, 10.16 m/s
Test Duration 30 min per sample
Sand Concentration 3%
Salinity 3.5%
Sand Particle Size 300–600 µm
Test Temperature Room temperature

Table 4  Nozzles vs velocities Nozzle Inlet Dia 
(mm)

Test 
velocity 
(m/s)

2 6.25
2.5 8.42
3 10.16
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the system’s performance. This approach ensured that the 
velocity measurements were both accurate and repeatable, 
forming a robust basis for evaluating erosion mechanisms 
during subsequent experiments.

The rigorous calibration process, coupled with the pre-
paratory flushing step, ensured that the experimental setup 
delivered consistent and reliable data, thereby supporting the 
validity of the findings presented in this study.

3  Results and Discussion

3.1  Results

The erosion of the coating material was significantly influ-
enced by the impact angle and water flow velocity, according 
to Fig. 2 it was noted that the coating experienced higher 
mass loss at impact angles of 60° and 90°, regardless of the 
velocity. This suggests that these angles are more critical for 
the durability of the coating and should be considered in the 
design and operation of turbines.

Additionally, the results showed that lower velocities of 
6.25 m/s caused less damage to the coating material than 
the higher velocities of 8.42 m/s and 10.16 m/s. This sug-
gests that an element in the erosion of the coating material 
is velocity. Moreover, it was noticed that at an impact angle 
of 45°, the coating experienced mass loss at velocities of 
8.42 m/s and 10.16 m/s.

The results of this experiment could have significant 
implications for the design and operation of tidal turbines. 
Erosion of the coating material can lead to reduced effi-
ciency and a shorter lifespan of the turbines [2].

3.2  Effect of Velocities and Impact Angle on Coating

The performance of the tidal turbine relies on the rotor blade, 
which is a critical component for extracting kinetic energy 
from the tide stream [7]. The blade is similar in concept to a 
wind turbine blade, but its design and reliability assessment 

cannot be based on those of the wind turbine due to differ-
ences in seawater density and other factors [1]. However, 
the efficiency and reliability of the blades are key indicators 
for a tidal current turbine [8]. The tribological issue, such as 
leading-edge erosion due to sand particles’ impact, cavita-
tion erosion, and the combined effects of seawater and solid 
particles, can compromise the performance and reliability 
of the rotor blade [1, 3]. Researchers have investigated the 
erosion of the rotor blade caused by the impact of erodent 
under marine simulated conditions, i.e. saltwater plus sand 
particles, but ignored erosion due to cavitation [1, 9, 10] 
also notes that the use of thermoplastic composite blades in 
a large-scale tidal power turbine is a potential game-changer 
for the marine energy industry, improving performance and 
sustainability, whilst also making the manufacturing process 
faster and more energy efficient.

The impact angle and velocity can significantly affect 
the erosion of polymeric coatings applied to tidal turbine 
blades [4, 11]. The erosion losses were evaluated at vari-
ous impingement angles (15°–90°) and with the change of 
impact velocity 6.25 m/s, 8.42 m/s, and 10.16 m/s, which 
reflects typical velocities experienced at the leading edge 
of the blade [4]. The polymeric coating acts as a barrier 
between the substrate and NaCl solution, slowing the 
ingress of moisture in composite materials [1]. The impact 
frequency can affect the ability of a coating to absorb and 
distribute the energy from an impact [12], which is typically 
taken into account in current blade coating systems.

The results indicate that the impact angle and velocity 
have a significant effect on the erosion of the samples [13]. 
At all velocities, the coating experienced higher mass loss at 
60° and 90° impact angles. This can be attributed to the fact 
that at these angles, the impact energy is concentrated on a 
smaller area, leading to a higher erosion rate. At 6.25 m/s, 
the coating experienced a lower mass loss compared to 
8.42  m/s and 10.16  m/s, indicating that lower velocity 
leads to a lower erosion rate. However, at higher velocities 
of 8.42 m/s and 10.16 m/s, the coating experienced higher 
mass loss, indicating that higher velocity leads to a higher 

Fig. 2  Mass Difference of 
Coated samples at 6.25 m/s, 
8.42 m/s, and 10.16 m/s
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erosion rate. At 45° impact angle, the coating experienced 
mass loss at velocities 8.42 m/s and 10.16 m/s, indicating 
that at this angle, higher velocities lead to a higher erosion 
rate. These results highlight the importance of considering 
impact angle and velocity when studying erosion and can 
be useful in designing coatings or materials that are more 
resistant to erosion [14].

Moreover, the coating material’s ability to absorb and 
distribute the energy from an impact can also vary [12]. 
This further emphasises the importance of selecting the 
appropriate coating material and application process that 
can withstand the impact and erosion caused by the water 
flow. Overall, it is crucial to consider various factors, such as 
impact angle, velocity, and coating material properties [15, 
16], when designing and operating tidal turbines to ensure 
the longevity and efficiency of the system.

3.3  SEM Analysis

A focused beam of high-energy electrons is used in a scan-
ning electron microscope (SEM) to image the topography 
and learn about the material composition of conductive 
specimens. [17]. The SEM consists of an electron gun, a 
system of magnetic lenses, a scan control, and a detector, 
which work together to focus the electron beam on the sam-
ple and generate high-resolution images of its surface [17].

Salt deposition and particle embedding on coated GFRP 
surfaces, as observed in Fig. 3, have a significant impact 
on the long-term performance and structural integrity of 
the material. Salt enters the coating through diffusion into 
surface voids and pores, where it crystallises over time, 
causing localised stress concentrations and microcracking. 
This weakens the fibre–matrix interface, leading to delami-
nation and exposure of reinforcement fibres, which accel-
erates degradation. Similarly, solid particles, such as sand, 
become embedded within the material surface during test-
ing, contributing to mass gain [11]. This embedded material 
increases surface roughness, promotes localised stresses, and 
exacerbates mechanical wear.

These combined effects alter the surface properties of the 
coating, reducing its hydrodynamic efficiency and making 
it more susceptible to wear. To address these issues, coat-
ings with lower porosity and improved resistance to salt and 
particle retention are necessary. Regular cleaning to remove 
salt deposits and embedded particles, coupled with real-
time monitoring to detect surface changes, is essential for 
maintaining coating performance. Studies have shown that 
salt deposition and particle embedding act synergistically 
to accelerate damage under marine conditions, highlight-
ing the importance of optimising coatings and maintenance 
strategies to ensure the durability of tidal turbine applica-
tions [18–20].

Figure 4 shows the results of an erosion test on a coating 
surface, specifically at a 75° angle and a velocity of 8.42 m/s. 
Figure 4 indicates that this impact caused significant damage 
to the coating, as evidenced by the presence of voids, cavi-
ties, and loose debris scattered around the eroded surface.

The specific impact angle of 75° and a velocity of 
8.42 m/s are significant because they provide information 
about the strength and durability of the coating. The voids 
and cavities in Fig. 4 indicate that the impact caused the 
coating material to fracture and break apart. This type of 
damage can weaken the structural integrity of the coating 
and may compromise its ability to provide protection to the 
underlying material or surface [21]. The loose debris from 
sand and broken fibres scattered around the impact site sug-
gests that the force of the impact was strong enough to dis-
lodge and scatter coating material beyond the immediate 
vicinity.

Figure 5 confirms the presence of loose debris and coat-
ing erosion due to deformation and cutting action at a higher 
impact velocity of 10.16 m/s and an impact angle of 90°. The 
figure also confirms the ductile cutting in the coating at these 
test conditions [22].

The presence of loose debris indicates that the impact 
caused some material to be dislodged or broken apart, simi-
lar to what was observed in Fig. 5. The confirmation of loose 
debris and coating erosion at higher impact conditions sug-
gests that the coating may not be able to withstand high-
speed impacts at these conditions. The presence of ductile 
cutting in the coating further confirms that the coating is a 
ductile material, as was observed in Fig. 6 at lower impact 
conditions [23].

The combination of loose debris and cutting observed 
in Fig. 5 provides evidence of the extent of damage caused 
by the impact at these higher impact conditions. The defor-
mation and cutting action caused significant damage to the 
coating, resulting in the removal of material and the forma-
tion of loose debris.

The confirmation of ductile cutting at higher impact con-
ditions is significant because it suggests that the coating 
may undergo significant plastic deformation before fractur-
ing [24].

This information is important for understanding the 
behaviour of the coating under high-speed impact conditions 
and for determining the potential applications of the coating 
in environments with high-speed impacts.

Figure 6 shows that at an impact angle of 75° and a 
velocity of 10.16 m/s, the coated surface suffered from pit 
propagation due to the impact of the erodent. The figure 
also shows the presence of loose debris and ductile cutting.

The observation of pit propagation is significant because 
it suggests that the impact caused the coating to undergo sig-
nificant material removal in the form of pits. The presence 
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Fig. 3  SEM micrograph and 
EDX-coated sample at 15° 
Impact angle and 6.25-m/s 
velocity

Fig. 4  Coated sample at 75 
Impact angle and 8.42-m/s 
velocity
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of loose debris and ductile cutting further confirms that the 
impact caused damage to the coating surface [1, 24].

The combination of pit propagation, loose debris, and 
ductile cutting observed in Fig. 6 provides evidence of the 
extent of damage caused by the impact under these condi-
tions. The deformation and cutting action caused significant 
damage to the coating, resulting in the formation of pits and 
the removal of material, which formed loose debris.

The observation of ductile cutting in Fig. 6 is consistent 
with the observation in Fig. 5, which suggests that the coat-
ing is a ductile material. This information is important for 
understanding the behaviour of the coating under high-speed 
impact conditions and for determining the potential appli-
cations of the coating in environments with high-velocity 
impacts [25].

3.4  Erosion Mapping of Surface Coating

To visualise damage, erosion maps were created as an alter-
native method. The aim of the study was to produce ero-
sion maps and patterns in coated samples using a developed 
code written in MATLAB. This map allowed for the analysis 

and assessment of the coating erosion process, giving valu-
able insights into material behaviour under different condi-
tions. Utilising the maps can aid in comprehending erosion 
mechanisms in coating and composite materials, which can 
assist design engineers in forecasting safety levels during 
operation and lead to the creation of a more sturdy and long-
lasting coating for tidal turbine blades [26, 27].

The erosion map provides a graphical representation of 
the level of material loss experienced by the coating under 
different impact velocities and angles [28]. The map in Fig. 7 
indicates that the coating is most resistant to erosion when 
tested at impact angles of 15°, 30°, 45°, and 75° and veloci-
ties of 6.25 m/s, 8.42 m/s, and 10.16 m/s, suggesting that 
the coating’s design is most effective at deflecting the force 
of the impacting particles when it is applied at these angles.

In contrast, the coating experiences higher levels of ero-
sion when tested at impact angles of 60° and 90° and veloci-
ties of 6.25 m/s, 8.42 m/s, and 10.16 m/s, indicating that 
the design may not be as effective at deflecting the force of 
particles at these angles. This suggests that design modifi-
cations may be necessary to enhance the coating’s perfor-
mance under these impact conditions [29].

Figure 7 revealed that the coating performed best at a 
velocity of 6.25 m/s compared to velocities of 8.42 m/s and 
10.16 m/s. This data can be used to optimise the design of 
the tidal turbine blades to reduce the impact of ocean cur-
rents and tides, potentially reducing erosion and improving 
the durability of the coating.

The erosion map effectively illustrates the coating’s 
response to various impact conditions, offering a detailed 
understanding of its performance under specific environ-
mental stresses  [30]. By analysing the map, design engineers 
can determine the optimal impact angles and velocities for 
the coating, enabling them to optimise the design of the tidal 
turbine blades for increased durability and longevity [31]. 
The map’s findings can be used to enhance the efficiency and 
sustainability of harnessing the power of ocean currents and 
tides through tidal turbines [18].

The study focused on slurry erosion behaviour in coat-
ing under simulated tidal turbine conditions but did not 

Fig. 5  Coated sample at 90 Impact angle and 10.16-m/s velocity

Fig. 6  Coated sample at 75 
Impact angle and 10.16-m/s 
velocity
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Fig. 7  Erosion map of surface coating
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account for cavitation effects. Cavitation, caused by the 
formation and collapse of vapour bubbles under rapid pres-
sure changes, is a significant degradation mechanism in 
marine environments. It induces localised stresses and sur-
face fatigue, which can exacerbate material damage. Future 
studies should incorporate cavitation, either independently 
or in combination with slurry erosion, to provide a more 
comprehensive evaluation of material performance.

The study did not assess the long-term erosion perfor-
mance of the coating under extended exposure to saline 
conditions and prolonged particle impact. Such factors can 
affect the coating’s erosion resistance, leading to increased 
material loss and surface degradation. Future research 
should evaluate these effects to better understand the coat-
ing’s durability in marine environments.

4  Conclusion

• The study aimed to address the erosion challenges of the 
coating material used in tidal turbine blades. The study 
also emphasised the importance of using erosion maps 
to visualise and analyse the level of material loss under 
different impact conditions.

• The erosion map produced in the study provides valu-
able insights into the behaviour of the coating and can 
be used to optimise the design of tidal turbine blades for 
increased durability and longevity [3].

• The highest erosion was observed at 75° and 90° impact 
angles at all impact velocities. The erosion maps dis-
played the level of material loss experienced by the coat-
ing under different impact conditions, offering useful 
information for the design of tidal turbine blades.
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