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Abstract:  22 
Leading edge protection (LEP) coating systems are applied to protect wind turbine blades from 23 

rain erosion in the most critical location area. The repeated rain droplet impacts and the high speed 24 
on the blade tip are key contributors to surface erosion damage progression. The quantification of the 25 
severity of erosion in wind turbine blades is challenging due to the many aspects involved, including 26 
conditions operating, meteorology, aerodynamics, multilayer material configurations, and the blade 27 
manufacturing processes. LEP materials performance evaluation is mainly based on in-lab testing 28 
data that pretend to imitate the diverse droplet impact conditions experienced by wind turbines. This 29 
initial in-lab data durability can then be extrapolated to its in-field installation configuration for 30 
lifetime predictions and modelling estimations.  31 

The investigation is focused in the analysis and evaluation of the erosion damage progression to 32 
link macroscopic mechanical behavior with the polymer properties and microstructure of candidate 33 
coating materials. This work scrutinises different application cases of rain erosion testing (RET), 34 
considering a comparison of the current testing standards with two whirling arm rigs and a pulsating 35 
water jet tester, in order to assess in-lab material performance for different LEP chemistries. Material 36 
characterization is supported by dynamic mechanical analysis (DMA) to observe the visco-elastic 37 
behavior of bulk coating samples. It also compares observed damage results in terms of durability 38 
aiming to extract useful data for multilayer and interfacial modeling. The damage and failure 39 
mechanisms observed are investigated using CT scanning. Variations in RET testing methods 40 
resulted in similar coating failure mode for each LEP material. Furthermore, the durability 41 
performance was ranked similarly on each testing case. 42 

Keywords: wind turbine blades; leading edge protection; rain erosion testing; dynamic mechanical 43 
analysis; CT scan; coating characterisation 44 
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1. Introduction 47 

 48 
Rain erosion of the leading edge of existing and newly installed wind turbine blades has seen an 49 

accelerated increase in both the onset of damage (incubation time) and the rate at which damage 50 
progresses in use. Leading edge erosion has a very significant influence on the cost of energy 51 
produced by wind turbines that incorporate new generation and therefore longer blades, following 52 
the trend in the sector. Costs include the loss of Annual Energy Production (AEP) of the wind farm 53 
due to loss of efficiency for aerodynamic reasons and the operation and maintenance costs for 54 
inspection and repair of the blades. Field repairs are expensive due to loss of availability, difficult 55 
access, work and weather conditions. It is currently the most important material technological 56 
problem due to the lack of assessment of the durability and life expectancy of wind farm installations, 57 
both new and already in operation. It affects all types of wind turbines considering onshore and 58 
offshore operators and has become a major industrial problem for the wind energy sector. 59 

Leading edge protection (LEP) coating systems protect wind turbine blades from rain erosion in 60 
the blade tip where the repeated rain droplet impacts and the high speed are key contributors to 61 
surface erosion damage progression, see Figure 1a. Material industry solutions include liquid 62 
coatings, tapes, and shields. Although new blades use advanced materials and multilayer 63 
configuration designs, erosion affects older installations that require repair. This research focuses on 64 
post-mould liquid coatings specifically developed for Leading Edge Protection (LEP).  65 

LEP materials performance evaluation is mainly based on in-lab testing data that pretend to 66 
imitate the rain field with the diverse droplet impact conditions experienced by wind turbines, see 67 
Figure 1b and Figure 1c. This in-lab performace durability measured data can then be extrapolated 68 
to its in-field installation configuration for lifetime predictions and modelling estimations. Validating 69 
materials for commercial use requires estimates of future behavior based on initial design properties 70 
in lab conditions. This involves required input data for the computational models to provide reliable 71 
predictions.  72 

 73 

 

 

 

(a) (b) (c) 

Figure 1. (a) Acquisition of inspection data for surface damage caused by blade erosion. Erosion 74 
evolves from the rotor tip to the blade root; (b) In-situ damage erosion observation for 75 
quantification and repair; (c) Rain Erosion Testing damaged sample with same material 76 
configuration after being subjected to in-lab accelerated rain field. 77 

The quantification of the severity of erosion in wind turbine blades is challenging due to the 78 
many aspects involved, including meteorology [18][19], [9], aerodynamics [17], materials science 79 
[22][12][24] and wind turbine dynamics. All the studies are based on the required material 80 
characterization data that depends on its lab testing conditions. This initial in-lab data performance 81 
can then be extrapolated to its in-field installation configuration for lifetime modelling evaluations. 82 
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Nevertheless, other recent research [33] analyses the significant limitations of the current standard 83 
RET campaigns in accurately evaluating LEP systems for wind turbine blades. Recent advancements 84 
in viscoelastic materials pose challenges for traditional testing methods. These materials deform, 85 
dissipate energy, and recover over time, which current tests need to be configured to account for. 86 
Dynamic mechanical analysis shows that LEPs switch between elastic and brittle failure modes at a 87 
critical impact frequency. Revised testing protocols considering realistic environmental conditions 88 
are required to predict LEP performance accurately, necessitating further research. 89 

Wear damage from raindrop impact is a fatigue process that accumulates until it reaches a set 90 
damage limit in relation with the coating layer thickness. The adhesion between layers and erosion 91 
resistance of coatings are influenced by shock waves generated by collapsing water droplets upon 92 
impact. Models predict coating lifespan and identify effective liquid-coating and coating-substrate 93 
combinations to reduce surface and interface stress developments and consecuently erosion damage.  94 

A method to assess erosion rate can be develop with different methods. The average erosion 95 
depth over time was defined in [8]. Mass loss over time directly connected to the number of impacts, 96 
was used in [20]. There is an incubation period during which damage progresses without noticeable 97 
material weight loss. When a material reaches a critical level of fatigue degradation, it starts to lose 98 
mass at a constant erosion rate. This marks the conclusion of the incubation period and the beginning 99 
of a steady mass loss phase, during which the weight loss progresses almost linearly over time. The 100 
testing and the modelling related is recognized as the standard for quantifying damage according to 101 
ASTM G73-10 [7].  102 

The progression of damage can be experimentally measured in laboratory conditions using 103 
various methods [23]. In this research the so-called whirling arm rig and pulsating water jets are used 104 
and compared. First, rain erosion performance is assessed using an accelerated testing technique, 105 
wherein the test material is repeatedly impacted with at high speed with water droplets in a Whirling 106 
Arm Rain Erosion Rig (WARER) in a flat specimen with a constant impact speed as described in a 107 
recent research [16]. This testing will allow us to quantify mass loss and to develop additionaly CT-108 
Scans (due to the size of the samples), for detailed damage failure mode identification. Alternatively, 109 
rain erosion tests can be performed with the wind industry standard design used with the DNV-GL-110 
RP-0171 [11] guideline for testing of rotor blade erosion protection systems (R&D A/S, Hinnerup, 111 
Denmark). This rig allow us tracking the erosion rate in a wide range of impact velocities that vary 112 
linearly from the tip end, which experiences the highest local velocity speed, towards the root, where 113 
the local velocity is lower. The third case of testing methodology is based on the use of pulsating 114 
water jets similarly to a recent research described in detailed in [25]. This allows to configure the 115 
droplet impact conditions to observe the material polymer viscoelastic behaviour completely. 116 

This body of work consider two main objectives and underlying activities through the research: 117 
The first compares three liquid coating technologies formulated to provoque alternative polymer 118 
mechanical performance in the LEP configuration system; the second examines different cases of rain 119 
erosion testing considering a comparison of the current testing standards in order to asses, qualify 120 
and quantify the performance of the three material formulations. 121 

2. Materials.  122 

2.1 Chemistry description. Fundamental properties used in LEP cases. 123 

Polyurethanes (PUs) are versatile materials with different properties and thus applications 124 
closely dependent on the used components. The main components for polyurethane formation are 125 
polyols, isocyanates, short chain extenders and catalysts. The structure and properties can be also 126 
changed by additives such as blowing agents, fillers, antioxidants, components containing ionic 127 
groups, etc. Typically, polyurethane materials for Leading Edge Protection are 2 component systems. 128 
Usually there is a polyol and hardener. Both components can influence mechanical performance of 129 
LEP. There are different types of polyols and isocyanates. Polyols cab be classified in 6 groups:  130 
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• Chemistry 1: Polyaspartic. Polyaspartics contain a high degree of hard segments, or high urea 131 
content, resulting in superior physical properties including optical clarity, high hardness, 132 
weather resistance, and scratch resistance. Main advantages of polyaspartics are high gloss 133 
retention during weathering, adjustable flexibility through the polyisocyanate chosen, resistance 134 
to acids and alkali, high mechanical resistance (e.g., abrasion resistance and impact strength) 135 
and ease of repair. Through the unique combination of high flexibility and hardness, 136 
polyaspartic systems can display good adhesion to the substrate and protect against atmospheric 137 
exposure, such as UV light and rain, to ensure long working lives for final material. 138 

• Chemistry 2: Polyester polyol. Polyester-based polyurethane coatings show enhanced UV 139 
resistance, excellent resistance to oils and fuels, and better abrasion resistance and tensile and 140 
tear strength compared to polyether-based polyurethane coatings. However, polyester-based 141 
polyurethane coatings are more susceptible to hydrolysis and provide poor resistance to weak 142 
acids and bases compared to polyether-based polyurethane coatings. 143 

• Chemistry 3: Polyether polyol. Polyether-based polyurethane coatings exhibit enhanced 144 
hydrolytic stability and excellent resistance to weak acids and bases compared to polyester-145 
based polyurethane coatings.  However, polyether-based polyurethane coatings are more 146 
susceptible to UV radiation and provide poor resistance to oils and fuels compared to polyester-147 
based polyurethane coatings.  148 

• Chemistry 4: Polyether-polyester polyol. As seen in sections above, polyester and polyether 149 
polyurethanes have unique characteristics that make them suitable for different applications. 150 
Polyether-polyester polyols can combine the main properties of both chemistries, such as 151 
hydrolytic stability and durability of polyethers and abrasion and UV resistance of polyesters. 152 

• Chemistry 5: Polycaprolactone polyol. Higher performance polyesters such as 153 
polycaprolactones are formed by ring opening of a heterocycle ring (caprolactone monomer) by 154 
a glycol initiator. The nature of this reaction results in a low polydispersity. Consequently, 155 
polycaprolactones have significantly reduced viscosities, enhanced mechanical properties, as 156 
well as enhanced low temperature and high temperature performance properties. The properties 157 
of polycaprolactone diols for UV resistance and heat resistance is better than polyether diols. In 158 
addition, polycaprolactone diols also have better property for hydrolysis resistance than adipate 159 
based polyester diols. 160 

• Chemistry 6: Polycarbonate polyol. Polycarbonate diols easily reacts with isocyanate 161 
compounds and generates polymers with characteristic such as durability and 162 
chemical/hydrolysis resistance. Compared to standard polyester polyols, polycarbonate diols 163 
provide significantly enhanced hydrolytic stability, impact resistance, flexibility, and chemical 164 
resistance. Polycarbonate-polyurethanes enhanced UV resistance, excellent resistance to oils and 165 
fuels, and better abrasion resistance and tensile and tear strength compared to polyether-based 166 
polyurethanes.  167 
 168 
The PU structure depends on the relative ratios of the main compounds. Due to those wide 169 

possibilities, polyurethanes can be obtained in the form of rigid or flexible foams, thermoplastics, 170 
CASE (coatings, adhesives, sealants and elastomers) and waterborne dispersions [34]. Polyurethane 171 
coatings are particularly recommended for application to surfaces subject to high levels of wear-and-172 
tear, because they combine outstanding resistance to solvents and chemicals with good weather 173 
stability and they exhibit very good mechanical properties and provide the ideal balance of hardness 174 
and flexibility, even at low temperatures [35].  175 

Polyurtehane mechanical properties can be tuned by selecting different polyol or different 176 
isocyanate [35]. Polyurethane properties can be tailored by changing the composition: either by 177 
means of substrates or varying the molar ratio of the components. Moreover, PU properties strongly 178 
depend on the crosslinking of the polymer chains and it can be modified by the crosslink density. 179 
The strength of polyurethane is ensured by its specific molecular structure, which is highly resistant 180 
to mechanical stress. The molecular bonds in a polymer give it strength and the ability to withstand 181 
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significant loads without deformation or destruction. This makes polyurethane an ideal material for 182 
use in intensive environments where a high degree of reliability and durability is required. 183 

 184 
Three different formulations were adressed for this research. The material fundamental 185 

properties of the coatings are presented in Table 1 with the bulk materials of PA, PB and PC.  186 
 187 

Table 1 Fundamental material and mechanical properties of the LEP systems of the study 188 

Coating 

Polymer 

Reference 

Density  

Part A 

(g/cm3) 

Pull-off 

(MPa) 

Speed of 

Sound 

(m/s) 

Elastic 

Modulus 

(MPa) 

Ultimate 

Tensile 

Stress (MPa) 

PA 1,124 5,95 1807,00 7,00 2,69 

PB 1,092 5,79 1627,00 5,00 1,33 

PC - 

Failure to 

achieve  

proper 

adhesion 

1710,00 1,00 2,11 

 189 

2.2 Material. Viscoelastic characterization. Dynamic mechanical analysis. 190 

Recent coating technologies aimed at preventing erosion utilise viscoelastic materials. These 191 
coatings exhibit high-rate transient pressure build-up followed by relaxation across various strain 192 
rates. In order to analyze the erosion performance appropriate characterization for such viscoelastic 193 
materials is then required and represents one of the main objective of this work to avoid lack of 194 
completeness. A modelling methodology that allows one to evaluate the frequency dependent strain-195 
stress behavior of the multilayer coating system under single droplet impingement was presented in 196 
[12]. Other recent works have been focussed in rain erosion testing impact conditions [1]. 197 

Dynamic Mechanical Analysis (DMA) testing was explored as a means to get a quantification of 198 
the mechanical properties of the coating materials. Some of the findings were published in [1]. (DMA) 199 
tests were performed to characterize the material and observe the visco-elastic behavior of bulk PU 200 
samples. Several type of DMA test fixtures are available, for testing coatings, typically tensile clamps 201 
are considered the most suitable, due to the small thickness of the bulk PU samples [2]. In the tests, a 202 
static and dynamic load can be set and both frequency and/or temperature scans can be performed.  203 

To establish the full visco-elastic behaviour, both frequency and temperature scans are required 204 
to construct the mechanical properties over a full range through time-temperature-superposition (for 205 
instance William Landel Ferrel, WLF). This is important as the frequency of impact has a large effect 206 
on the mechanical properties of the coating – where higher frequencies typically results in more 207 
elastic behaviour, and lower frequencies in more viscous behaviour. The extrapolation of the 208 
frequency scans to higher frequencies will be more accurate when temperature scans at different 209 
frequencies have been performed as well. The test results from the DMA include: storage modulus 210 
(elastic behaviour of the material), loss modulus (viscous behaviour of the material). From the data, 211 
the tan(delta) which is the loss modulus divided by the elastic modulus, and the glass transition 212 
temperature (transition between glassy and rubbery state of a material) can be derived [3]. It is has 213 
been hypothesised that the higher the tan(delta) for a given coating materials at the frequency of 214 
impact (range 10^4-10^7) the better the LEE erosion behaviour. Frequency sweeps in the DMA are 215 
typically in the order of 10^(-6)-10^(2) Hz [4], therefore the time-temperature superposition is needed 216 
in the analysis. This relies on the fact that behaviour at lower temperatures corresponds to behaviour 217 
expected at higher frequencies, and their relation is dependent on a shift factor, as outlined by WLF. 218 

The storage modulus and loss modulus were measured experimentally as a function of 219 
temperature from a DMA test at a constant frequency. Using the time-temperature superposition 220 
(TTS) principle, the data at different temperatures were horizontally shifted along the temperature 221 
axis to overlap with a reference temperature creating a smooth and continuous master curve in the 222 
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frequency domain. The shift factor quantifies the amount of horizontal shifting required at each 223 
temperature and is typically described by empirical models such as the Williams-Landel-Ferry (WLF) 224 
equation or the Arrhenius equation, depending on the material's behaviour [5]. This approach allows 225 
the consolidation of temperature-dependent viscoelastic data into a single master curve, effectively 226 
extending the material's response over a broader range of equivalent frequencies or time scales. The 227 
resulting master curve provides insights into the material's thermorheological behaviour and its 228 
dependence on temperature and time. In this study the WLF equation was used with already known 229 
universal constants for amorphous polymers [5]. These constants are assumed as valid for most 230 
polymers when the reference temperature at which the polymer is studied coincides with its glass 231 
transition temperature. However, if the reference temperature differs from the glass transition 232 
temperature, these constants change and must be adapted consequently. The documentation of the 233 
finite element software ABAQUS provides a methodology to estimate these new constants at another 234 
reference temperature based on the original universal constants and the difference between the 235 
reference temperature and the glass transition temperature [6]. 236 

The results were obtained for 1 temperature sweep at 1Hz, are shown in Figure 2. At high impact 237 
velocities (and therefore frequencies, range 10^4-10^7) the behaviour of PA and PB is similar (as can 238 
be explained by the similar tan(δ) at low temperatures) meanwhile the PC is considerably higher. 239 
Relating LEE erosion data with DMA data within the scope of this research is discussed in next 240 
sections. 241 

 242 

 

a) 

 

b) 
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c) 

 243 

Figure 2. Viscoelastic characterization from the DMA master curves and the time-temperature 244 
superposition analysis of the three coating materials of this study. 245 

 246 

2.3 Interface characterization. Peeling adhesion testing 247 

Erosion damage from rain droplets is typically analyzed as direct impact on a rigid surface, but 248 
it actually involves dynamic shock wave propagation. As the water droplet impinges on the surface 249 
at a normal angle, two wave fronts are created with the longitudinal compressional normal stress 250 
wave preceding a transverse shear wave. The impact gives rise to a third wave due to the water 251 
droplet deformation itself, called the Rayleigh wave, which is confined to the surface of the target 252 
and contains important amount of the collision energy. The post-impact shock wave also propagates 253 
through the multi-layer system materials and depends on the elastic and viscoelastic responses, the 254 
surface preparation, coating application and the interactions between layers [37][38]. This impact 255 
shock wave is also reflected wherever the acoustic impedance properties differ locally, so 256 
microstructural defects, such as voids, blisters and lack of adhesion, play a key role on the 257 
degradation of a particular coating. Hence, indirect damage by delamination may occur at the 258 
interface boundaries between material layers, caused by the propagation and interaction of the 259 
compressional waves from the impact of water droplets, as shown in Figure 3. The erosion failure 260 
can be initiated by a local imbalance of tensile and shear stresses in regions that may be outside the 261 
direct impact area through the thickness [36]. 262 

 263 

  
(a) (b) 

Figure 3. (a) Two different types of erosion failure: pits and cracks that progress with mass loss 264 
caused by direct impact and stress on surface (left) and delamination indirectly caused by the 265 
interface stresses (right). (b) Cross section of a multi-layered system. Two consecutive coating 266 
layers and coating–substrate interfaces in which delamination tend to appear upon impingement. 267 
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The coating's ability to transfer wave energy within a multi-layered system impacts erosion 268 
damage. Stress reflections oscillate through the coating and substrate until dampened by the 269 
materials, reducing the initial shockwave energy. Post-mould coatings are commonly developed for 270 
Leading Edge Protection (LEP), where the impact energy from rain droplets is significantly higher 271 
due to increased tip speeds. These LEP elastomer material coatings are engineered with a low 272 
macroscopic elastic modulus, high ultimate strain, and high resilience to reduce stress at the impact 273 
surface and dampen stress waves depending on its viscoelastic response. The material recovers 274 
quickly and dissipates energy efficiently based on its dynamic properties and thickness. These 275 
materials store energy at low stress levels but require proper adhesion between the coating and 276 
substrate. To lower total free energy, pits and micro-cracking occur as a recovery mechanism. 277 
Damage progresses on the surface usually with surface pits and cracks, causing mass loss and 278 
following fatigue characteristics. Intermediate layers of putty fillers may develop complex stress 279 
wave interactions. Improving interface adhesion helps reduce delamination, thereby increasing the 280 
system's durability under repeated impacts. 281 

 282 
The typical mechanical testing used in the wind turbine industry for material qualification is 283 

developed in order to assess the macroscopic behaviour of the multilayer configuration adhesion. In 284 
Table 1 of the previous section, pull-off strength testing of the samples shows different values. Since 285 
Pa and PB have similar results and adhesive failure, the PC shows cohesive failure in which the failure 286 
is in the composite laminate and hence the ability of the coating to assure the required target strength. 287 
Additionally, developed peeling testing for interphase coating-filler adhesion response 288 
quantification shows that PA and PB have poor values of the energy release rate and adhesive failure, 289 
meanwhile PC shows partially cohesive failure noting improved interphase capabilitites. 290 

 291 

 

a) 
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b) 

 

c) 

 292 
Figure 4. . Interphase adhesion peeling testing (a) Coaing PA; (b) Coaing PB; (c) Coaing PC. 293 

 294 
 295 

3 LEP performance comparison in rain erosion testing. Results and discussion. 296 

3.1 Case 1. Rain Erosion Testing Rig based on ASTM G73-10 performed in WARER, University of 297 
Limerick 298 

The whirling arm method uses a sample on an arm, rotating through artificial rain from nozzles 299 
or needles [23]. Despite its simplicity, various designs exist, differing in rain-field generation, and 300 
sample number, size, and shape.  301 

In this research case, rain erosion testing is performed in WARER at the University of Limerick 302 
as shown Figure 5. The standard used (ASTM G73 – 10: Standard Test Method for Liquid 303 
Impingement Erosion Using Rotating Apparatus) is an old standard for testing liquid impingement 304 
erosion. It covers both random and single-point droplet impacts, focusing on the incubation period 305 
of a coating. The standard uses total impingement and specific impacts to compare results between 306 
different setups.  307 
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The WARER is equipped with 36 blunt needles around its perimeter and one rotating arm. The 308 
blunt needle has a diameter of 2 mm and a rainfall rate of approximately 25 mm/h. The coupons were 309 
tested at 135 m/s. Before testing, the test sample is dried overnight in an oven as indicated Figure 6(b) 310 
following water jet cutting. The whirling arm rotates at a rate of 2154 revolutions per minute. As heat 311 
is generated inside the chamber a chiller is used to maintain the temperature inside the chamber to a 312 
nominal 16°C. The test coupon is inserted into the coupon holder at one end of the rotating arm, as 313 
shown in Figure 6(d). Time interval of 15 minutes is taken for the fatigue testing and mass loss is 314 
captured during the test. 3 specimens were tested for each configuration and water jet is used to cut 315 
the coupons with 27mm disc diameter and dried at 45 ⁰C to ensure the coupons are moisture free 316 
before testing. Afterwards, the specimens were exposed to RET and the specimens were removed 317 
from the chamber in regular intervals and the same process and measurements were repeated 318 
(specimens were dried, weighed and photographed).  319 

The rain erosion tests where develop for the three coating cases with the LEP configuration 320 
shown in Figure 7. It can be observed in Figure 8 the damage progresion for the three coatings PA, 321 
PB and PC. In all the cases is observed how the erosion failure advances from the surface through the 322 
multilayer system thickness until it reaches the composite laminate. The incubation time (start of 323 
perceptible erosion) is outlined through the mass loss evolution depicted in Figure 9 and can be 324 
determined similarly in the pictures. Results shows that the material PC offers better durability in 325 
terms of erosion resistance than PB and the worst PA. In regards the failure damage progresion, it is 326 
observed that delamination occurs only in the first and second configurations, PA and PB, but not 327 
PC. This is coherent with the increase in fracture energy revealed by the peeling testing values. 328 
Adhitional CT-Scans where developped for the coating tested samples at the end of the testing to 329 
analyse thorugh the thickness the failure modes. Results shown in Figure 10, Figure 11, and Figure 330 
12, confirm the improved adhesion capability of PC and delamination failures at coating-filler 331 
interfacefor PA and PB. Nevertheless, it is also observed that PA reached also delamination at filler-332 
laminate one, probably because of the excess on testing time and complete sample degradation. 333 

 334 

 335 

Figure 5. Whirling Arm Rain Erosion Rig (WARER) at University of Limerick from (O'Carroll 336 
et al.,2018) 337 

 338 

 339 
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(a) (b) (c) (d) 

Figure 6. Rain erosion a) whirling arm rain erosion rig (WARER) at University of Limerick b) 340 
oven c) chiller d) coupon holder 341 

 342 

 343 

Figure 7. Test specimen multilayer configuration 344 

 345 

 
(a) 
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(b) 

 
(c) 

Figure 8. Damage progresion on the test samples for materials A, B and C after 45, 75 and 150 346 
min testing. 347 

 348 

  349 
Figure 9. Mass Loss evolution for the two tested LEP materials 350 
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 351 

   

A2, 45 min 

(a) 
(b) (c) 

Figure 10. Representative specimen of Polymer PA, sample A2, after 45 min testing (a) picture, 352 
(b) microCT and (c) view analysis description. Delamination damage observed at LEP-Filler and 353 
Filler Laminate interfaces. 354 

 
  

B1, 75 min 

(a) 
(b) (c) 

Figure 11. Representative specimen of Polymer PB, sample B1, after 75 min testing (a) picture, 355 
(b) microCT and (c) view analysis description. Delamination damage observed at LEP-Filler and 356 
Filler Laminate interfaces. 357 

 358 

   

C1, 150 min 

(a) 
(b) (c) 

Figure 12. Representative specimen of Polymer PC, sample C1, after 150 min testing (a) picture, 359 
(b) microCT and (c) view analysis description. Wear damage observed at LEP and Filler but no 360 
delamination at interfaces. 361 

 362 
 363 
 364 
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These results of erosion durability of the rain erosion tests, correlate well with the viscoelastic 365 
response depicted in Figure 2 based on DMA testing. Coating PC shows best erosion performance at 366 
the high speed testing of 135 m/s due to its improved capabilitites of attenuating energy at high 367 
frequency values in the range of (10^4-10^7). The incubation time is delayed and also decreased the 368 
erosion rate. Lower performance are achieved by PB and PA due to their limited high frequency 369 
response. Nevertheless, it is important to note that the testing developped in this rig accounts only 370 
for a constant speed so conclusions may be different when considering lower impact speed values at 371 
testing as will be remarked in next sections. In regards the observed delamination as the root cause 372 
of erosion, it is not possible to conclude it since the adhesion values can not be related now with the 373 
viscoelastic response, so additional testing should be completed.  374 

 375 

3.2  Case 2. Rain Erosion Testing Rig based on DNVGL-RP-0171  376 

This section describes the testing results used to examine the erosion resistance and durability 377 
of the three PA, PB and PC coatings. It outlines the test plan considering the whirling arm rain erosion 378 
testing based on DNVGL-RP-0171 [11]. This testing is most used by industry to qualify materials and 379 
for the evaluation of in-field erosion performace with DNVGL-RP-0573 [10].  380 

The DNVGL-RP-0171 [11] modifies ASTM G73-10 [7] testing and data analysis to fit the new 381 
tester developed by R&D A/S. While ASTM G73-10 [7] uses small rotating test coupons in a uniform 382 
rain field, see Figure 5 in previous section, the R&D A/S tester used in [32], see Figure 13, employs a 383 
diverging rain field with long curved blade samples, see sample configuration used in Figure 14. This 384 
results in a radial speed variation and rain intensity gradient in the tester as detailed and explained 385 
in DNVGL-RP-0171 [11]. Incubation detection requires optical methods to track erosion damage due 386 
to design differences, rather than using mass loss data.  387 

Testing results are shown visually in Figure 15, Figure 16 and Figure 17, for the three coating 388 
cases. The erosion damage progression analysis is quantified and reported with the the data obtained 389 
in Figure 18 with the plotted V-N curves and their fitting curves with linear regression for the three 390 
cases of the analysis. In Figure 19 the equivalent data is also plotted offering the exposure time values 391 
instead of the number of impacts.  392 

 393 

 394 

Figure 13. Rain Erosion Test developed in Aeronordic, from [32]. 395 

 396 
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 397 

 398 
Figure 14. Testing samples configuration used in RET testing based on DNVGL-RP-0171 [11] 399 
for the three coating cases PA, PB and PC. 400 

 401 
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 403 
Figure 15. RET testing case for PA with images captured at different time intervals. 404 
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 406 
Figure 16. RET testing case for PB with images captured at different time intervals. 407 
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15:20 

 

15:40 

 

16:00 

 

 409 
Figure 17. RET testing case for PC with images captured at different time intervals. 410 

 411 
 412 
 413 

 414 
 415 

Figure 18. V-N curves of erosion strength for the three compared cases PA, PPB, and PC 416 
 417 
 418 
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 419 
 420 

Figure 19. RET Data V-Time exposure and failure mode identification  for the three 421 
compared cases PA, PB, and PC 422 

 423 
Following the incubation period and testing of the breakthrough, the progression of damage can 424 

be examined. This study facilitates quantifying the erosion rate more than identifying specific erosion 425 
mechanisms outlined in the previous section, and assessing changes in the LEP coating over time due 426 
to erosion impact speed relations. The VN curve analysis ploted in Figure 18 show that decreasing 427 
number of impacts until failure with the increasing velocity is observed for both PA and PB, while 428 
for PC, the slope of the fatigue damage does not depend strongly with the impact speed. A similar 429 
pattern with the same number of impacts but the scale of Time instead of the number of impacts is 430 
shown in Figure 19. The fitted trend lines of PA and PB are similar ranking PB with better 431 
performance. This is coherent with the viscoelastic frequency response shown in Figure 2, and 432 
discused previously. In both cases delaminates revealed in Figure 15 and Figure 16 as the main 433 
damage mechanism of ersoion. PC case exhibits best durability and performance, as expected from 434 
its viscoelastic performance, and also avoids delamination so pitts evolve and grow as craters during 435 
exposure time but no interface failure is observed. Neverthles, it is important to note PB and PC 436 
intersecting at around v = 100 m/s. When investigating velocities higher than the crossover point, PC 437 
experiences a greater number of impacts until the incubation period in comparison to PB. Conversely, 438 
at lower impact velocities, PB demonstrates superior performance. Given the relatively mild slope of 439 
PB’s curve, it is concluded that PB may have longer lifetimes but this test have not been developped 440 
so only conclusions due to the VN curves are predicted. This result is coherent with the assumption 441 
that at high impact velocities (and therefore frequencies, range 10^4-10^7) the behaviour of PC is 442 
considerably higher than PB and also PA.  443 

This result allows one connecting the erosion resistance data with the viscoelastic DMA data in 444 
regards the durability of LEP materials comparison within the scope of this research as discussed 445 
previously. 446 

 447 
 448 

3.3  Case 3. Rain Erosion Testing based on Pulsating Jet Erosion Test (PJET) 449 

In this section, the methodology employed in the investigation provides a description of the two 450 
coatings PA and PB introduced previously and the facilities used to test and observe samples. The 451 
test plan for operating the Pulsating Jet Erosion Test (PJET) is outlined first and then, the erosion 452 
damage progression analysis is discussed.  453 
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A detailed description of the experimental setup and testing methodology has been recently 454 
published by the authors in [25]. This study [25] uses the Pulsating Jet Erosion Tester (PJET) to 455 
analyze the effects of droplet impact frequencies and dry intervals on damage incubation time in 456 
polyurethane-coated samples. A revised PJET approach is proposed to better simulate real-world 457 
rainfall, improving predictive models for material degradation. These findings highlight the 458 
importance of visco-elastic behavior and intermittent rain in erosion testing, aiding future PJET test 459 
designs. Nevertheless, this work compares material performance in different rigs by focusing on 460 
damage progression and analysis of damage characteristics, rather than the capabilities of each 461 
testing method. 462 

Test setup. Pulsating Jet Erosion Test (PJET) 463 

The two types of coatings, PA and PB, applied on the same filler-substrate layer were used in 464 
the experiment. An example of a sample is shown in Figure 20 a. A random selection of PA and PB 465 
samples from each batch was measured. The size of the samples was determined using a calliper and 466 
found to be 83±5 mm by 81±5 mm. The thickness of each layer was measured using a 3D microscope. 467 
The sample was placed on the platform, which was set as the reference height (0 mm). The point 468 
height of each layer was then measured, as illustrated in Figure 20 b. By subtracting the point heights, 469 
the thickness of each layer was obtained. The coating, filler, and substrate were found to have 470 
thicknesses of 0.25±0.09 mm, 0.86±0.05 mm, and 1.22±0.05 mm, respectively. 471 

The test matrix of the sample is shown in Figure 20 c. Each sample provides 16 spots (4 by 4) for 472 
each measurement. Every spot is situated at a distance away from one another and the edge in order 473 
to eliminate the edge effect and leave sufficient margin for clamping the sample. 474 

 475 

 476 

Figure 20. (a) PB sample and (b) its point height of [1] coating, [2] filler, and [3] substrate at a [4] 477 
flat surface. (c) Test spots in each sample 478 

To test the performance of the samples under rain erosion, the PJET provided by DUCOM is 479 
employed, as shown in Figure 21. Table X shows the designed testing parameters of the facility. The 480 
droplet size is determined by the nozzle size and the hole on the disc. For this experiment, a 481 
conventional droplet size of 2 mm is chosen. Therefore, the 1.5 mm nozzle is used which is estimated 482 
to create droplets with 2 mm diameter due to the expansion resulting from the high pressure. 483 
Meanwhile, the diameter of holes on the disc is 2 mm which can constrain the droplet size from 484 
expanding beyond 2 mm. The high-pressure pump generates impact velocities ranging from 25 to 485 
250 m/s with an accuracy of ±2 m/s. Impact velocities between 140 and 170 m/s are chosen in this 486 
study to strike a balance between testing duration and immediate coating sample destruction. The 487 
impact frequency is controllable from 5 to 100 Hz. The air supplier provides 0 to 6 bar pressurized air 488 
stream to remove water film avoiding the water cushioning effect. In this experiment, the impact 489 
frequency and the pressure of the air supply are set at 42 Hz and 3 bars aligning with the literature 490 
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[2630]. The sample is clamped on the sample holder 50 mm away from the nozzle to match the 491 
calibration of the velocity. The angle of the sample holder is adjustable between 15 and 90 degrees, 492 
but for this experiment, it is fixed at 90 degrees to simulate the most detrimental impact. 493 

 494 

 495 

Figure 21. Ducom Liquid Droplet Erosion Tester (b) zoom-in view of components. 496 

 497 

Table X. Selected testing parameters for the PJET. 498 

Nozzle size 
Impact 

Velocity 

Impact 

frequency 

Air supply  Impact angle 

1.5 mm 140-170 m/s 42 Hz 3 bars 90 degrees 
1 Tables may have a footer. 499 

 500 
The incubation period and the breakthrough are the two representative moments in erosion 501 

since they stand for the first visible fracture on the coating and the first visible penetration of the 502 
coating. Therefore, the failure of these two moments is chosen to be tested. The erosion until the 503 
incubation period of both PA and PB is performed for three impact velocities: 140, 150, and 160 m/s . 504 
Yet, the selected velocities are slightly different in the breakthrough case. We know that the 505 
breakthrough is longer than the incubation period. In addition, the experimental results of PA and 506 
PB conducted by University of Limerick and described in previous section, show that PB withstands 507 
longer against erosion than PA. To fit the time constraint of this study, the lowest impact velocity 508 
tested for PA is altered to 145 m/s. A higher range from 150 m/s to 170 m/s is set for PB. Table X 509 
displays the number of successful measurements under each condition. The outliers are excluded. 510 
The outliers are defined to be not fully damaged in terms of the incubation period and the 511 
breakthrough after testing for more than 10 hours and those damage could be observed during 512 
operation within 10 minutes.  513 

 514 
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Table X. Number of successful measurements until the incubation period and the breakthrough for 515 
both coating materials at each velocity. 516 

Impact 

Velocity (m/s) 
Incubation Breakthrough 

 PA PB PA PB 

140 2 3 - - 

145   4  

150 4 5 3 5 

160 3 3 5 6 

170 - - - 4 

 517 

Rain erosion progresion 518 

After the incubation period and the breakthrough are tested, the damage progression in between 519 
them can be investigated. This study helps us understand the rate of erosion, better identify the 520 
specific erosion mechanisms at play, and examine the changes in the LEP coating over time because 521 
of erosion. The experiment is conducted for two intermediate time points. Afterward, the surface 522 
damage is evaluated using the microscope. The measured volume is then multiplied by the density 523 
of the coating to determine the loss of mass after erosion. 524 

The v − n curve analysis of the test results obtained from the PJET lacks comprehensiveness due 525 
to the omission of the volume dependency of impact velocity, impact frequency, and disc geometry. 526 
This issue is exemplified in a previous research study [25] where a range of impact frequencies were 527 
investigated in relation with the relaxation time for the viscoelastic material to recover and the role 528 
of volume (kinetic energy) in erosion. In general, the volume of a water slug produced by a high-529 
speed water jet in the PJET is larger than that of a spherical water droplet with the same diameter. 530 
Consequently, the water slug also possesses greater kinetic energy than this moving spherical droplet 531 
at the same speed. To compensate for the disregarded variation in volume (kinetic energy) in the v − 532 
n curve, while maintaining a conventional representation of impact velocity with respect to the 533 
number of impacts, it is proposed the adjusted” equivalent velocity (veq)” based on the consistent 534 
reference droplet for the analysis. The concept is to consider, with the reference droplet, how high 535 
the equivalent velocity should be to exert the same kinetic energy per impingement as the actual one 536 
in the experiment [25]. This implies that for the same size of the droplet at the same equivalent 537 
velocity, the higher the impact frequency the fewer the number of droplets needed to cause damage. 538 
This observation aligns with the expectation of the recovery of deformation and viscoelastic behavior: 539 
as the impact frequency increases, the polyurethane coating has less time to recover from the strain, 540 
leading to faster erosion. Overall, using the equivalent velocity to build the plot reduces the water 541 
slug volume interdependence with impact velocity and impact frequency when we present the result 542 
by velocity-number of impacts relationship.  543 

The outcome of the incubation tests is illustrated by the impact velocity and the equivalent 544 
velocity in relation to the number of impacts until the incubation period in Figure 22. The trend of 545 
the decreasing number of impacts with the increasing velocity is observed for both PA and PB. The 546 
two figures show a similar pattern with the same number of impacts but the scale of veq is higher 547 
than that of v. The trend line of PA is steeper than that of PB, intersecting at around v = 151 m/s and 548 
veq = 976 m/s . In the investigation of velocities higher than this crossover point, the PA exhibits a 549 
greater number of impacts until the incubation period compared to PB. Conversely, at lower impact 550 
velocities, PB demonstrates improved performance. Due to the relatively mild steepness of the curve 551 
for PB, it is deduced that PB has longer lifetimes for LEP on the comparison with other developed 552 
tests in previous sections as the impact velocity is below 150 m/s. 553 

At v = 160 m/s , the average number of impacts until the incubation period of PA and PB is very 554 
close and the range of all measurements is narrow. The scatter of the measurements at v = 150 m/s is 555 
significant for both materials. The minimum measured number of impacts of PA is nearly the same 556 
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as that of the maximum of PB. Yet, their average values are distinct. For the group of v = 150 m/s and 557 
v = 160 m/s there is no significant difference in the incubation periods between PA and PB at these 558 
velocities. In contrast, a significant variation is found for the impact velocity of 140 m/s. This finding 559 
further supports the previous deduction that the incubation period for PB is longer than that for PA 560 
as the velocity decreases. 561 

 562 

Figure 22. Performance of PA and PB presented by the impact velocity and equivalent velocity 563 
with respect to the number of impacts until the incubation period.  564 

 565 
The erosion durability results from the rain erosion tests align well with viscoelastic response 566 

based on DMA testing of Figure 2. The erosion behaviour of these two materials show in Figure 22 567 
that there is a cross-over between the two materials at an impact velocity of 150m/s. At high impact 568 
velocities (and therefore frequencies in range of 10^5) the behaviour of PA and PB is similar. At lower 569 
impact velocities, PA seems to outperform PB (having a higher tan(δ) in the lower frequency range), 570 
after which for a lower impact velocity (140m/s), PB shows the slightly better behaviour in this testing, 571 
which can be explained by the consecutive cross-over point in the frequency sweep. Both coatings 572 
PA and PB exhibits similar performance at high-speed testing ranges and alternative deductions may 573 
be done due to its lowered ability to attenuate energy at high frequencies (10^4-10^7) and the cross-574 
over values in this range. While the delamination effect may contribute to erosion, current adhesion 575 
values do not correlate with viscoelastic response; further testing is needed.  576 

 577 
The initial damage until the incubation period is investigated via the 3D microscope as shown 578 

in Figure 1. It is apparent that the damage for PB is more severe than for PA. The failure mode for PA 579 
is mainly pitting. The damage consists of a few dents close by within a circle of 4.5 mm in diameter. 580 
The total damaged area is between 0.7 to 1.2 mm2. The damage characteristic does not vary with three 581 
different velocities. On the other hand, relatively large craters can be observed on the surface of PB. 582 
The predominant failure mode is cratering. The damaged area tends to grow with increasing velocity. 583 
The damaged areas are 5.7, 6.6, and 37.3 mm2 at 140, 150, and 160 m/s respectively. 584 

 585 
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a) PA b)PB 

Figure 1. Optical images and height maps showing the surface damage until the incubation 586 
period. 587 

After the test for the incubation period, the results of the breakthrough are demonstrated in the 588 
section. Figure 2 presents the performance of PA and PB by the erosion test until breakthrough. Like 589 
the incubation, the average number of impacts increases as the velocity drops. In Figure 2 PB requires 590 
2 to 3 times more impacts on average than PA to reach the breakthrough at the same velocity. By 591 
considering the results of the incubation period in Figure 1Figure 22 and the breakthrough in Figure 592 
2 at the same velocity, it is observed that the erosion time until the breakthrough is 3 to 4 times longer 593 
than the incubation period for PA coatings. For PB coatings, the erosion time until the breakthrough 594 
is more than 10 times longer than the incubation period. 595 

Besides, the point of intersection does not appear in Figure 2. It would be located at v = 126 m/s 596 
and veq = 737 m/s if two curves were extrapolated. Below the point of intersection, the PA 597 
demonstrates a greater number of impacts until the breakthrough compared to PB at the same 598 
velocity. This implies that the lifetime in terms of the breakthrough is higher for PA than PB 599 
undergoing real-life impact velocities. This finding, in conjunction with the results from the 600 
incubation test, indicates that PB has a longer incubation period but reaches the breakthrough faster, 601 
whereas stiffer materials like PA may offer better resistance against the breakthrough in the low-602 
velocity range. However, further verification under low-velocity testing is required to substantiate 603 
these observations. 604 

 605 
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 606 

Figure 2. Performance of PA and PB presented by the impact velocity and equivalent velocity 607 
with respect to the number of impacts until the breakthrough. 608 

The samples were observed after the complete erosion. Figure 3 displays the representative 609 
surface damage until the breakthrough at selected impact velocities for PA and PB. All damages until 610 
the breakthrough are obvious since the coating layer was penetrated. The main failure mode is pitting 611 
for PA and cratering for PB. The damaged areas of PA vary from 4 to 100 mm2 regardless of the 612 
impact velocity. In contrast, the damaged areas measured among the PB’s test spots are more 613 
consistent, from 38 to 85 mm2. In addition, there are other characteristics found as presented in Figure 614 
4. Debonding is seen on several PA surfaces, particularly at high-impact velocities (150 and 160 m/s), 615 
and some of them appear with peeling and cracks on the coating. However, these damage 616 
characteristics are not seen in PB. Only crater-like damage is observed on the coating but further 617 
pitting and cracks on the filler occurred on some test spots. This damage underneath the coating layer 618 
is not studied in this research. 619 

 620 
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a) PA b) PB 

 621 

Figure 3. Optical images and height maps showing the surface damage until the breakthrough.  622 

 

a) b) 

Figure 4. Damage characteristics of (a) PA at v =150 m/s and (b) PB at v =170 m/s . 623 

After analyzing the damage progression during the incubation period and breakthrough, we 624 
also conducted a few tests in between them to investigate the cumulative erosion process for both PA 625 
and PB coatings. These tests were performed at an impact velocity of 160 m/s, which corresponds to 626 
the available data for incubation and breakthrough. Their results are presented in Figure 5 which 627 
depicts the erosion graph illustrating the progression of mass loss over the testing duration and 628 
damaged area over the testing duration. Examples of microscopic surface erosion corresponding to 629 
each testing interval are shown in Figure 6. 630 

 631 
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 632 

 633 

 634 

Figure 5. Erosion graph until the breakthrough of PA and PB at v = 160 ms . 635 

The erosion progression observed for PA and PB coatings exhibit distinct characteristics in 636 
Figure 5. For PA, shown in Figure 17a, mild damage occurs within a short time span of 50 minutes, 637 
followed by a significant increase in the average mass loss from less than 0.001 to nearly 0.01 grams 638 
in the subsequent 15 minutes, corresponding to the breakthrough. This phenomenon can also be 639 
observed from Figure 17a, where the surface damage starts with mild pitting, advances to gouges, 640 
and eventually leads to an obvious loss of material and debonding until the breakthrough. The trend 641 
for the damaged area over the erosion time of PA in Figure 17b, is similar to its mass loss progression 642 
in Figure 17a, implying the growth of damage is attributed to both the thickness and area. 643 

On the other hand, PB demonstrates a more gradual mass loss throughout the entire erosion 644 
progression in Figure 17a. Nevertheless, the size of the damaged area tends to stabilize at around 45 645 
mm2 after the incubation period as shown in Figure 6b. This trend is also evident in Figure 6b, where 646 
a substantial crater is observed initially and its size remains relatively unchanged until the 647 
breakthrough. Hence, it highlights that the growth of damage in PB is mostly through thickness after 648 
the initial damage appears. 649 

The total mass losses until the breakthrough are approximately the same (0.01 grams) for both 650 
PA and PB coatings although the damaged topography differs between the two. Despite the fact that 651 
the damaged area of PB is greater than that of PA, as evident from the darkest blue region in the 652 
height map, the extent of PB eroded down to the filler material is tiny, whereas a considerably larger 653 
area of PA has eroded to the filler. 654 

In the aspect of surface morphology, PA exhibits higher mass loss per unit area compared to PB. 655 
This may imply that the erosion mechanisms of the two materials differ. Based on the observed large 656 
area of damage, it is reasonable to deduce that lateral jetting plays a significant role in the erosion of 657 
PB. This can be attributed to its low Young’s modulus, which allows water to deform the material 658 
and pave the way for lateral jetting. In contrast, the stiff property of PA results in pitting 659 
characteristics on its sur- face, which may be caused by the water hammer pressure and stress waves 660 
rather than lateral jetting. The damage in PA seems to mainly occur in localized areas, while the 661 
surrounding material remains relatively undisturbed. Over time, the pits on PA’s surface grow and 662 
merge, leading to a larger area of damage until the breakthrough. However, only the failures that 663 
involve debonding and peeling, as shown in Figure 4a demonstrate the evident influence of lateral 664 
jetting. Additionally, the ductile nature of PB contributes to a more gradual loss of mass during the 665 
erosion process. The material’s ability to dissipate the impact over a broader region helps reduce the 666 
severity of damage in any single localized area. From the experimental point of view, Young’s 667 
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modulus might be a key factor in the erosion resistance as the other properties of PA and PB are quite 668 
similar. 669 

 670 

 671 

 
a) PA b) PB 

Figure 6. Microscopic images of mass loss progression of (a) PA and (b) PB at v = 160 ms . 672 
Images from top to bottom show progressive surface erosion from the incubation period to the 673 
breakthrough. 674 

 675 
 676 

Conclusions 677 

The investigation has analyzed erosion damage progression tesing experiments to connect 678 
mechanical behavior with polymer properties and microstructure of candidate coatings. Different 679 
rain erosion testing methods are compared, including whirling arm rigs and a pulsating water jet 680 
tester, to assess lab performance for various LEP chemistries. Material characterization used dynamic 681 
mechanical analysis to observe visco-elastic behavior. Damage was examined through CT scanning 682 
to provide data for failure mode analysis.  683 

Similar failure modes and durability rankings for each LEP material comparison were observed 684 
in the different RET testing methodologies. 685 

In regards quantifying the erosion rate results showed that the durability of the materials 686 
described by the mass loss plots or the VN slopes depend strongly with the impact speeds. Moreover, 687 
the viscoelastic frequency response of the materials allows one connecting the erosion resistance data 688 
with the viscoelastic DMA data in regards the durability and erosion progresion of the LEP materials. 689 
The case that exhibits best erosion durability and performance, coating PC, is the one that improves 690 
its impact energy attenuation capabilities at at high impact velocities (and therefore frequencies, 691 
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range 10^4-10^7). The behaviour of coating PC is considerably higher than PB and also PA due to its 692 
viscoelastic performance, but also with the same argument this material can be worse at lower impact 693 
velocities. These results point out the substantial dependence of testing results due to viscoelastic 694 
material performance. Dynamic mechanical analysis showed that LEPs switch between high or low 695 
capabilities to attenuate impact energy or elastic and brittle failure modes at a critical impact 696 
frequency. Testing impact speed configurations may provoque dissimilar LEP performance 697 
depending on the viscoelastic response of the materials. 698 

 699 
This result allows one connecting the erosion resistance data with the viscoelastic DMA data in 700 

regards the durability of LEP materials comparison within the scope of this research as discussed 701 
previously. Additional research is needed to relate delamination issues at interface due to the lack of 702 
such viscoelastic effects. 703 
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