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ABSTRACT

The recent development of offshore wind power devices (OWPDs) creates high
requirements for protective coating materials against corrosion and erosion. Erosion
of the leading edge (LE) of wind turbine blades is one of the common damages that
reduces the annual energy production, especially in offshore wind turbine farms. This
erosion can be caused by rain, sand, and solid particles. Also, the metal parts of
offshore wind power devices suffer from pitting corrosion when exposed to an
environment containing chloride ions. Organic-inorganic hybrid coatings (OIHCs)
have attracted considerable attention due to their superior properties by combining
both inorganic and organic components. The sol-gel technique is a suitable method
for producing thin layer coatings that can protect offshore wind power plant
components against erosion and corrosion while having a small effect on the power
plant's component weight, especially the turbine blades. This review article

Erosion summarizes the recent strategies for protective coatings of OWPDs and provides a
Organic-inorganic hybrid coatings perspective for developing OIHCs as coating materials for OWPDs.
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Table 1: Corrosion zones defined in 1ISO 12944 [6].

1SO 12944-9:2018 Corrosivity Category Durability Environment

Atmospheric CX
Splash CX/Im4
Immersion Im4

15-25 years Marine offshore

(V) (Sx,95 @l gloaiws slp obys slaibg ¢y coxdo sloiole;1:Y Jous
Table 2: Qualification tests for offshore coatings for different corrosivity categories (10).

CX

Cyclic testannex B of ISO 12944-9 4200 h
Cathodic disbondingISO 15711, method A -

Seawater immersion, ISO 2812-2 -

CX (Offshore) + Im4
(Splash and Tidal Zones)

Im4
(Submerged Zone)

4200 h
4200 h 4200 h
4200 h 4200 h
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Figure 1. The scheme for the synthesis of OIHCs (M=Si, Ti, Zr, etc., R=organic substituted groups) [29].
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Figure 2. Structural drawing of offshore wind powder device in the marine environment [38].
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Figure 3: (a) Eroded wind turbine blade tip, (b) detail of eroded LE, and (c) close-up of eroded LE (45).

Coatings Types
Primer Epoxy, zinc rich
Intermediate
coating oy
Top coating Polyurethane

Total dry film thickness

One-coat paint Epoxy

Total dry film thickness

(FY Vo) OWPD (gl ) ladloe iligy i 1Y Jgur
Table 3: Protective coating system for OWPDs (6, 7, 10).

Recommended dry
film thickness /Jum Main role

C5-M

C4

C3

Protective coatings for tower in atmospheric area

60

60

200

320

50

50

140

240

Protect the base material and provide the adhesion basis

50 .
for subsequent coatings
50 Increase coating thickness and _reduce corrosion medium
penetration
70 Improve weather resistance and resist the influence of
ultraviolet and water
170 -

Protective coatings for tower in tidal splash area

300

layer x 2

600

To resist the corrosion caused by the alternation of dry
and wet conditions and the scour of floating objects and
sediment

Protective coatings for steel structure in full immersion zone

One-coat paint Epoxy

Total dry film thickness

Polyurea, epoxy and

iy polyurethane
Primer Polyurea, epoxy and
polyurethane
Top coat Polyurea, epoxy and

polyurethane
Total dry film thickness

175

layer x 2

350

To resist chloride ion and other corrosion in seawater

Protective coatings for blades Coatings

120

80

200

Repair the blade, fill the defects, and seal the pinhole and
sand hole
Increase the thickness of protective coating and extend
the protective life
Protect the surface from highspeed running abrasion, UV,
water, moisture and salt spray
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Table 4: Environmental conditions at the Harsh Lab testing facility (60).

\\\\\\

Parameter Value

Annual precipitation 1500 mm/year
Mean interannual temperature Min 13 °C, Max 16 °C
Average interannual temperature Min 10 °C, Max 16 °C
Average insolation 1825 h/year
Average annual wetting time (RH > 80%, T >0 °C) 5960 h
Water temperature Min 11 °C (January), Max 22 °C (August)
Significant wave height Min 1.15 m, Max 9.62 m, Average 1.67 m
Average salinity 35 USP
Average dissolved O, 6 mL/L
Average transmittance 88%

Table 5: Selected coating systems for the atmospheric zone (60).

Chemical Composition NDFT *
Reference DFT Measured (um)
and Thickness (um)

Zinc rich epoxy 60 pm, Epoxy 160 pm,

*%
AL Polyurethane (yellow) 60 um
A2-Epox *** Epoxy 200 pm, Epoxy 200 pum, Polyurethane (white) 60 pm 460 485
A3-Zn Zinc rich epoxy 60 pum, Epoxy 160 pm, Polyurethane (yellow) 60 um 280 399
A4-Zn Zinc rich epoxy 60 um, Epoxy 170 pm, Polyurethane (grey) 50 um 280 312

* NDFT-net dry film thickness as provided by the manufacturer; ** Zn-zinc-rich; *** Epox-epoxy based composition.

(B bl adlaie gl bl idig slaptiaow F J9os
Table 6: Selected coating systems for the splash zone (60).

Chemical Composmon -

Epoxy 275 pm
Epoxy 275 pm
Polyurethane (yellow) 60 um
Epoxy GF * 300 um

Selr Epoxy (grey) GF 300 um 20y &
Epoxy GF 300 um
S3-GF Epoxy GF 300 pum 660 821
Polyurethane (yellow) 60 um
Epoxy 300 pm
= Epoxy (grey) 300 um 800 629

* GF—glass flakes

Table 7: Selected coating systems for the submerged zone (60).

Chemical Composmon N

Epoxy 50 um
Epoxy (yellow) 300 pm
Epoxy GF 200 pum
Epoxy (grey) GF 200 pm
Epoxy 200 pm
Epoxy (grey) 150 um
Epoxy 300 pm
Epoxy (grey) 300 um

12-GF 400 435
350 461

14> 600 629
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Figure 4: (a) The Harsh Lab 1.0 facility prior to commissioning, prepared to accommodate test panels for field exposure in the atmospheric, splash,
and immersion zones. (b) The Harsh Lab moored in the Cantabrian Sea (60).
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Fig.5: Schematics of the coated substrate and their designation in the
analysis of the fracture mode (60)
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Table 8: Adhesion strength (average) of coating systems for atmospheric zone before and after aging and field exposure (60).
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Initial Cycling Aging (4200 h) Field Exposure (1 Year)
Ref.
Al-Zn 100% D 15.09 70% A/B, 30% D 10.72 100% D 13.12
A2-Epox 55% C/D 45% C 11.06 100% C 9.17 85% C, 15% C/D 14.50
A3-Zn 80% D, 20% C 8.90 70% D, 20% C, 10% C/D 12.38 70% D, 20% C, 10% B 12.54
Ad4-Zn 95% B, 10% B/C 8.45 100% C 9.70 50% C, 50% B 10.07
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Figure 6: (a) Pull-off adhesion strength of the coatings for the atmospheric zone before and after aging and field exposure. (b) Loss of adhesion of
the coating systems after aging and field exposure (60).
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Figure 7: (a) Scribe creep of the atmospheric zone coating systems after accelerated aging and field testing. (b) Scribe creep after accelerated aging
plotted as a function of scribe creep after field exposure (60).
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Table 9: Adhesion strength (average) of the coating systems for the splash zone before and after aging and field exposure (60).

Cycling Aging (4200 h) Immersion Aging (4200 h)

Field Exposure

(1 Year)
' Fracture Adhesion Fracture Adhesion Eracture Mode Adhesion Fracture Adhesion
Mode (MPa) Mode (MPa) (MPa) Mode (MPa)
S1 100%D 13.81 100% D 1456 S BN, 1551 100% D 14.69
45% D
S2- 0 0 0 0 50% B,
GE 100% C 10.20 81%C, 19% B 7.34 100% B 8.77 50% C 9.67
S3- 90% D, 90% D, 47% CID, 60% D,
GF  10%C/DC R 10% C/D L7 469D, 7% DIY i 40% C/D s
45% B
! 90% C 91% C 90% C
o 5 0 :
S4 40% C, 16.52 10% B/C 14.20 9% B/C 17.08 10% B/C 10.41
5%C/Y
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Figure 8: (a) Pull-off adhesion strength of the coatings for splash zone before and after laboratory aging and field exposure. (b) Loss of adhesion of
the coating systems after aging and field exposure (60)
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Figure 9: Scribe creep of the splash zone coating systems after accelerated aging and field testing (60).
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Table 10: Scribe creep in mm for the splash zone coating system before and after laboratory aging and field exposure (60).

Cyclic Aging (mm) Immersion Aging (mm) Field Exposure (mm)
S1 0.30 3.09

14.01

S2-GF 15.67
S3-GF 15.90
S4 12.79
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Table 11. Adhesion strength (average) of the coating systems for the submerged zone before and after aging and field exposure (60).

Immersion Aging (4200 h) Field Exposure (1 Year)

Adhesion Adhesion Adhesion
Fracture Mode Fracture Mode Fracture Mode
(MPa) (MPa) (MPa)
11 65% C, 35% C/Y 13.02 45% A/B, 35% C/Y, 20% C 11.83 65% A/B, 35 C 5.77
12-GF 100% C 10.09 85% C, 15% C/Y 9.15 50% B, 25% C, 25% B/C 11.50
13 86% B, 14% C 12.01 73% B, 27%C 14.30 50% B, 50% C 11.07
45% B, 40% C, 5% 38% B, 35% C/Y, 7% B/C,
14 16.52 17.08 55% B, 35% C, 10% B/C 13.94
CIY T%YIZ, 7% Y
Scribe Creep (mm) Cyclic Scribe Creep (mm) Immersion
20 0.40
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Figure 10. Scribe creep after accelerated aging, (a) cyclic, (b) immersion, plotted as a function of scribe creep after field exposure (60)
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Figure 11: (a) Pull-off adhesion strength of the coatings for the submerged zone before and after laboratory aging and field exposure. (b) Loss of
adhesion of the coating systems after aging and field exposure (60)
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Figure 12: (a) Scribe creep of the submerged zone coating systems after accelerated aging and field testing. (b) Scribe creep after accelerated aging
plotted as a function of scribe creep after field exposure. (60)
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Table 12: List of composites and their performances against solid particle erosion.

Impinging angle (°) | Impinging velocity (ms™) Outcome of the study

Epoxy resin reinforced with
bagasse fiber in 3 different
concentrations Filler
concentration: 10, 15, and
20wt.%

Silica sand 30, 45, 60, 90

Epoxy resin reinforced with
bi-directional glass fiber and
blast furnace slag particulates Alumina
Filler concentration: 10, 20,

and 30wt.%

30, 45, 60, 90

Maximum erosion occurred at
90° impinging angle which 97)
exhibited brittle behavior

48, 70, 82, 109

10wt.% filler content was
found to be optimum for (99)
erosion resistance

32, 40, 48, 56

Bamboo mat-glass-epoxy
hybrid composites filled with
TiO; and ZrO, Filler
concentration: 3, 6, and 9wt.%

Silica sand 30, 45, 60, 90

Carbon black-reinforced
epoxy
Filler concentration: 1, 3, and
5wt.%

Silica sand 30, 45, 60

GBBG laminate composite
48, 82 with 6wt.% ZrO, showed (101)
improved erosion resistance

With increasing filler content
109 erosion behavior changed (103)
from ductile to semi ductile

Nanoclay-reinforced glass
fiber epoxy composite Filler Alumina
concentration: 1 and 3wt.%

30, 60, 90
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Nanoclay addition decreased
23,34 the erosion resistance (105)
properties of composites
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