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ABSTRACT: Under actual operating conditions of wind turbine blades, rain erosion causes extremely severe
damage to the coatings on wind turbine blades. Polytetrafluoroethylene (PTFE) is often used to enhance the wear
resistance, hydrophobicity, anti-icing, and anti-sand erosion properties of coatings. However, research on the impact
of PTFE on the rain erosion resistance of coatings is lacking. Therefore, this study investigates the impact of PTFE
on the wear resistance and rain erosion resistance of polyurethane (PU) protective coatings on wind turbine blades,
as well as the damage mechanisms of these coatings. This study prepared PU coatings with different PTFE contents,
tested the basic properties of the PU coatings. Additionally, the study explored the impact of varying amounts of
PTFE on the erosion resistance of PU coatings under two different erosion conditions using a high-speed liquid drop
erosion device. The study used a profilometer to characterize the macroscopic morphology of the coatings and
measure the volume loss. It employed scanning electron microscopy (SEM) to observe the microstructure of the
coatings, and combined with energy-dispersive X-ray spectroscopy (EDS) to analyze how PTFE influences the wear

resistance and rain erosion resistance of the coatings. The wear resistance tests showed that the coating's wear
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resistance improved with increasing PTFE content, with the best performance observed at a mass fraction of 5 wt.%.
The liquid drop erosion tests revealed that, compared to coatings without PTFE, coatings with 1-2 wt.% PTFE
exhibited little change in erosion resistance. However, coatings with 3-5 wt.% PTFE experienced a sharp decrease
in erosion resistance. SEM and EDS analysis indicated that fluorine (F) elements accumulated at specific locations
on the coating surface, leading to the formation of defects such as pinholes, peeling, and delamination pits. Moreover,
higher PTFE content in the coating correlated with an increased presence of surface defects.

KEY WORDS: PTFE, PU coating, Rain erosion resistance, Wear resistance, Fluorine aggregation
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H LR B R AR RE . SRR T % (HTPB) ([E 5 >99.9%), ~FIMEXT 2 T & 3000; XP
2406 53 /R [F) 3 FERER [E 1L 7 (IPDI), ~PIAHXS7>F s 15005 404 24EK Y, 25 um; PTFE k&ky,
2~3 um; LFRTEE, W4l UV 531 HAMEWRILH); BYK 410 Biyi%Eh5, BYK 163 JHIE 257, BYK
052 i35, Tego 4100 I “F-Bh).

1 AR PU REHPIEARRL 7, ASEIRIERE E R fH (n(-NCO):n(-OH)) A 1.2 : 1, BiHEtN
0.4; R4 PTFE WM&, 1% PTFE fEfZAIRENIIRESEN 0, 1%, 2%, 3%, 5%. ANF PTFE &
& PUR/ZLL PTFE 7RI ZH R B 0 BN R AR 48 S 4, 1 PU-1%R%)Z, 37~ PTFE =7 408 1%
f PUKRE: PU-0~2%I4E, 7~ A PTFE FESEM 0 813 2% PUIRE.
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Tab.1 Basic formulation of PU coating for wind turbine blades

Component Raw materials fra(I:\t/IiisnS 1%

1 HTPB 30
2 Titanium dioxide 23
3 Butyl acetate 10
4 UV absorber 1

Component A 5 Anti-settling agent 0.25
6 Wetting and dispersing agent 0.25
7 Defoamer 0.25
8 Levelling agent 0.25
9 PTFE 0~5

Component B 10 IPDI 30

R &R . K HTPB. AR T ERE AN T4, IFE 300~500 r/min 5% 431 5~10 min;
A FIINEK K. PTFE 5K, SRAMERIGR . BhiRl, F£7E 600~800 r/min #4358 K4 #L 45~60 min, Ut
IR 25 % IPDI BNEEA HA MRS Y, FHAE 600~800 r/min #4H /3-8 80~90 min, ## ik 30
min J513 B 5> PU IEL: Rl i BN 228 T A8 R g AT B iy AR B, i e i ) 45748 8~10 min,
RPRIRWERR S, BUHRIREI LA AT .

SEARMEREMNRFE S & WRECEE. VBT WM. Wbt WK T EREE I 0 AR I A
NE I, BEIEERE 80~120 um; P& MM BN, BILEEE 80~120 um. KHREHEET PTFE
BE AR, il h A0 i o

T B P 5 sk e U O ot o . SRR BB PRI B AN, AR B4R 100 mm, RIBERE 1
mm; PR PEAIE A A BN, RS 25 mm X 25 mm X 8 mm, EHEJEE 1 mm.

BT A S ITE SR AT T AL — ) JE AT PR RRAR I . B b ) % S AR o B 1 TR .
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Fig.1 Sample preparation and testing procedure
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Fig.2 Schematic diagram of high-speed droplet erosion device
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Fig 3 Three-dimensional actual shapes and corresponding erosion schematics of atomizing nozzle (a) and jet
nozzle (b)
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Tab.2 Requirements and test standards of basic performances of wind turbine blade coatings

Coating properties Requirement Test standard
Gloss (609/% <30 GB/T 1743
Pencil hardness =H GB/T 6739
Adhesion/level <1 GB/T 9286
Impact resistance/kg €m >50 GB/T 1732
Flexibility/mm <1 GB/T 1731

Wear resistance/

[(CS10,1000g/1000r)]mg <60 GB/T 1768
Elongation at break/% =10 I1ISO 157-2
Tensile strength/MPa / ISO 157-2

. No foaming, no wrinkling
Water resistance/7d Allowed slight discoloration GBI/T 4893.1
Acid resistance/ No foaming, no wrinkling
(0.05mol/L H2S04)7d Allowed slight discoloration GB/T 9274
Alkali resistance/ No foaming, no wrinkling GB/T 9274

(0.1mol/L NaOH)7d Allowed slight discoloration
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Fig.4 Macroscopic morphologies of PU coatings containing different contents of PTFE
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Tab.3 Performance test results of PU coatings with different contents of PTFE

PTFE content (%) Test
Coating properties 0 1 > 3 5 results

Gloss (609/% 215 22.3 22.8 235 24.2 qualified
Pencil hardness 4H 4H 4H 4H 4H qualified
Adhesion/level 0 0 0 0 0 qualified
Impact resistance/kg €m 100 100 90 90 85 qualified
Flexibility/mm 0.5 0.5 1 1 1 qualified
Wt TR N A
Elongation at break/% 20.7 21.3 22.5 24.8 27.2 qualified
Tensile strength/MPa 5.4 5.2 5.1 45 4.0 qualified

unchan unchan unchan unchan unchan  qualified

Water resistance/7d ged ged ged ged ged

Acid resistance/ unchan unchan unchan unchan unchan  qualified
(0.05mol/L H2S04)7d ged ged ged ged ged

Alkali resistance/ unchan unchan unchan unchan unchan  qualified
(0.2mol/L NaOH)7d ged ged ged ged ged

2.2 PTFE X} PU & /2T Bt 820
N T 5 R R PTFE & & XA E M BE VLR R m, B B R vk 3 5000 v, Ha5%841/ 5 fos. BE
Eikd PTFE W& &N, RERMBEMERES R R MGE, HAE PTFE & &1 PU &1L B sz
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Fig.5 Variations of mass losses of PU coatings containing different contents of PTFE with wear cycle

TR R EEVEAR O B A L B A 5T, — 5T, ARl PU IRIZIERE T, T PTFE 5 PU W fls
ZIAMFAERCR IR T REZ 5, 119 PTFE AWNIR RIRERE . HAiREH PTFE & EEU/DI, PTFE £ L)
BRI IR Z R, R RENEENERTT: % PTFE 58 /2% KN, PTFE EZLIRIERKIE
XA MERZERM, AAFRE DI B R IEIR B, 5 —J7 W, iR W2 S 0 18 0K 5 A B Fr ek
ANRITRZ AL T II BE 38N, RAF B SRR AR Y B 0 4 8 R TR 2 0] B 3R T A SRR T AR, FE o
GRS, AT SO U 2 AT B A2
2.3 A PTFE S &1 PURENMME RS54
2.3.1 AR PU BB EAM TR

6 JyANF] PTFE & &/ PU IRESZALM 0 2 h KRR AL, B IRZ T PTFE K& &N, )2
(RN PR REFEAIC . Forh, PU-O IREMIRZAATRIN 0.5 mm? iy, TP Efe i s PU-5%IR 2 I i 2844
BN 4 mm? A7, KZ14 PU-0IRIZER 8 £, M bk %

4r —o— None PTFE
—o— 1% PTFE
—o— 2% PTFE
—o— 3% PTFE
5% PTFE

Volume loss / mm3
N w
T T

[N
T

0OF

1 1
15 30 45 60 75 90 105 120
Time / min

Kl 6 AN[F PTFE & &1 PU IRJZTE 8.3 MPa Skt 2 h IR A8 4k,
Fig.6 Volume loss changes of PU coatings containing different contents of PTFE during atomization erosion at
8.3 MPafor2 h
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Fig.7 Surface morphologies of PU coatings containing different contents of PTFE after atomization erosion for

different test time
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Fig.8 Volume losses of PU coatings containing different contents of PTFE after atomization erosion for 30 min at

pipeline pressures of 8.3 MPa and 10.3 MPa
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Fig.9 Surface morphologies of PU coatings containing different contents of PTFE after atomization erosion for 30
min at pipeline pressures of 8.3 MPa and 10.3 MPa
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Fig.10 Volume loss variations of PU coatings containing different contents of PTFE during jet erosion for 30 min

at 6.9 MPa and 30° attack angle
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Fig.11 Surface morphologies of PU coatings containing different contents of PTFE after jet erosion at 6.9 MPa

and 30° attack angle for different time
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Fig.12 Surface morphology of PU-5% coating (a), and enlarged image of the marked region in Figl2(a) and
corresponding EDS analysis results (b)
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ARSI SN, ik 13 a frass FESHRhsEgs . ik 13(b fras, skEE/E iR 2 R i es /1
IR TR BRI R . AHAET BRI SRIe T, Wi 13 ¢ PR, SAIRRE 5 TR JE 3R R AR EESE I
PTFE #fi45 PU IRJ= &M FLBR S5 H RET A7t BE 1 R rh I BB i, RS 31— 8 DR EE RS, [R] I t m] DA
D TRIZF A = AR R IRORL,  PRUETRZ R ADGHT, T ERTHIR 2 iR BE 1

K13 ZAahidy Sty T B 03K T IR 2 RO A LA
Fig.13 Damage mechanisms of PU-PTFE coatings under the conditions of atomization erosion (a), jet erosion (b)

and wear test (c)



3.2 AF PTFE & & PU WREN SEM 5 EDS 447

#* 4 AN PTFE & &1 PU IRJZRIGHE i & o &= B0 A7 B, RSN PTFE BF, F (5N 05 W00 1%
A1 2% PTFE B, F A EECH 0.70%F1 1.92%, F7ERERE S EUKT PTFE fEREHF IS &1 3N 3%
A1 5% PTFE B}, F 1) (58 3.17%815.23%, FLEREM R80T PTFE Rk & =1, B,
FHERZNEES PTFE IS INEAFEZE . A, B2 R T PU-5%IRJEEIEFE i RERTBORAL 1) EDS,
F &80 823 % KT 5 %. Frll, BE#EET PTFE S&EMGIN, BERM F A& Wk, B
Hl AR IS AR, BRI Z 1Y PTFE EVF-2IIRZR

% 4 KA PTFE &2 PURZETHICR L
Tab.4 Chemical compositions of PU coatings with different contents of PTFE
PTFE content (%) C(wt%) O(wt%) Ti(wt%) F(wt%)  Other elements (wt%)

0 60.73 24.11 10.90 0 4.26
1 63.19 22.88 9.93 0.70 3.30
2 58.29 21.65 12.98 1.92 5.16
3 61.94 20.76 10.48 3.17 3.65
5 58.97 19.69 10.95 5.23 5.16

Kl 14 HANF PTFE & &1 PUIREEMEFE A SEM 5 C. O Tiv FIUMITHRMRE MRS, bEAE
IRJZH PTFE & BN, FAERZRME K A B a4 . K, PU-0 /21 EDS sy
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I T ERRBIR A, HAE F BIERAL, PU-2%RERE I TR PU-3%Y PU-5%iRZER
[ F FZELABIERIE A0, 76 F BIRAL, PU-S%IRERMEM I T RERGIE. KL, & FERE
RIMAR AL BB, RERM ARG 80, X2 S8 PTFE S 81E 0%-2%0N, HRE
AR i i Itk A 32 BRORFE A L i BE /Mg ST, 24 PTFE S8 KT 2%, 32 TR ph ik e SR AR 22
T 428 A e 1) S B T A

%l 14 A[F] PTFE & B 1) PU IRJZ 5464 7 19 SEM {85 EDS 70 2k
Fig.14 SEM images and EDS analysis results of original PU coatings with different contents of PTFE
3.3 NF PTFE & PUREKZLHH SEM 5 EDS
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Wa&. SEMEAUIREWY], BREAFZHMM2h)E, PU-0RZERIIMVIIRERE SR, (HAERSKZHTT,
RIZM PU MRS B IR T A ®MGT: 11 PU-1%~5%iRER I T K&K MY, HEEEREZES
PTFE & &R, HERMAMMBTHEEEE, ZEMG—Ho 2l T PU MR A RBEE, —
T BT o FERARAL TR BRI IE . EDS 855K, ZFAkpbih 2 h G, H1T F RLATE BUI sk
HPA B AR 1AL T RE F, 15 PU-1%~5%R 2 H 10 F AME LR NE S AR IR Z R, 1M A
BHCRE AT, JEHRAE PU-3%~5% P+ B35 . Bk, IRERIMMIGTEEIEZ 5 FRES M Kb
HRUESE 1[5 F SR AETE B 10 3 T e 2 B ALK e J2 PO T o e P8 E AL

&l 15 A A PTFE & &1 PU IR J2 S rh i 2h J5 R HE S S o & 70 A
Fig.15 SEM images and EDS element mappings of PU coatings with different contents of PTFE after atomization
erosion for 2 h
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