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Effects of Resin and Pigment on the Cavitation Erosion Resistance of

Marine Coating Materials

SangKi Chi

Department of Industrial Chemistry, The Graduated School, Pukyong

National University

Abstract

Cavitation erosion tests were conducted to evaluate the cavitation erosion
resistance of five coating materials: epoxy clear coat, commercial epoxy resin
based coating, glass—flake-reinforced epoxy coating, polyurethane resin based
coating, and silicone resin based coating. Also, three kinds of pigments including
glass flake, titanium dioxide and iron oxide were incorporated to the urethane
resin based coating and their effects of these resins and pigments on cavitation
erosion resistance were investigated. The relationships between cavitation erosion
resistance and the mechanical and thermal properties were studied. Eroded
surfaces were observed using scanning electron microscopy and 3D confocal
microscopy. We found that the cavitation erosion resistance was greater in
coating materials with better ductile and tough properties than in coating
materials with higher strength or hardness. Thermal stability was also a very
important factor that determined cavitation erosion resistance. In addition,
cavitation erosion resistance was decreased with increase of glass flake and

titanium dioxide contents, on the other hands, cavitation erosion resistance was

_IX_



slightly increased with increase of iron oxide contents.
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Fig. 1.1. Cavitation generation and explosion.
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Fig. 1.2. Erosion rate changes by cavitation erosion test [3].
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Fig. 1.3. The photographs of cavitation erosion for propeller and rudder of

ship.
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Fig. 1.4. Various types of cavitation according to the position

propeller[6].
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Fig.1.5. The various types of cavitation at propeller; (a) Tip vortex
cavitation, (b) Sheet and cloud cavitation and (c) Hub vortex

cavitation [7].
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221 VA=
WoQATel A RAGEN Fokl A AwA oz A gt F
7ol 48 = olgstel AHlA AFYS AWsAch 4 =xd

SA4 2 obd Table 2.13% .

Table 2.1 Coating materials for cavitation test

Resin Type Feature Symbol Manufacturer
Epoxy Clear Coating EC Kukdo Chemical
Bisphenol—A Epoxy Anti—Abrasion Coating EP Akzonobel
Glass—flake reinforced EGP Akzonobel
Silicone Resin Silicone Elastomer SP Akzonobel
Urethane Resin Urethane Elastomer UP Noroo Paint

ECYE clear varnish A ] ol ZA] T8 2 o Z A 42 £ or=1r}

tE HHEel gl £5% ABAFA ERolv EPE AW 4§ o %A
=

O

o
1t
Ak
r
-

A () =s2A Addre] o) 2 2t (Rudder)ol A&+
&

= W2 (Anti-Fouling) ¥ AHE o] A WA
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UPe] 4% A%+= MDI-1 (Methylene Diisocyanate, Carbodiimide,
Eq wt. 143)% MDI-2 (Methylene Diisocyanate mixed Eq wt. 125) <#]
5 419 v&=2 T3 X2 PCD (Poly-Carbonate Diol, A& 2,000)

FAE FAR

=)
f

ZA3t4E PCL (Polycrprolactane tetramethylene
glycolether polyol, #AF=F 2000, 2¥57])2 &3] A 2Fsk A e o)A

WA ERE FAOlTHIEL ol 2ol AR tE 2HS = Tl A
o Mg ERE AHgStel AMHIA TtEAES ST

B Aol EA A AlHol AVIZF Ao kFo] Hojof sy Uk g
27 (Carbon steel)S AF8E A T gk FAo] dhajog A
of gaS w A F7} vt wEbA oA H o] LAFA] e A

o1 9 ~ 7} (Stainless Stee)S AHHolA wpREA|FS] AAAEE ALY

o
2

om £ARWY FHE dubHoR AN AN ALEEHE = TR
Airless sprayE Atg&3sto] Az=9 7% 500me] FAZ =4S s & A
ZA 7= A o2 AAS ARSI A AJHAYE 2 A A

g} 2om Fig. 210 Jehioch

rlo
o
o

1) Dimension : 40 X 40 X 5 mm
2) Coating application method : Airless spray
3) Coating thickness : 500 gm

4) Curing condition : 7 Days at 25 C
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Fig. 2.2 Cavitation test apparatus.
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Horn size; 159 + 0.05 mm
Frequency; 20 + 0.5 kHz
Amplitude; 50 + 5 %

+

Specimen gap between horn tip; 50 pm

Water temperature; 25 + 2 C
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|9 A3} Fig. 239 240] JeER

Fig. 2.3 Schematic diagram of Cavitation test method

(modified ASTM G32).
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UTRASONIC CLEANING OF TEST SPECIMEN

(ordinary temperature, 10 minutes)

REMOWE WATER
(using compressed air of low pressura)

DRYING TEST SPECIMEN
(keep in oven, 60:2'C, about 24 howrs)

KEEP IN VACUUM DESICCATOR
{-04bar, erdinary temperature, about 1 hour)

MEASURE SPECIMEN WEIGHT
{ordinary temperature, below RH 60%)

CAVITATION EROSION RESISTANT TEST
(exposure time 30 minutes, apply cavity)

Fig. 2.4 Cavitation erosion test procedure.
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T FA #2awE Table 229 o] 54
o A ARl die) muhe] WA nFE w3 @S vrolA mhR
b E FE viE SA4ste] Abedth i 50 o] zlol®E mREAS
o] AIZHS FAEA L AFhe] mE A AT Table 229 #Zo] =
© =] viR == opg] Ao o

5]
AlxbsE] o] Fig. 259 o] ez el

CMDE k& offjo] &

o

AM
pxA

MDE =
« Am o weight loss (g)

¥ p : density of test material (g/m’)
¥ A Area of Hom tip {ur)

Table 2.2 Weight loss calculation with time by cavitation erosion test.

Exposure A Weight loss
&

= M,
30min My Amy(M-M,)
60min My AMy(M-M,)
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30 fil ] “oa A

Exposure time (min)

v time to CMDE 50um
¥ tsy = X' on the right graph
v relative comparison of erosion resistant

performance

Fig. 25 CMDE determination by time of cavitation erosion test.
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224 ARAR ANAE B4 ¥

7t el JAA g3t AvEeld A ate] FARAE s
71 &l 2 Aol A A8 5359 A" AR s A A H(Tensile
tes) & AT xol wWE VAA B4 WIEs #Fs] 96

ZF AR 25 50, 75, 100 T gl AR S s JFTE

A2 ofefel om Fig. 260 1A A Al 2 AJHe d4ds yE

W AT

e Equipment model : INSTRON 3367 (INSTRON, UK)

Elongation measurement : Video Extensometer

Test temperature : 25, 50, 75, 100C

Cross—head speed : 3mm/min
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(a)

:DI i
318 t=0.7
(b)

Fig. 2.6 Tensile test machine (a) and test specimen (b).
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2 2gd ded e T8 €4 7ed AdEolAd viREAd e 5S4 &

A3t7] 98l Fig. 277 22 AAFAF EFADSC, Differtial Scanning
-

o
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ol
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4
X

Calorimetry) #2418 4
2 heating zone® A5 T tE2A AAste] EAS AAEATE AA

@ AR e obdlg 2k

e Equipment model : Q10 (TA, USA)

e Heating rate : 10 C/min

e Heating zone
- Epoxy base coating : 25 ~ 200 C
- Polyurethane base coating : —40 ~ 200 C
- Silicone base coating : -80 ~ 200 C

Fig. 2.7 The photograph of DSC (Differential Scanning Calorimetry).
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Scanning Electron Microscope) % Fig.

Confocal Microscope Observation) &4
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Fig. 2.8 The photograph of SEM (Scanning Electron Microscope).

Fig. 2.9 The photograph of CMO (Confocal Microscope Observation)
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Fig. 2.10 Surface condition of EC coating after 15 min. of cavitation

erosion test.

Fig. 2.11 Surface condition of EP coating after 15 min. of cavitation

erosion test.
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Fig. 2.12 Surface condition of EGP coating after 15 min. of cavitation

erosion test.

Fig. 2.13 Surface condition of SP coating after 185 min. of cavitation

erosion test.

_35_



Fig. 2.14 Surface condition of UP coating after 185 min of cavitation

erosion test.
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Fig. 2.15 Mean depth erosion of 5 coatings by cavitation erosion

test
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Fig. 2.17 The results of Young’s modulus in terms of temperature
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Fig. 2.18 The results of Elongation in terms of temperature
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SE| 20KV
SH(MateriallResearnch)

Fig. 2.20. SEM images of EC coating surface; (a) Before cavitation

erosion test, and (b) After 15min of cavitation erosion test.
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SE[  20kV x100 OO i | Me—
SHl(Material Research) .

10 Mar 2014

(b)
Fig. 2.21 SEM images of EP coating surface; (a) Before cavitation

erosion test, and (b) After 15min of cavitation erosion test.
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(a)

(b)

Fig. 2.22 SEM images of EGP coating surface; (a) Before cavitation

erosion test, and (b) After 15min of cavitation erosion test.
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(c)
Fig. 2.23 SEM images of SP coating surface; (a) Before cavitation
erosion test, (b) After 105 min of cavitation erosion test,

and (c) After 195 min of cavitation erosion test.
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SHI(Mater|al Research)

(c)
Fig. 2.24 SEM images of SP coating surface; (a) Before cavitation
erosion test, (b) After 135 min of cavitation erosion test,

and (c) After 395 min of cavitation erosion test.
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Fig. 2.25 Confocal images of coating surfaces after cavitation erosion

test; (a) EP, (b) EP, (c) EGP, (d) UP, and (e) SP coating
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3.1 A £

Anlelold FA0 o3 R HAaEsE A& Ak (Ceramic), &%
A5 (Composite) B &2 FZ® 5& o]&ste] B2 AG7F M= At
[1~4]. B2 ATl % EFsta AueEH ol A tFEe IPASE
o] Aol FAE Hola qom, I olfr T FWE mAF T334
Aztol AnjElo] el 9% Pit TS FXA7]7] wWiEoletal s 3l
o3l 28y o) EAHAE EF5t =8 E o|&% AuElolA WA
e AL AT7HEL A 538, AYdSs FEATIL =F 5 FHE
7hdol ashA g2 4L dxd =59 Y H VA B B o
A Elol A Aol dig =5rjwe A= tE AnHeld A Tls
of Hla] geiA oz nlgo] AHeta AEHHo] Aeste] Z+F 7779
AL AP Ak HZol= o3
Hde stiA niEA =FAETE A
A= Das[bl= thdFgt X (resin) ¢} A (filler) &l AH|Elo] A wlR
AddS a4 or FoEths AMS B skl Shaol6] &2 o &4
FAlol TiOo9k SiO; SFRE EdtstH =8 7[A4 =A4FS
T i Edteold (sliding)ol ok mR A wpEA S 7
B oh Qui long S[7] ALO; YAE olFA] FAo H7tsAd
Chen &[8]% Yi(nano)Z71¢] SiO, "M YAE AFE3stA Sahool <] 3|
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Table 3.1 Characteristics of each pigment for present study

. Product Specific Oil Particle
Material name gravity absorption | size (um) Manufacturer
Titanium | ~p _g96 40 18 0.2 TRONOX
Dioxide
Iron Oxide |y 409 A4 18 37 HMP
Red
Glass Flake | RCF-2300 P25 N/A 300~1700 NSG

* N/A : Not Applicable

1 Hindustan Mineral Products, < Nippon sheet Glss
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Table.3.2 Sample names in terms of pigment contents

Material Sample name Contents of the filler

UET 05 5 wt.%

Titanium Dioxide UET 25 25 wt.%
UET 75 75 wt.%

UEI 05 5 wt.%

Iron Oxide Red UEI 25 25 wt.%
UEI 75 75 wt.%

UEG 05 5 wt.%

Glass glake UEG 10 10 wt.%
UEG 15 15 wt.%
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Fig. 3.2 SEM image of Iron Oxide Red (x1000)
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Fig. 3.3 SEM image of Titanium Dioxide (X3000)
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Fig. 3.4 Chemical reaction of resin and hardener for urethane formation
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3.2.2 AnREH oA R AYFAE AlF AHA AF

2 A2 2o A AF3 vhe} o], 2H Q¥ 27 (Stainless Steel) <

Agega odur

Y

Jo 2 ZAMo|x Wo] A LEHE TA HFHQ
sprayS AF&sle] AxEY 7|5 500 me] FAR =S 3 & HAXAY

-0 = pul

ogdow e Adadth AAE A% ofd 2 Fig 359% 2t

1) Dimension : 40 X 40 X 5 mm

2) Coating application method : Airless spray
3) Coating thickness : 500 gm

4) Curing condition : 7 Days at 25 C

—

Stainless steel Coating

Fig. 3.5 The specimen preparation for coating samples
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e Horn size ; 159 = 0.05 mm
¢ Frequency ; 20 £ 0.5 kHz
e Amplitude ; 50 £ 5 %

-+

e Specimen gap between horn tip ; 50 um

e Water temperature ; 25 + 2 C
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Fig. 3.7 Schematic diagram of Cavitation test method
(modified ASTM G32)
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UTRASONIC CLEANING OF TEST SPECIMEN
[ordinary temparature, 10 minutes)

|

REMOVE WATER

(using compressed air of low pressure]

|

DRYING TEST SPECIMEN
(keep i oven, 60:2°C, about 24 hours)

!

KEEP IN VACUUM DESICCATOR
(-0 4bar, erdinary temperatuie, about 1 heui)

|

MEASURE SPECTMEM WEIGHT
{ardinary temperature, below RH 60%)

|

CAVITATION EROSIOMN RESISTAMT TEST
[exposure time 30 minutes. apply cavity)

Fig. 3.8 Cavitation erosion test procedure
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AM
MDE =

pxA

v Am @ weight loss (g)
v p : density of test material (g/or)
v" A : Area of Horn tip ()

Table 3.3 Weight loss calculation with time by cavitation erosion test.

Exposure o Weight loss
o

b M,
BUH'IIFI Ml ﬂma{Mﬂ'MJ
ﬁﬂ'min MI ﬂMh{M D-MIJ
X min ﬂlﬁ,_{_
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CMDE (zm)

30 0 ] LI X
Exposure time (min)

¥ time to CMDE 50um
¥ tg; = X' on the right graph
v relative comparison of erosion resistant

performance

Fig. 3.9 CMDE determination by time of cavitation erosion test.
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324 Eute] JAH BAH B4

24 mure] VIAA &4 AvlH el A eI FdudaAE gl

A8 AGA & (Tensile test)E FAsIATE 2k A|A

i
Hl

2
AANFE F3sAA  video extension meterE o] &sto] A o
elongations 743t A AP 272 ofgef Zom ALESE AlY

g = AlA e A4S Fig. 3100 YERATH

e Equipment model : INSTRON 3367 (INSTRON, UK)
¢ Elongation measurement : Video Extensometer
e Test temperature : 25 C

e Crosshead speed : 3 mm/min
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(a)

(b)

Fig. 3.10 Tensile test machine (a) and test specimen (b)
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%9 THAAEHE Fig. 3.112] SEM (Scanning Electron Microscope) 2

Fig. 3.12¢} & CMO (Confocal Microscope Observation) #2415 2 A&}
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r

Fig. 3.11 Photograph of SEM (Scanning Electron Microscope).

Fig. 3.12 Photograph of CMO (Confocal Microscope Observation).
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Fig. 3.13 Mean depth erosion of UEG coatings with different contents

of glass flake by cavitation erosion test.
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Fig. 3.14 Mean depth erosion of UET coatings with different contents

of TiO; by cavitation erosion test.
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Fig. 3.15 Mean depth erosion of UEI coatings with different contents of

Iron Oxide by cavitation erosion test.
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Fig. 3.16. The results of tensile strength in terms of pigment and

contents
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Fig. 3.17. The results of Young’'s modulus in terms of pigment and
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Fig. 3.18. The results of elongation in terms of pigment and contents
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SEl  20kV X100 100 m  —
SHI(Material Research) 16 Dec 2014

Fig. 3.19 SEM image of UEG-05 coating surface before cavitation

erosion test

SE| 20kV x100 100 (—
SHI(Material Reseaich) 16 Dec 2014

Fig. 3.20 SEM image of UEG-05 coating surface after 450min of

cavitation erosion test
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SEI  20kV x100 100 M —
SHI(Material Reseaich) 16 Dec 2014

Fig. 3.21 SEM image of UEG-10 coating surface before cavitation

erosion test

SEl  20kV x100 100 —
SHI(Material Research) 16 Dec 2014

Fig. 3.22 SEM image of UEG-10 coating surface after 450min of

cavitation erosion test
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SEl  20kV x100 100 M —
SHI(Material Research) 16 Dec 2014

Fig. 3.23 SEM image of UEG-15 coating surface before cavitation

erosion test

SEl  20kV X100 100 —
SHI(Material Research) 16 Dec 2014

Fig. 3.24 SEM image of UEG-15 coating surface after 450min of

cavitation erosion test
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SEl  20kV. z x100 100um
SHI(Material Research) 23 Oct 2014

Fig. 3.25 SEM image of UET-05 coating surface before cavitation

erosion test

SEl * 20KV x160 100 —
SHI(Matetlal Research) . 08 Dec 2014

Fig. 3.26 SEM image of UET-05 coating surface after 450min of

cavitation erosion test
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SEl  20kV 500um
SHI{Material Research) 23 Oct 2014

Fig. 3.27 SEM image of UET-25 coating surface before cavitation

erosion test

SEl  20kV x100 100y m —
SHI(Material Research) 08 Dec 2014

Fig. 3.28 SEM image of UET-25 coating surface after 450min of

cavitation erosion test
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SBF  20kV x100 100um
SHI(Material Research) ~ 22 Oct 2014

Fig. 3.29 SEM image of UET-75 coating surface before cavitation

erosion test

SEl  20kV - x100 100 —
SHI{Material Research) e 08 Dec 2014

Fig. 3.30 SEM image of UET-75 coating surface after 450min of

cavitation erosion test
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SEl 20kV %300 SO S—
SHI(Material Research) 30 Jul 2014

Fig. 3.31 SEM image of UEI-05 coating surface before cavitation

erosion test

SEl  20kV X100 TQOm  —
SHI(Material Research) 05 Dec 2014

Fig. 3.32 SEM image of UEI-05 coating surface after 450min of

cavitation erosion test
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SE[  20kV (300 SO|m =~ e—
SHl(Material Research) 30 Jul 2014

Fig. 3.33 SEM image of UEI-25 coating surface before cavitation

erosion test

.

SE|  y20kV S854 x100 100pm  —
SHl(Material Research) 18 Nov 2014

Fig. 3.34 SEM image of UEI-25 coating surface after 450min of

cavitation erosion test
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SEl  20kV. & X300 S0 e—
SHI(Material Research) 30 Jul 2014

Fig. 3.35 SEM image of UEI-75 coating surface before cavitation

erosion test

SEl  20kV X100 OOy — :
SHI(Materlal Research) 18 Nov 2014

Fig. 3.36 SEM image of UEI-75 coating surface after 450min of

cavitation erosion test
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(a) (b)

Fig. 3.37 Pores in coating inside; (a) Before cavitation erosion test, and

(b) After cavitation erosio test
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(c)

Fig. 3.38 The cavitation propagation process: (a) Unopened bubble

before cavitation test, (b) Opened surface bubble after

cavitation test, and (c) Additional erosion inside bubble
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Fig. 3.39 Surface condition of manually applied coating film

Fig. 3.40 Surface condition of spray applied coating film
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Fig. 3.41 Coating surface after cavitation erosion test applied by

plastering method

Fig. 3.42 Coating surface after cavitation erosion test applied by spray

method
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