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This study assessed the enhancement of cavitation erosion resistance in gray cast iron, a common material
used for marine diesel engine cylinder liners, through the application of electroless nickel plating (ENP).
EDS and XRD analyses revealed that the ENP coating contained approximately 6.4 wt% phosphorus and
displayed broadened Ni diffraction peaks, suggesting an amorphous or microcrystalline structure. Cavita-
tion erosion tests were performed following ASTM G32 standards using an ultrasonic vibratory apparatus
set to an amplitude of 50 pm. The gray cast iron substrate exhibited a rapid increase in cumulative weight
loss with exposure time, reaching about 1.2 mg after 90 minutes, along with a significant rise in surface
roughness and maximum damage depth. In contrast, the ENP-coated specimen showed a much slower rate
of material loss, with cumulative weight loss limited to approximately 0.4 mg even after 240 minutes.
Three-dimensional surface profiling further confirmed that the ENP coating effectively inhibited the
growth and coalescence of erosion pits, resulting in lower surface roughness and shallower damage depth
compared to the substrate. These findings indicate that ENP is an effective surface treatment for improv-
ing the cavitation erosion resistance and durability of marine diesel engine cylinder liners in coolant envi-
ronments.
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Table 1. Electroless bath composition and operating condition

Bath composition

Operating condition

Nickel sulphate (g/L) 30 pH of solution 52
Sodium hypophosphite (g/L) 30 Deposition time (h) 1
Lactic acid (g/L) 9 Deposition temp. (C) 90=+1
Acetic acid (g/L) 30 Bath volume (mL) 500
Lead nitrate (mg/L) 2 Stirring rate (rpm) 200
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Fig. 1. Schematic diagram of cavitation erosion experiment

CORROSION SCIENCE AND TECHNOLOGY Vol.25 No.1, 2026

ZsAket AlEH 7] ARl 0.5 mmE sl 54
;].Oﬂg]. 7Hu]gﬂo]/q 721/\1 /\184 }\]7]-9_ }\]?'ﬂﬁ:] E\Eoﬂ 7‘9{
ﬂ ].7]] JJrzLQ‘— A]xﬁ;}z] Z2=3) 0}9\3\1:}' =3
174011*1 33 Wk gErgl o, FA|
I ks AbEste] Al AlE
00}71 A8 AE AE AIPELS SHRTE
250k Al $60°Ce] 7] 24413 B]E A%
ANATH FA 542 AFAES Ax7]olM Aol 307
B giAlAOE Ul Basto] WZEAIZ] § AdofA]
10*g S97HA S48t

>
é

f
Oz
O

>,
oot
N
N

%J

CrE oY i > o
b
ot
t (B rlo

1
kY

_11}1'

24 AEH SN 24

Aulelold A AF AHHEe] B P FAR
A& A (JEOL, JSM-7100F) .2 #231itt. AlglH 9
e AAZIRYS Hel £4200) 3D B4 delr
(Nextec, Nextop-3D)= ©]-23F] 1260 x 1260 um 7]
AAS FYsISlaL, 704 ol ASete] 1 Hiaks
ARSI s YA B 5] A Eu
=727](QN-5500C-F3, Qnix)Z AHE3lo] 103] o] =
Hatol 1 Bgks ARG TN UA =T 3
o] Q) e A flal AAEETFARIARAY
ZJ(JEOL, JSM-7100F)e]l &2t ofy#] 4k XAl +
A (energy dispersive X-ray spectrometer system, EDS)
= olgato] 33Y ASeto] 1 Fddke AEelth
T YA S 5o 732+ Cu Ka X-ray source
(L=1.54056 A)E ©]€-gt X-ray diffraction (XRD)E &
8l #2152 th(Rigaku Corporation, Smartlab).

ke

—_

3.1 0/M=%]

Fig. 2& 3|53 ®2Ag} 733 U2 T=H(ENP) 28
Algde] i v AS Ferdu) o st 4
= Uehd Zlojth. 353 BAolAE B SA(flake
graphite)°] 71452} vjell ZdstA s, o2 @

SN 9 B4 oFF A8 A 39 ATs i

T U FoRtE A-83THFig. 2a). W, ENP =55

55



IL-CHO PARK, WOOSEOK JEON, AND MIN-SU HAN

T2 Aol dEEE 5 wEo] AL Bl
A gAR 5 25 YAk Aoz SRIESITH(Fig.
2b). ThE ENP = Mg & BAlel =g A 591
o] JEFoR ke T BH Aol FEAHoR A A
o AR A 9 T B miAlRAe] e A
°% Joheth A A7 difel] wEM JgSA F
oM 71X 24 o] ARk Al(galvanic cell) F4d

of o3l ENP £58] 52 £57} A o® F7lsto]
=59 gAog BEHAY [30]. o) 7N Z2F ol vt
et F= g3l WRow AR WAt »ﬂ*&—i—?ﬂgi
olFat Ni ghel 9l 27] 3 gAJo] Aol ¢
Ao ZPu]7] wito|r}h. o]F Nigl A7]|Fu] vk TJr
AEE Zape A Aol oJal] HAEA Qe whE
2 7150 A&E o éﬂ PFEA7A] ebds] Ee
A Fek oA WHE B 5] Bt k= 16.5 um
2 AZHQet. w3k EDS ¥4 A3, 5 =9] Q(P)
SEEo ok 64 wt%E SAE o, o)== A2l Ni-
P 7|4t s YA S5 24 Hell st
Fig. 32 ENP =259 XRD 4] A¥5 yehd A
olt}. 34 sEIA Ni(111) & F=17 W dez
e, o= =53] Bdd e v 234
(amorphous/microcrystalline) T-3% 2t 545 e
t} [31,32]. YRFH 07 Ni-P E552 P ghekol uhe}
A7gAdo] Matehs Z o HuEw, B At 73
B P =H6.4 wi%)¥} Fig. 32 gatd 713 42 v
WA e AYAL Zhe =959 Y43 A £
AUTH [33]. ENP = 52 P & T7bel wet A4
| Wl:drﬂﬂ%, e %%ﬂ* o} Zo] P gFo] °F 6%
Q1 A v A AelA v 2= Holsh= 1]

10

_4

J

o

56

: - Flake
8 — graphlte

3
50m
| —

e Nij

Intensity, c.p.s

20 30 40 50 60 70 80
2theta, deg.

Fig. 3. XRD analysis of ENP coating

Az Weks LRtk (34). ol Pk Ni 7ke]
s akgst Gk 27) Aol uke Ak 9%
17].3].01 5]}_;@ o= u];ﬂ;ﬂ /\L sgxé% %53]_7] Lq}
o}, olelat el M EHl A% oA] ol A

Sk oo O

2 By, ol AYY vAlsh, 184 s 9
b 7y BekAow Ag-st s Asl) el
B2 A St} [35]. oleld 24 54 27
W Agke] s ¢slelar, F4 oA deS
A7 E o ® AnlElold &4 Al dEEE
A 7Fs7de] Stk
3.2 7HuIEo[ EA HS

Fig. 4= 7ijelo]Ad 2 A3 Algbe)| wE w4 F
Al o (weight loss)ys Hlw ek Aot} g4 24|

CORROSION SCIENCE AND TECHNOLOGY Vol.25 No.1, 2026



CAVITATION EROSION CHARACTERISTICS OF ELECTROLESS NICKEL-PLATED MARINE DIESEL ENGINE CYLINDER LINER

(Substrate)2] 73-¢- A3 AJgto] F7fghel wet A 7+
227} w2 77}6 22, 90 min TFOlA °F 1.2 mg
T Edo] ¥EEY o= 7] EF ol & H

1'5 T T T T T T T T T
—n— Substrate
12k ;F —a— ENP coating ]
(2]
€ 09} .
")
7]
o
- 06 i
<
2
2 1
2 o3} i
A1 1
A-4 A A
0.0 |- ]
1 1 1 1 1 1 1 1 1

0 30 60 90 120 150 180 210 240 270
Cavitation erosion experiment, min

Fig. 4. Weight loss with cavitation erosion experiment time

o] w=A FFEEA JAEo] 543 Tk Ze
2 s|A ¥t} 9bA ENP =5 ASA(ENP coating)> 59
N A s S/ Ao ® et o
E}yom| 240 min AN E oF 04 mg A% F=O
2 A A=A 5, ENP = 24 A] 7] go]A
21 2A oin] dAe FA &2 A7 gt g
JuH, =uo] 27] 4 A 9 A E4 28 o
Aol 7]ojeh= Aoz et}

Fig. 5% 7inlglold 2 A3 % 3D
xd zEs] Ans ‘/]’E}ﬂ‘:]’. 354

oM Ed k] AR
e tre] 5 A% —?—501
Zgol FRlfn. ol= 7% &
Gahar JEpiy7t B9 L, o5 ¥ el
ol oJalf £4do] 343] XE A=z l'é— ? UTH.
H ENP £ A#(240 min)Q] A-¢ W &S =
Aoz Ay, X2 oA = z10]
WA ket AES W) o] ENP =a%o] 7iH]

=
rg
oftt
o
i)

td

ZH(90 min)

ft’
ot
X
o
Mo
H
° o
R
“

O{N' (L
oo
)
N
rl
o o
1>

L
[
1o
jj

Class 3D analysis Surface profile
|-
| =
Substrate | %
=
(90min) 3
= 0 100 200 300 400 500 600
Length, pm
f 80
£
ENP L &l '
) | §r i
coating < 20)
. 20
(240min) =0 100 200 300 400 500 600
oy Length, pm

Fig. 5. 3D analysis and surface profile after the cavitation erosion experiment.

60 T T T T T T T T

~—~
o
N

—a— Substrate

50 |- /T —A— ENP coating ]
40| o S
20 ';/‘ 1
10 fot .

o L= 1 1 1 1 I 1 1 L
0 30 60 90 120 150 180 210 240 270

Max. damage depth, um

Cavitation erosion experiment, min

(b) 4 T T T T T T T T
—=m— Substrate
Il —aA— ENP coating
€5} ;
"3
7]
(V]
c
= i
22r ]
e
° :
S ’
£ -
3 o
Lo, 1
Py
o 1 1 1 1 1 1 L 1

0 30 60 90 120 150 180 210 240 270
Cavitation erosion experiment, min

Fig. 6. 3D analysis results with cavitation erosion experiment time; (a) maximum damage depth and (b) surface roughness.

CORROSION SCIENCE AND TECHNOLOGY Vol.25 No.1, 2026

57



IL-CHO PARK, WOOSEOK JEON, AND MIN-SU HAN

Hold 2o sl dd AR e =5 &4 FeE X
AHES Fest, &4 g 55 A= 9
< TS it

Fig. 6= 7NnJEjo]d 2] A3 Altel] WE (a) FH Ul
£ Z]o](maximum damage depth) 2! (b) ¥ 27|
(surface roughness) H3}E 2] 02 Yepd Aijojrt,
3|54 2Ale] Aol =4 Zol= 90 minollA ¢F 50 um
T §A438] T7FeRE WP, ENP 552 240 min
7HA] RS Hsilsols o &4 2lo]7} oF 40 um
Fo] M2 Zlog FlPth(Fig. 6a). 3 W
A7) A BAE &4 AIRE St ot wEA] S
7Fske] 90 minoll A ©F 3 um ©)’E WERAA|RE, ENP
Eass A AdteA Adddor v SUHES B
o™ 240 minolM % 1 um 02 A EhFig. 6b).

olgfst A= ENP Ta5ol FlnlHold &4 2
oAl e A% vy x-S Alskal, 4ol X
qEvete &4 2719 g ARE Alsgtows 1
W &3 AR ZEF g, Hd 2o, ARVHE Felst
A FaA7 = Aoz d4E 4= Qi

3.37HH[E|0]M &lA] =4 7| =4 HE) 2 ofy| 7|
IE

Fig. 7 7iv]Elo]Ad 2 & AlH 3WHE SEMO®
H2sk Ao}, 3153 BA(Fig. Ta)elAds T ot
Fo] dd3} vk EFo] AAE, &0 BALH o
2 FFE= gUE Bt ol 35A o] A4t
S<do] AfulElold F4 dte e Al S8 AsdoR
71sste] wAl g o] A gl AukE Fxlshks 5499
Ay} 53] S et g8 FAR FE= 74
5 =5 ek fdstar, sl A5l AujEolA
BH7F AsEE Ao w o] 7EE & qlok wE
W, ENP = AlH(Fig. 7b)olA= AtE oz mjitst

elo] A5l Qdeto] WAl BaAw, e FA
o= wpE A% FAlow AR L et
srj olul el EEFeln wel Ei vk Pe
Ego] Q% PATY, BAS vl W £ WA g

S grHow olAle S melth ofi= ENP

ol

o] 3549 511 weFe Apdsta, AH]EHelA
A om HRLEAr)A Ayl Bk

[¢]
2]
PerA w2 718 @48 A 7= 5z &

—_

2 Y ol b 7
N

1> oo N sl
d

o} o= A3 AT AFeM T FAFSE AfulE o)A
&% ool gRld vk Qlrk [36]. AF AFellA
ENP T3 59 P gFfo] 537 wi%o]al, vl 2 b4
A 53 248 /M o A4 =7] wHske] sl
of oa W AErt =A veR AulEe]lA A A
g7do]l A YTt olw] ENP =5 52| e
ol HA E4 AR AA GYGelA FE A,
%, 29 Y, AR g £o® My uA %
W o] 5438 Trkehs SR A E I
HEo], 3|39 Aujgold Ha &4 7|95 HE
sHAl AR $138l AinlEleld 2]l AFAIZE Ao
2 3d S SEMO R #Esle] Fig 8ol A|AlEH

x2

2 g 7)ol BA 4ol =

2
=
Jor I o>
1£o
2o
1

t}. A
=9 HAF B9do] RRA o7 1HE Q) O v (Fig. 8a), A
YAzko] Aglel| whet AujEHolA A SJE) wF
H a3 54

o] FRA o R AAF L FAle A =
Lol A= T (crack) £4F0] Al 2 A E
2+ HSITHFig. 8bc). O1F FE A FAE @
AAE ] VA E(grooveys AAsIG o, m18 &AF
& oS ggstel 7k Agel il A

AAF o] A o] WA EE o] Bl I Th(Fig.
8d). 9171°l VA &2 §#o] AT H = A (notch)
2 Zgsto] Aol FAEYE AT 2 7HEE

[
=
7= 2 29 F shiold, 1 A% Fig. Tash ol

Fig. 7. Surface damage observation images after cavitation erosion experiment using SEM; (a) Substrate and (b) ENP coating.

58

CORROSION SCIENCE AND TECHNOLOGY Vol.25 No.1, 2026



CAVITATION EROSION CHARACTERISTICS OF ELECTROLESS NICKEL-PLATED MARINE DIESEL ENGINE CYLINDER LINER

Fig. 8. Cavitation erosion mechanism on the surface of the gray cast iron; (a) cavitation erosion experiment during S sec, (b)-
(c) cavitation erosion experiment during 1 min, and (d) cavitation erosion experiment during 5 min
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