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ABSTRACT: This paper aims to study the erosion and corrosion behavior of steel in flowing artificial seawater and its
protection methods. Self-made scour test platformwas adopted, methods of scanning electron microscopy, electrochemical
impedance, electrochemical noise, maximum entropy transformation were used to analyze the erosion and corrosion behavior
characteristics of steel in flowing artificial seawater at various stages, and it was verified that the surface of the materialcoated
with a new oxygen coating method could improve the effectiveness of steel against erosion and corrosion by flowing artificial
seawater. The erosion corrosion behavior of steel in 2 m/s flowing artificial seawater for 30 days can be divided into three
stages: In the first stage, the metal began to undergo pitting corrosion and formed networked corrosion products, and the reaction

resistance continued to decrease to 400 Q, The electrochemical noise potential had a negative shift, the value of Sg was larger,
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the electrochemical corrosion rate was enhanced; In the second stage, the pitting corrosion rate was weakened, and granular

corrosion products began to appear, the reaction resistance was relatively stable at about 300 Q, and the electrochemical noise

potential had a positive shift. The value of Sg was small, and the rate of electrochemical corrosion remained relatively stable; In

the third stage, the corrosion products of the outer layer peeedl off, and the reaction resistance and the value of Sg fluctuated

greatly, and the erosion effect leaded to the rapid formation and separation of corrosion products. The total resistance of the steel

sample coated with an insulating coating was stable at about 6.0x10° Q, which was two orders of magnitude higher than the total

resistance 1.0x10* Q of the uncoated bare sample. The erosion corrosion behavior of steel in 2 m/s artificial seawater for 30 days

can be divided into three stages: accelerated corrosion-dynamic equilibrium-equilibrium destruction. The new epoxy coating has

good erosion corrosion resistance.
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Tab.1 Compositions of steel
wt.%

C Si  Mn P S Ni Cr Cu Ti Fe
0.12 0.79 1.01 0.016 0.007 0.67 0.64 0.42 0.005 Bal.
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Fig.1 SEM morphology of steel eroded in 2 m/s sea water

2.2 BUFMKSH

BAITE 2 m/s I Bl T 7K AN ) B ) B k) g
iy AR 2EBRPTIE R 2 BTk . ARYE Bode KM%
Nyquist EIFFAE AT AL, 8 AT 2 h 1 96~720 h h—4
A )5 0, AU R ) = EAE A, 4 )m A i —
JE A I JE ok e IR, S A SRR LA Ao e e 2
5 & 8RR Ha i, KA AR RN, o R
K, ARME 3a Fos S50 B TS, Hi
CPE1 MMEHLZS, Ro U HLBH , Ry MV TR HLFH . 6~ 24 h
PSS ) 55, T =y 2 T T SN,
FMFLARA/N, WA B R ZZ B, s 3 T %
BT R AN 3b s 1Y SE R B AT LA, Horp

CPE2 Jg SO NS THTHL Y, Ry A HRFLEH. o

BATE 2 m/s WS A phad R b, AR
FHETHE R Z-view BPFIF I 1 2558 L B AT 41
a, FHRE SR R R BER RIS L5, Anfe] 4
FiR e —MEOLT , T R FoRTE A JE DA A7
Aoy 2% 1ok LA T PR AT S T 2 RE O ME D) R, Ry
K, HRTFRS I R BOE DL EAT , Dl g o TE
IR F s ik SO BB T EEAME I . S 5P,
oS P ke 5 A < R R T AR AR, AR . A
I 8 P A e, LR SR T SR T, A Al
KAFHEEAN M AEW KT, SRR,
A e AU e 1 PR A A R o <R R A WP I
JE k7 MR RIS, ML AR R 45 £k SR ) I e )



$F50% £ 1

SLYUARAE - LR S SE T A R 1w gl JE ok A5 2 45 Bl 4 F 5

309 -

L —=—96h
60 —— 1441
50 —a—192h 20 +
—v—240h
40 F —<— 288 h
30t ——336h |~
= ——384h N
S 20} ) ——432h F 10t
10} ¢ ;
0F
-10 o Lo 1 .
-2 -1 0 1 2 3 4 5
lg(f/Hz) lg(7Hz)
600 —=—96h —<+— 288h —=—480h
—e 1441 —— 336h —e— 600k
400 —— 192h —— 384 h 200 F —— 624 h
& | e ——240h —=— 432h = —~672h
s 400 g g 720 h
g g g
=$ s00l =$ 200+ :[T] 100 "
,((;:
00 200 400 600 800 100012001300 0 200 400 600 800 1000 0 100 200 300 400 500 600
ZHE - em?) ZIQ - om?) ZHQ - em?)
a 0.5~24h b 96~432h c 480~720 h
K 2 ANFEIEFE BT B9 Bode [ElFl Nyquist [&]
Fig.2 Bode and Nyquist diagrams in different time
R, =R 2% L R N W, g
3 e I e B e SRR 55 5 o ) 5 SR, A2
L ﬁ Pl EPUBYEE (460~490 h), R. & LT, FW
] m 2 T PN 2 AR TSR S B 0 T e e W R, N A B —
2 b L SRR IAE ; TEE (5490 h), Ry 5220
I CEN /N, AHAR XS5 = Be e AR BB A, RSP Z 1A

Fig.3 Equivalent circuit

First stage

(N Second stage

G
< 800 .
= \, Fourth stage  ifth stage

600 | |

. | \-
I h |
400 Third stage \'\-I ' \?
200 II! : 1 1 1 1 : . 1 1 . 1
—-100 0 100 200 300 400 500 600 700 800

t/h
I R R e N E g e S R

Fig.4 Changes of Charge transfer resistance with time

AT oI AE , BT LA 4 I8 3R e — N JE Dl 2 R
Wik S R . NI 4 FTLAE L, Ry BY72E 1L
LA R 5 AN B : SE—Bh B (<12 h), R 2RI T %,
VLA 4R S KB, — T 4R &k 2R B Ak o
B 55 BBt (12~48h), R Gk FTF, 4 RE
T T AR TE B 1ok P 2, BELRSHV v i 485 RIS
ol (8T TiHR I 2 s 5 B (48~ 460 h),
Re W N, FBH R T e P 4 sl e i, ML S
PAVE 3G R, ARG = P R e % L (K P

JE 7 O HR T U e D %, I 1A TP o A R A
WL, ik AR o

2.3 HBUREFMRSS

AR T35 Z AL G ) S A A AR, LAl e 7
AREAG TOE . JO A0 T 50 7 B AR 2R 100 H A e A
A TR R BHAN Y 3 A ARG | A R G
B AT B A0 R A J —FIon) Jey B g Tl 17 19 25 th AR
PRSI B —Fh 54k . BNTE 2 m/s WK Hh s g ik 30 d
25 1] B B A7 M 7 B Fsf ) A AR fE i £ an 181 5 B . AT
ARSI 3 BB S—FrB (0~192h), BfiZE o
WM T, A EERE, M-0.545 V iR
-0.606 V, FH 4 & )52 2 )2 A AR A miab T
BiARRES, (H 5K, ER B FEHT, At
FRENE 5 ik, SRTHI TR & A AL s i S N, B
MY, )R A A AR g, R
SIFRAL TR . 58 B EBr (192~288 h), HLfii k4
E®, M-0.606 V IEFS 2 -0.565V, KU 4: )& flifbfE
FETE SRy FRAL T —A 5 P B SR R P OIS
TR W AR IR SGE , A JE ANETE U R B
JE, BEAS TV S AL i, Xt 24 8 i it 1) — 2
WMEVE . S = BB (>288 h), HLIFE-0.56 V [fiT
PREFR e 3, RN ZE = P C 2 R BUY AL,
A2 T b 7 ) AN BT B S W A, AR i — 1



- 310 - * wm #H R 2021 4 11 H
-0.54 | j oh 102 F
10h "
—0.56 |- < 10
48 h =104k
N
-0.58 |- 9%6h 72h =
2 168 h g 107
-0.60 | 120h =
(QI_J‘ 10 6 L
-0.62 |- 144h 107 E
—0.64 Lt I I 1 1 I 108 b L L L
0 100 200 300 400 500 600 10 103 102 107
t/s fHz
a 6~168h o .
~0.56 Bl 6 7 2 m/s KPR E kA PSD &

88 h
264 h
—0.58 312h
384 h

-0.59 216 h

-057

—0.60 [0

-0.61 192h

—0.63 [
—0.64 -

h

1 1 1 1 1
200 400 600 800 1000 1200
t/s
b 192~384 h

S

-0.55
—-0.56

-0.57 -

624h
576 h 676h 408h

—0.58 -

E/V

-0.59 -

—0.60 -

—-0.61 -

_0.62 1 1 1 1 1 1 1 1
0 300 600 900 1200 1500 1800 2100

tls
c 408~676 h

Bl s 2 m/s dgR il J ok i) H p e L Ao e P
Fig.5 Electrochemical potential noise of steel eroded in 2 m/s
sea water

T B AT Vs e P SR [ B 2 P e R, AL
o AR R S, 8 A X 2 0 A
BXAE 2 m/s MK LT JE 1 30 d PN AST]JE ok sk (i)
S L2 MR RO (BN ) 28 K254 ( MEM )
J5 155 (g T R 3 ( PSD ) [&13 WL 62°), AF 5% PSD
A 3 A EESHC AR M KT (w ), @A (k)
D B 5 AT A 8 43 FIVIER A A - 368 43 A 52 110 5 47 491 %
(fo o B —ff FHE— AN SO Rl 52 4 340 T 8 o 2 v 5
o WG L, ATRH S, = 2 Vk KRR
A2 50 A B, I 2 B i 2 L S LA
TR R, R Sp gk, WK 7 R, 1R

Fig.6 PSD spectrum of steel eroded in 2 m/s sea water

8.0F .

Se/(x10™)
&> o
[=] (=3

N
o

.’.hf ] .\.
0 100 200 300 400 500 600 700 800
Time/h

Bl 7 Sp ZHUE R ] 1) 25 L A

Fig.7 Changes of St parameter values with time

o
T

HI (0~48 h), MK, SefHER, RN
&R SV W EZ A, B RIE U M=, SR &
AETRIE ) R N s PRI S TS I (48~240 h), Sk
AR R, HEMER /N, R EBIERIIA
T, BT R R e O I ok e 2
SN s s R (>240h), SpfHAAER
KB sl, 2B pal VS 30T 8l 4 1) e
BRI ES

2.4 HREBEHBEIRKREEH BB ARG
iR

R TR AR T el JE v RE I —
Tl AU 2R R BF 5 U 2 o %ot 2 T A R AR B AR
JEWRIZ , I PR 0 B AR I 5 A\ K b i ik
VAT AR ol FU AV 8 4 2 R T4 7 0 )2 B0 A 4 T e
Tl JE5 Tl BE 7, BRI R A 2 A T e e R RE L SR
EIS £ AR M 2 T IR EWRZWIRAETE 2 nv/s T sh A i
KA RYJE AT (N 8 Fias ), 5 Bl
BEAT X HE AT -

WL 8 nT LA, W B R R 2 0 B9 Y JE Tl i
1, Nyquist BIfFERBRY S, HE2EFE
BRI B TR )2 B 4R Si0,, Si0, A REURE , iR =



$F50% £ 1

SLYUARAE - LR S SE T A R 1w gl JE ok A5 2 45 Bl 4 F 5 - 311 -

1g(fHz)

12 —a— 1h
—e—3h
—4&— 6h
—v—8h

I —<«—20h

—»—24h

oo

=Z"[(x10* Q - cm?)

0 5 10 15 20
Z/(x10* Q - cm?)

B8 R OREZE MK T oL 19 EXS G

Fig.8 EIS spectrum of coated samples eroded in sea water

B ZALE5H o oK i iR iR 7R 75 A 0 AR RS
TV, WAZE I 2 LB IR 2 o AR EIS 15 R R
KA 3b 7 B9 5535 B AT Z-view BAEXTE] 8 1Y)
EIS iEEHATHIE 38T, T HIE Ry Rew R X
T2, =38 2 R R B R R A 3 A g o st 5
BRI, 449 380 e FeL B 8 7 118 sz g 3 % o s ) £18) 22 A
KEFR, WE 9 iR,

1.4x10°
1.2x10° |
1.0x10° |
8.0x10° | ®
6.0x10° C

1.4x10%7
1.2x10°
1.0x10°
8.0x10?
6.0x10?
4.0x10?
2.0x10?
0

—m— Non-coated steel
\ —e— Coated steel

(R+Ro+R,)/Q

0 5 10 15 20 25
t/h

B9 2 FaRETE 2 my/s Pk il 5 ok BEL BB 5] 922 £

Fig.9 Changes of total resistance of 2 samples eroded in 2 m/s

sea water with time

HIPE 9 RYZER T LI, fEnihlET 2 h, S
KA BRI ERIRNAET, HK S EA%IRIE
AR S, T IR R RO IRK P, (2R = R RE
& NI KSR ZREIRAH MR, A A SR
AL RO, AR TR, 2 hm, SHMEESET
AR, R IR I A e 26 Gk U SR R (1 TR S 8 B AR X
RUERAS, BRIRERIER; CIRIZRE R
RGP, i R BRI . BRE S, 4
Gk R MBI RE BB IA B 6.0x10° Q, XS EIRZ
WREEIAFE R 1.0x10° Q, = 2 MRS, RAE
TEUELEUR A I BREAE 2 m/s YK i) R ol
/N T RR R Y YA Pl A XU T I T A 2R R
XERERE R AT, A9 2 A HTRRE 4 L AL
PERE IR S 5

3 #Hit

1) AAE 2 m/s Pl NI K 30 d 4 il J6g
POWSRAE AT LAY 3 BB : S—BrBe, GmITihk
A i, B T AR S 5 B T B,
b7y T AR ZE R T 0 Hh BRURE , T2 7 A e A AR
Yy, WIZIEYIB e, A5 s AR R 5 A
XRAE s BB, SMNZIE T YIRE, il
BOT T by Wy ) PR R

2) WTE 2 m/s WA AGE K 30 d e AT
RS ARIE AT LAGr 0 3 BB S — BB, B ALkH
BTN, RS R A R A RS, Se (HER
K 5 BB, SO H AR AR E B IME, Bk
W P B0, AR TE AR, Se (ELORFFAR XA AE , HLAEE /D
S =B B LR Se (EA AR BRI RS, bR
FHSECT b=y ) pRe s JORI

3) 1E 2 m/s BYNTEEK ]S it fE b, e
B TR B RN AR R, TR AR S 1 i AL
A1 RE 3 AT AL~ S T e ), B R R = BA
A TS of ) 8 Pl R

&% 3k

[1] IRFAN O M, OMAR H M. Influence of grain refinement
by ECAP on mechanical and erosion corrosion properties
of AISI 4130 steel: Experimental and prediction approach
[J]. Metallurgical and materials transactions A, 2019,
50(9): 4232-4244.

2] SELVAM K, AYYAGARI A, GREWAL H S, et al.
Enhancing the erosion-corrosion resistance of steel thro-
ugh friction stir processing[J]. Wear, 2017, 386-387: 129-
138.

[3] BURSTEIN G T, SASAKI K. Effect of impact angle on
the slurry erosion-corrosion of 304L stainless steel[J].
Wear, 2000, 240(1-2): 80-94.



+ 312 -

EN TR NN

2021 4E 11 H

(12]

[13]

ZHANG G A, XU L Y, CHENG Y F. Investigation of
erosion-corrosion of 3003 aluminum alloy in ethylene
glycol-water solution by impingement jet system[J].
Corrosion science, 2009, 51(2): 283-290.

TANG X, XU L Y, CHENG Y F. Electrochemical
corrosion behavior of X-65 steel in the simulated oil-sand
slurry. II: Synergism of erosion and corrosion[J]. Corro-
sion science, 2008, 50(5): 1469-1474.

NEVILLE A, REYES M, HODGKIESS T, et al. Mecha-
nisms of wear on a Co-base alloy in liquid-solid slur-
ries[J]. Wear, 2000, 238(2): 138-150.

NIU L, CHENG Y F. Synergistic effects of fluid flow and
sand particles on erosion-corrosion of aluminum in ethy-
lene glycol-water solutions[J]. Wear, 2008, 265(3-4): 367-
374.

NEVILLE A, REZA F, CHIOVELLI S, et al. Erosion-
corrosion behaviour of WC-based MMCs in liquid-solid
slurries[J]. Wear, 2005, 259(1-6): 181-195.

TIAN B R, CHENG Y F. Electrochemical corrosion
behavior of X-65 steel in the simulated oil sand slurry. I:
Effects of hydrodynamic condition[J]. Corrosion science,
2008, 50(3): 773-779.

JANA B D, STACK M M. Modelling impact angle effects
on erosion-corrosion of pure metals: Construction of
materials performance maps[J]. Wear, 2005, 259(1-6):
243-255.

NIU Lin, CHENG Y F. Electrochemical characterization
of metastable pitting of 3003 aluminum alloy in ethylene
glycol-water solution[J]. Journal of materials science,
2007, 42(20): 8613-8617.

FLORES J F, NEVILLE A, KAPUR N, et al. An
experimental study of the erosion-corrosion behavior of
plasma transferred arc MMCs[J]. Wear, 2009, 267(1-4):
213-222.

ZHANG Da-wei, ZHANG Xin-ping. Laser cladding of
stainless steel with Ni-Cr;C, and Ni-WC for improving
erosive-corrosive wear performance[J]. Surface and
coatings technology, 2005, 190(2-3): 212-217.

WL, J7EoR, BeE, 55 2GR E B10
G AR TR AT 0], RSB, 2019,
40(7): 479-484.

DAI Ming-cheng, WAN Xin-bin, JU Jian-feng, et al.

[15]

[20]

[21]

Corrosion behavior of B10 Cu-Ni alloy in seawater under
multi-field coupling condition[J]. Corrosion & protection,
2019, 40(7): 479-484.

YANG Q, ZHAO L R, PATNAIK P. Erosion performance,
corrosion characteristics and hydrophobicity of nanola-
yered and multilayered metal nitride coatings[J]. Surface
and coatings technology, 2019, 375: 763-772.

LUDWIG G A, MALFATTI C F, SCHROEDER R M,
WC10Co4Cr coatings deposited by HVOF on
martensitic stainless steel for use in hydraulic turbines:

et al.

Resistance to corrosion and slurry erosion[J]. Surface and
coatings technology, 2019, 377: 124918.
STACK M M, ABDELRAHMAN S M. A CFD model of
particle concentration effects on erosion-corrosion of Fe
in aqueous conditions[J]. Wear, 2011, 273(1): 38-42.
g, XVEHEE, XA, 5F SRSk Q23s
B AT R B ST (0] KRR, 2019, 48(9):
230-237.
PENG Wen-shan, LIU Xue-jian, LIU Shao-tong, et al.
Erosion-corrosion behavior of Q235 steel in flowing
seawater containing sand particles[J]. Surface technology,
2019, 48(9): 230-237.
Wite, BREGAN, BhEA, 5. JET FLUENT FIHjZe R0 2% it
I i 7K S el T e RS EL D). T ik S B A, 2019,
40(6): 436-440.
CHEN Yan, KANG Wei-jie, YAO Ming, et al. Prediction
model for erosion-corrosion of seawater bend based on
fluent and neural network[J]. Corrosion & protection,
2019, 40(6): 436-440.
TKRUTH, sk, R,
FH——LHAb A2 IR T5 1) 3 B S 2 T
2, 2001, 21(5): 310-320.
ZHANG lJian-qing, ZHANG Zhao, WANG Jian-ming,
et al. Analysis and application of electrochemical noose 1.

A e AbeE MR A 4 S
. P EE SR

Theory of electrochemical noise analysis[J]. Journal of
Chinese Society for Corrosion and Protection, 2001,
21(5): 310-320.

TEEE. ALE R BRI L2 F 5T [D].
BUM: W2, 2008.

SHI Yan-yan. The electrochemical studies of atmospheric
corrosion of typical metals[D]. Hangzhou: Zhejiang Uni-
versity, 2008.



