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ABSTRACT: The work aims to establish a life prediction model of organic coatings in the deep-sea pressure-velocity coupling
environment, and predict the lifetime of organic coating in this environment. First, a wet adhesion GM (1,1) model was estab-

lished according to the grey system theory and the results of wet adhesion change of the coating. Then based on the experimen-
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tal results in this environment, the diffusion model of the coating water transport was established. Finally, the grey relational

analysis method was used to calculate the weight factors of the two failure influencing aspects in the coating failure process and

establish the mathematical model of coating failure based on these two influencing aspects. After mathematical statistics verifi-

cation and experimental results comparison verification, the model had good accuracy and high reliability. The model can accu-

rately predict the lifetime of organic coatings in the deep-sea pressure-velocity coupling environment.

KEY WORDS: deep-sea pressure-velocity coupling environment; organic coating; grey system theory; wet adhesion; water

transport; lifetime prediction
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Fig.3 Surface macro-morphologies of coating/metal samples in dry state (a) and after serving for 24 h (b), 48 h (¢) and72 h (d) in
deep-sea pressure-velocity coupling environment
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Fig.4 Fracture macro-morphologies of coating/metal samples in dry state (a) and after serving for 24 h (b), 48 h (c¢) and72 h (d) in
deep-sea pressure-velocity coupling environment

B, W& 7205, WA G PR T AR
SRR AR, WREERERIR, RE/E
i B Al e R . K U W TRV TR ) I AR A ER
FAFIE T IR ERR A E TR, s T IRIE R
RO

Hi bR AL, FEGR IR R AR S I T
UR 2 A1 25 B 25 3 A P i) A i e e 2k Xl AR
—IRHE SR, HEWNRRE, AL
i SIAL B R ST O DL R I R A o X
2R B IRAVE IR AN W8, (5 e R8s T 200k J= 10
SMEBE TR T IRZ A IR, T
AR AT BR, PRI I T €0 28 G B R I ST TR R TR A
B 3 2R A DL B A R e A

R AT 25 58 BRAE 1R S SR ey Al a0 20T 45 I [
[, B IR Ks AT SRR i, H R ss e
B s ) P ) B B9 AL DR 3% 5 i a7 A R Bl
JiFE GM(n,m), n RO T RER R, m RS R
o Hob, GMLDEEAL, BRI — B K G0 J5
e, T HISERE R, ROk, Bk
BER, & H AR R K G

R JE RS I A g AR I I 1) A2 Ak B SRR 51 A
X0, XOBBN— R B INESNA -

X(l)(k) = Zk:X(O)(i) , (k=1,2,3,...,n) ()
i=1
5E S XVE T8 700

1
20, = 5[ XOu+x0 ], (k=23..m ()

WA T7 7 GM(1, 1) B/ — IR TN F 51 0 -

X Oy +az® =u “4)
XO B AL R A

)
%jL a X(l)(k) —u (5)
Hp, %0 a 1w vl i /D 3R IEI E -
[a,u]" =(B'B)"'B"Y, (6)

T
~ _[_m M o . _
. B_[—Z P A 4 vaL~»q ;

_[y©® (0) o 7"
Y, =[ X0 X 00 X |
WX (5), X(l)(k)TIE ¢ Bk 20 ) it h



- 68 - e S

2023 42 A

M _| o _u
Xp w>—[X’<n‘;

u
a
A p AR HEMAFELE S X
TE ¢ 20 B it

:| —a(k-1) 4+ — (k = 2,3,..., I’l) (7)

XD = {X@m—%}”“”a—&h (k=2.3,...n) (8)
T
t=T +N(k—1) 9)

e Bk, IHRARK (7) Alig
-1,
Xgo)(t)=[X(O)(1)_%} ( j(1 e’), t=4+N)(10)

Ao Ty MBS P B ARG B TE), BT LR ]S 0
N JEmfaIa)pg, B 12 h; a A1 u {ES510 0.149 3
16975 6, ELEHRWME 5 R, ATLIE L, A
(B SSE AT A 158001, B GM(1, 1) B AL REAE 1E 1
b Jsz W R TR R ) — U RS G R B T IR 2 A B ) B
LB ] A AR AL R

8

—=— The test value curve
- -® - The predicted value curve

Adhesive strength/MPa

1 1
0 20 40 60 80 100 120
Time/h
K5 B -G PR N IR S
GM(1, FEAL UL 75 25
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Tab.1 Relative error analysis between the GM(1,1) model and
the measured data of wet adhesion

Immersion Test Predict Relative
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Fig.6 Water absorption curves of coating in deep-sea pres-
sure-velocity coupling environment
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Tab.4 Correlation degree and weight factor of wet adhesion
and water absorption of coatings

Factor W, 0,
w; 0.8559 0.801 1
7 0.516 5 0.483 5

®5 ETREGXBKELAGEINTNESERES T
Tab.5 Analysis of predicted and actual values of models
based on grey relational theory

W,/MPa /% Test time/h Predict time/h
7.20 0 0 -5.12
5.21 0.676 12 14.12
5.02 1.123 24 21.37
4.36 1.436 36 33.20
3.25 1.653 48 51.70
3.10 1.792 60 59.90
2.44 1.840 72 72.76
2.12 1.994 96 97.20
1.54 2.001 120 112.48

3 #Hit

1) ZET IR -G I P IR - B R
JERRRASKE AR, M TIRAHEE J1H9 GM(1,1)
B AR BIAAXTRZE N 6.65%, V- H T i 22
N 8.05%, BEIEM ML S Ik H—JUE AR5 2B R IR)Z
T A5 B A 7 Bt i 9 I ) ) AR AR R, B R R ]
T

2) FET IR -G I P - bR
JZ B WK A6 25 SR A S R A I K Bl T 2 A R Y
RRORME AN SSIELAT 5 A3 800, RERS IRl M e W g —
UL AR AL U = WK 3R I Y N ] A 22 A R

3) BB M R R BRIE T T AR -
TER 5 PR 26 T TR R BORR SRR 5 7 AR K R IX 2
PRI P R AE TR 2 RO R B L, TS 157
A PR HAF PRI R 220 7.56%, P24 T i
2H 3.76%, ULHIIZBIRURS T RAF, WTEEMES, fE
Y 0000 Uk 2 A TRV T ) — I R A PR R A £

T o

SE -

[1] NIKRAVESH B, RAMEZANZADEH B, SARABI A A,
et al. Evaluation of the Corrosion Resistance of an
Epoxy-Polyamide Coating Containing Different Ratios of
Micaceous Iron Oxide/Al Pigments[J]. Corrosion Science,
2011, 53(4): 1592-1603.

[2]1 GANJAEE SARI M, SHAMSHIRI M,
RAMEZANZADEH B. Fabricating an Epoxy Composite

[10]

[11]

[12]

Coating with Enhanced Corrosion Resistance through
Impregnation of Functionalized Graphene Oxide-Co-
Montmorillonite Nanoplatelet[J]. Corrosion Science,
2017, 129: 38-53.

280, o PUAE, XA, S TR - SRR A B
URIZ I & S I PERERTFE )], b B b 5 Bl 44,
2021, 41(2): 161-168.

LUAN Hao, MENG Fan-di, LIU Li, et al. Preparation and
Anticorrosion Performance of M-Phenylenediamine-
Graphene Oxide/Organic Coating[J]. Journal of Chinese
Society for Corrosion and Protection, 2021, 41(2):
161-168.

DOBKOWSKI Z, RUDNIK E. Lifetime Prediction for
Polymers via the Temperature of Initial Decomposi-
tion[J]. Journal of Thermal Analysis, 1997, 48(6):
1393-1400.

DOBKOWSKI Z, RUDNIK E. Lifetime Prediction for
Polymers via the Temperature of Initial Decomposi-
tion—Part 2[J]. Journal of Thermal Analysis and Calo-
rimetry, 2002, 69(2): 693-697.

DOHERTY M, SYKES J M. A Quantitative Study of
Blister Growth on Lacquered Food Cans by Scanning
Acoustic Microscopy[J]. Corrosion Science, 2008,
50(10): 2755-2772.

MAITLAND C C, MAINE J E O. Factors Affecting the
Electrolytic Resistance of Polymer Films[J]. Official Di-
gest, 1962, 34(452): 972-991.

BIERWAGEN G, TALLMAN D, LI Jun-ping, et al. EIS
Studies of Coated Metals in Accelerated Exposure[J].
Progress in Organic Coatings, 2003, 46(2): 149-158.
NGUYEN V N, PERRIN F X, VERNET J L. Water Per-
meability of Organic/Inorganic Hybrid Coatings Prepared
by Sol-Gel Method: A Comparison between Gravimetric
and Capacitance Measurements and Evaluation of
Non-Fickian Sorption Models[J].
2005, 47(2): 397-412.
SHEVCHUK P, GALAPATS B, SHEVCHUK V.
Mathematical Modelling of Ageing and Lifetime Predic-

Corrosion Science,

tion of Lacquer-Paint Coatings in Sea Water[J]. Interna-
tional Journal of Engineering Science, 2000, 38(17):
1869-1894.

LIU Ying, WANG Jiang-wei, LIU Li, et al. Study of the
Failure Mechanism of an Epoxy Coating System under
High Hydrostatic Pressure[J]. Corrosion Science, 2013,
74: 59-70.

LIU Rui, LIU Li, MENG Fan-di, et al. Finite Element
Analysis of the Water Diffusion Behaviour in Pigmented
Epoxy Coatings under Alternating Hydrostatic Pres-
sure[J]. in Organic Coatings, 2018, 123:
168-175.

LIU Li, CUI Yu, LI Ying, et al. Failure Behavior of
Nano-SiO, Fillers Epoxy Coating under Hydrostatic
Pressure[J]. Electrochimica Acta, 2012, 62: 42-50.

TIAN Wen-liang, MENG Fan-di, LIU Li, et al. The Fail-

Progress



<72 .

2023 42 A

[15]

[16]

(18]

(21]

(22]

ure Behaviour of a Commercial Highly Pigmented Epoxy
Coating under Marine Alternating Hydrostatic Pres-
sure[J]. Progress in Organic Coatings, 2015, 82: 101-112.

LIU Rui, LIU Li, TIAN Wen-liang, et al. Finite Element
Analysis of Effect of Interfacial Bubbles on Performance
of Epoxy Coatings under Alternating Hydrostatic Pres-
sure[J]. Journal of Materials Science & Technology,
2021, 64: 233-240.

HRUE, BRI, A, S R SR I AT
AT SRR HLIR 2 IR AL [T]. b R b 5 By 4
2412, 2020, 40(2): 139-145

CAO Jing-yi, WANG Zhi-qiao, LI Liang, et al. Failure
Mechanism of Organic Coating with Modified Graphene
under Simulated Deep-Sea Alternating Hydrostatic Pres-
sure[J]. Journal of Chinese Society for Corrosion and
Protection, 2020, 40(2): 139-145.

FIISAR, BETE, XD, SF. DRI IR A PR PR
SE IR IR 2 R AT SR [T]. v L k5
274, 2022, 42(1): 39-50.

GAO Hao-dong, CUI Yu, LIU Li, et al. Influence of
Simulated Deep Sea Pressured-Flowing Seawater on
Failure Behavior of Epoxy Glass Flake Coating[J]. Jour-
nal of Chinese Society for Corrosion and Protection,
2022, 42(1): 39-50.

MENG Fan-di, LIU Li, LIU Er-hai, et al. Synergistic
Effects of Fluid Flow and Hydrostatic Pressure on the
Degradation of Epoxy Coating in the Simulated Deep-Sea
Environment[J]. Progress in Organic Coatings, 2021, 159:
106449.

DENG Ju-long. Control Problems of Grey Systems[J].
Systems & Control Letters, 1982, 1(5): 288-294.

QIAN Wu-yong, WANG Jue. An Improved Seasonal
GM(1, 1) Model Based on the HP Filter for Forecasting
Wind Power Generation in China[J]. Energy, 2020, 209:
118499.

ZHANG Lin, WEI Xiao-hui. Prediction of Variable Am-
plitude Fatigue Crack Growth Life Based on Modified
Grey Model[J]. Engineering Failure Analysis, 2022, 133:
105939.

WANG Zheng-xin, LI Qin, PEI Ling-ling. A Seasonal
GM(1, 1) Model for Forecasting the Electricity Consump-

[25]

[27]

[28]

[29]

tion of the Primary Economic Sectors[J]. Energy, 2018,
154: 522-534.
NKUBA C K, KIM S, DIETRICH S, et al. Riding the IoT
Wave with VFuzz: Discovering Security Flaws in Smart
Homes[J]. IEEE Access, 2021, 10: 1775-1789.
XIE Wen-bo, ZHENG Hua, LI Ming-yang, et al. Mem-
bership Function-Dependent Local Controller Design for
T-S Fuzzy Systems[J]. IEEE Transactions on Systems,
Man, and Cybernetics: Systems, 2022, 52(2): 814-821.
DU Jia-wei, WU Fang, YIN Ji-chong, et al. Polyline Sim-
plification Based on the Artificial Neural Network with
Constraints of Generalization Knowledge[J]. Cartography
and Geographic Information Science, 2022, 49(4):
313-337.
WKW, ARAS, XU, 5. B4 B DR 2= 2 f i
MT7 D). REZ R4 (A RRHARR), 2006, 26(5):
43-47.
GENG Gang-qiang, LIN Jie, LIU Lai-jun, et al. Life Pre-
diction System for Protective Coating of Steel Bridge[J].
Journal of Chang’an University (Natural Science Edition),
2006, 26(5): 43-47.
g K PN R0 B SRR OB B AR R B PR REBIF T
[D]. Kif: K#EGFH K, 2017.
LI Rui-chao. The Study on Cathodic Performance of Ep-
oxy Coatings with Different Components in Seawater[D].
Dalian: Dalian Maritime University, 2017.
JSp g, B, W, A BT IREME MK A L
W2 7 A WM W T[], A PR AR TR, 2011, 8(5):
62-65.
ZHOU Li-jian, MU Zhi-tao, XING Wei, et al. Study of
Service Life Prediction of Organic Coatings Based on
Grey Neural Network[J]. Equipment Environmental En-
gineering, 2011, 8(5): 62-65.
MENG Fan-di, LIU Ying, LIU Li, et al. Studies on
Mathematical Models of Wet Adhesion and Lifetime Pre-
diction of Organic Coating/Steel by Grey System The-
ory[J]. Materials (Basel, Switzerland), 2017, 10(7): 715.
VAN DER WEL G K, ADAN O C G. Moisture in Or-
ganic Coatings—A Review[J]. Progress in Organic Coat-
ings, 1999, 37(1/2): 1-14.

SIS XA



