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ABSTRACT: Waterborne epoxy coatings are one of the most popular environmentally friendly coatings, but their constituent
components are complex and their stability is poor. In order to further improve the protective performance of the coating, the
aging mechanism and failure process of waterborne epoxy coating were studied by simulating marine atmospheric environment
through laboratory cyclic acceleration test. The cyclic accelerated test of immersion-UV/condensation-hygrothermal aging was
designed to simulate the randomness of the natural environment. And the mixing method in the chemical formula problem was
used to design the test time of each single factor in the cyclic test. Firstly, determine the test time of 1 cycle as 144 h. Then, the
minimum test time of immersion, UV/condensation and hygrothermal aging test and their percentage in the total cycle time were
determined to be 24 h(17%), 12 h(8%) and 48 h(33%). Finally, the matrix table was obtained by mixing method and substituted
into the total cycle time for conversion to generate three groups of cyclic acceleration test environment spectrum under different
time combinations. Cut the carbon steel into a sample with a size of 50 mm x 50 mm x 2 mm, and cleaned after sandblasting (Sa 2.5).
The A and B components of the water-based epoxy coating were prepared according to the volume ratio of 1.35 : 1 and then
mixed with 10%~15% deionized water. After curing for 20~30 min, spray on the surface of the sample by air spraying. Apply
the W-101 gravity spray gun in the experiment. Scanning electron microscope (ZEISS EVO MA15) was used to observe the
micro morphology of the coating surface, and analyze the structure of the coating. by a Fourier infrared spectrometer
(TENSOR27) The electrochemical impedance spectroscopy was used to study the failure process of the coating, and the changes
in the protective performance of the coating were studied by combining data such as gloss, color difference, hardness and
adhesion. After the cyclic tests in three different environments, micropores and cracks appeared on the surface of the coating.
The damage of coating was the most serious in Environment 1 (immersion 24 h-UV/condensation/72 h-hygrothermal aging
48 h), and the hardness decreased from 118 to 78.5, with no obvious change in adhesion. After 6 cycles, the gloss loss reached
55.8%, and the color difference reached 26.21, showing severe gloss loss and color loss. After the cyclic test, the low-frequency
impedance decreased to 3.9x10° Q-cm®. The coating hardness in Environment 2(immersion 54 h-UV/condensation 12 h-
hygrothermal aging 78 h) and Environment 3 (immersion 54 h-UV/condensation 42 h-hygrothermal aging 48 h) did not change
significantly, and the adhesion of the coating first increased and then decreased. The degree of gloss loss and color loss of the
coating in Environment 3 was greater than that in environment 2, and the grades were obvious gloss loss (level 3) and severe
discoloration (level 5). After the test, the low-frequency impedance of the coatings in the two environments decreased to 2.7x
10> Q-cm®. The aging mechanism of waterborne epoxy coating was the synergistic effect of water degradation caused by
hydroxyl groups and photooxidation degradation caused by UV irradiation. The failure process was divided into three stages:
coating absorbing water, coating/metal matrix interface corrosion and coating failure.

KEY WORDS: laboratory cyclic accelerated test; mixing method; waterborne epoxy primer; EIS; hydrolytic degradation;
photooxidation; failure process
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Tab.1 Immersion-UV/condensation-Hygrothermal aging Cyclic Accelerated Test
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Items of test/ Immersion test

UV/condensation Hygrothermal aging test

Condition (3.5%NacCl solution, 45 C) (50 °C, 0.77 W/m?) (60 'C, RH(95+5)%)
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Environment 2 54 h 12h 78 h
Environment 3 54 h 42 h 48 h
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Fig.2 Gloss loss and color difference after different test periods:
a) Gloss loss; b) Color difference
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Tab.2 Aging behavior of waterborne epoxy coatings after
different test periods

. Aging behavior
Test enviro- :
nment microporous  crack pigment and. porous
filler loss  surface
Enviro-
nment 1 Cycle 1 (4~5 pm) Cycle2  Cycle3  Cycle 6
Enviro-
nment 2 Cycle 1 (1 um) Cycle2 Cycle 4 -
Enviro-
nment 3 Cycle 1 (3~4 um) Cycle 2  Cycle 4 —
Notes: “—” indicates that the coating surface is free from porosity.
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Fig.6 FT-IR spectrogram of coating surface after different test
period: a) Environmentl; b) Environment2; c) Environment3

X T B SRR 2 I 2 A HLEE, [ R A2 3 ik
FTEemiE™, —Bikh, FRARZEN &l EE
K AME RS BRI T OC AR, SRS
YIBEWT L . B XK PRI AR 2 0 SRR MRS, AT
Wi Z ALy, R IR . SRR IR | MR RIE IR
WK, WRIZWOKMESRIIE B 2 I H, 51k
KRR, REAKSTFHASFEORZSH, ME 2
TR TRIBE, AR AR B C—N B A 4 i ik
RN (R B 1 7K At R i o 5 N R S B S R
AR AM, RAECAREM, b2 gEH
TR, A AR, S EORE N BB AC BE LS R B IR
PR LB R R . WA | R R SRR
o — RN EMME
2.4 BAFEIZREITMIK
241 HBUAZEZRMEREES T

F Ak 2 28 i BEL BT I 38 2 BT 7 0% J2 5 e M A A v
JE IR R Y — i B A 2E B SE gk
PR EEIRRIEIE 3 FlOms A A 5T T A [R5 &
WIR 2 BT, AT IR R BGE FR , S5 A 7
Fiis. ATLAEH, B8 HT Nyquist B ZREE —A-2F 4%
WREPTIN, BEREHETT, HPUIER BN,
AR BUARME (f=0.01 Hz) TR, ULBIRZ Bt fE
TR, WE 7a—b PR, FEREE 1R, 1 AEARE
J& Nyquist B HAEPUICE A KR N, T2 T
5B HTA LR 1 AN TR 2~6 IR,
%P ER S TFE 3.9¢10° Q-em®, Q0
Te—d FiR, 7EWEE 2, WRIZAHEL 4 N HHE
WIS Nyquist BRI B —25P0IR,  BORFIRJZ 5% 4h
RS LA BRI ; 76 5~6 NMEAR AW, WRIZ L5
FHPT FRER 2.7x10° Q-cm?, WIE 7e—f B, 7E 3
MG ER RS BREE 3 Rl A P TR B ]
Nyquist EH RN B —FH0ok, (B K 34
TE 5~6 MEFR RIS, RFHPT FREE 2.7x10° Q-cm?,
I 5 ANMIEFR T4 Nyquist A S 2 BRI,
242 ZHHEBMAEDH

SR ANE 8 /s (A A5 A% L B AT AL U 2 R
FEIIE AT Nyquist BRI R —5PTI0, 7F Bode K
HORE A S AE AR DX ] A — N iR fE, AT E—
AHBHR . LA /NI REES S, 0 S5 00 H AR A 5]
8a, Hirh, ROWIEWHLFE, Q. NIRZH AT AL
Jolf, ROMIRIZHE . e3R8 1, IREEEL 14
PEIA TIN5 ARARBE T T RS, 256 & Sa e
SRR R AT, R R T Bl SIS AL &
A R i, 5 LRI SN, HE 2 (Qan) A HEL fir 5 % FELBHL
(Reo), X0 S5 5% i AR 60 UL 1] 8bs 7E 2~6 MG JE ]
J& . FHOLFAMER TR, s R, e ik e A
W R I BY BUZ, A Warburg BHHT(Zw)PY, Xt
LHUREE L ¢, 7EFREE 2 B, 551K Sb OIE S



Es1E Bl

X, S5 SCEE PR R KPP TR AR SRR i S AL SR A AR

+ 313 -

R RN TR RAARELE 1 AR A 5 SR P, et
Nyquist [£1 87 2R B RABUIN, 1E Bode & H R
PLRT 10° Qrem?, MALMIEM B, BEHRZE)
AERR 2 S AL PRI o (H R T K PRS00 2 B K 1, [
Pt B R B A K 3 T AR R, R S &R
SEAAE ST b K AR N b SR, X 7 4 S50 R B AT Sy
Kl 8b; 7E 2~4 MEIEWE, ARISRHGTRIAR AL A bl
Z TR, ULH ST AR JE ok SR — D THT H 28R B K 4y
Tk, 53— T WA B BRI BIEFEAR A K 71
JE A BVE A, PR F 1 8b 7 18 2 A% L B UL 55

4.0 T
= Cycle0 %‘ 15
m Cyclel 3
32F ®m Cycle2 a
- = Cycle3 s
i m Cycle4 = .
©24F Cycle 5 N
] m Cycle 6 : 00 15
S gl Fine Z/(10° Q - em?)
N
0.8
0 1 1 1
0 0.8 1.6 24 3.2 4.0

Z/(107Q - cm?)
a 5% 112 Nyquist &

20 = Cycle 0 & )
m Cycle 1 S <
= Cycle2 a0
15F = Cycle 3 s
= = Cycle 4 2
g Cycle 5 53
S = Cycle 6 N o
9 Lok ——Fitting 0 20
S - Z'/(10°Q - cm?)
5
) ﬁ\
0 : :
0 0.5 1.0 1.5 2.0
Z'/(10°Q - cm?)
¢ FFB% 2% 2 Nyquist &
6.0 — (C:yc%e(l) ~
= Cycle &
= Cycle?2 gos8
= Cycle3 :
- = Cycle 4 G
& 40F = Cycles S04
S = Cycle6 53
a ——Fitting ET]
= 0
< 0 0.45 02.8
f\ll 20k Z'/(x10°Q - cm?)
0 X |
0 2.0 4.0 6.0

Z'/(10’Q - cm?)
e W% 3942 Nyquist &

& 7

1E 5~6 DMEF WG, Nyquist EIZRI & 45 B i1 (B
JIHN Warburg BHAGCYHLRE ,  0f R 25 A% F i A 28 A
8co TEMEE 3 1, WRIBFE 1~2 MEHEAWE Nyquist
FAAAE— AP0, {HN Bode &1 HhaT LWL 2AH
FifFRE, [FIBTESA R Sc A, i SRSk o+ Al
JE b A o 2 30 2o R T AL AN L8 35 B 4 kA
e FH A 8b SE25 AL Bk AT G 5 18 3~6 DEFRA

WG, B S DK ol s D AN E AT, BT AR A0 B
B SRR R B AE ) Warburg FHAT, XN 455K
HHL I L] 8es

IZINQ - cm?)

" " 0
100 10* 10°

Frequency/Hz
b #5E 1% )2 Bode &

10° 100
= 80
= 160
Q ~
g s
N 140
120
103 ----- L L L L N
102 10" 10° 10t 10* 10° 10* 109
Frequency/Hz
d 5% 2% )2 Bode
108 100
o [EEREE
80
106
(5] ~~
. vy o
) 10 s
N 10° 40
10* 20
10!
0° . . 0
102 10t 10° 10 102 10° 10* 10°
Frequency/Hz
f 385 34R)Z Bode &

AREHRE B 1R % )2 Nyquist A1 Bode [

Fig.7 Nyquist and Bode graph of coating system after different test periods: a, b) Environment 1;
¢, d) Environment 2; e, f) Environment 3
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Tab.3 Electrochemical parameters obtained by fitting with the equivalent circuit

Test environment  Cycle time Q/(10° F-cm?) n, R/(10°Q-cm?)  Qu/(10° F-cm?) Ny R/(10% Q-cm?)

0 2.48 0.95 4 310.00
1 8.63 0.98 336.10 8.47 0.61 365.00
2 20.44 0.92 4.20 24.40 0.60 19.20

Environment 1 3 21.30 0.94 1.66 31.10 0.68 16.70
4 32.50 0.90 1.09 29.30 0.77 0.53
5 36.00 0.89 0.25 125.60 0.72 0.31
6 95.30 091 0.20 126.90 0.70 0.26
0 1.43 0.97 4 378.00
1 3.28 0.91 1 886.00 7.09 0.60 6913.94
2 4.77 0.88 458.50 6.17 0.58 5084.00

Environment 2 3 3.60 0.92 209.53 11.84 0.53 3 008.00
4 5.17 0.90 71.30 29.50 0.50 858.90
5 17.30 0.84 25.56 29.70 0.49 296.10
6 18.03 0.85 18.58 46.75 0.60 12.88
0 1.73 0.92 4 620.00
1 3.60 0.93 809.50 11.84 0.53 3109.00
2 6.26 0.90 126.00 25.51 0.63 912.90

Environment 3 3 4.67 0.86 56.20 439.30 0.21 512.00
4 13.27 0.84 7.08 89.68 0.53 152.50
5 23.99 0.83 1.41 532.70 0.69 60.92
6 49.91 0.85 1.52 1 180.00 0.55 3.99
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Fig.9 Variation trend of coating capacitance and coating resistance after different test periods:
a) coating capacitance; b) coating resistance
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