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Preparation of Core-Shell Emulsion Functional Anticorrosive Coating
Based on Vinyl Phosphonic Acid

SUN Jiangang, HE Haochen, CAO Hongliang
(School of Materials Science and Engineering, East China University of Science and Technology, Shanghai 200237, China)

Abstract: Aluminum and its alloys have a wide range of applications because of their excellent properties. However,
aluminum corrodes during actual use. Therefore, protecting aluminum is usually achieved through coatings. Due to
environmental protection requirements, the research of water-based coatings is becoming more and more important. This
paper reported the preparation of functional latex particles containing phosphonic acid with core-shell structure using styrene
(St) and n-butyl acrylate (BA) as copolymers and vinyl phosphonic acid (VPA) as the functional monomer. The core-shell
structure was accomplished through seed emulsion polymerization, using poly(St-co-BA) as the seed and poly(St-co-BA-co-
VPA) as the shell. The core-shell emulsions exhibited a solid content (mass fraction of solid particles in the emulsion product)
of approximately 30%, uniform particle distribution, and a well-defined core-shell structure. The coatings exhibited a thermal
decomposition temperature above 380 °C. The corrosion potential of the coating reached 1.74 V, the corrosion current density
decreased, and the corrosion resistance was excellent, which proved the excellent corrosion resistance of aluminum. In
electrochemical impedance spectroscopy tests, this functional coating had a high impedance, which also proved that this
coating could greatly slow down the corrosion rate.
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FZ 05 2 (BN FEA S Ak . A# 5 AR 2 A AL 255 Sk b7 Ik k. JHorp, KRR ki 2 2 A AR g
1, AT UME S U J2 v A R 1), i m REURE B RN SR TN RE L, LA MR )2 55 560 0 B 7100 B i) IE AR AR B AR IX 3 2
B8] (%) L 5 B, DRUER RS T80, SR, SRR R AL TR 2 I T AN B A, 2 B 2 R0 X R A 35 IS A W3
FRIRERVREE . pH AE RS20 0 10, H 7S B8 R B0 A B0, X g Bl S 01,

TCAK TR ERORAP 7 S A g —Fh S L AR A SR A 7 T8 T3 I T iz 5, L T8 Ry S TO B Rk Ak R
AL ZPIRIEN, HIRERM BUIRRERI S AR AR ERDS, SRR RIS 17, AL, 5 £ B4b A o 20 SE AT H T
TORKTREL AL . Hrh R 5 &R A AL lE B A HIAESE (MOF), Wk h 4 & e £h 222, MOF H A&
PhpRr . SR RPE PR RIS DSEEN . BRI SR MES S A Bt . B E = 14523-25 557520, Sheffer 45(26.27)
B MR EHERR (PPA) B AR I = AR LRk (PTMOS) VG 7K 1 18 e - B Mt JISE, 84 R 1 8 G -V GG IS o 8
Y Pl DR AP 2% . Ohwaki 55281 SE 4 SR A ] M B0 R (VPA) A 3R, 9K J5 4 38 = 3 0 U )25 T 8 38 e A
B b, 2R A] S VPA BIRJZRHEVERE UL R o Brand 5529 @ i R L& BERR (PVPA) I TG &
YR ER IR B IR AR IR TR 25, PVPA AT LOE 155 [ A6 A 20 48 Bl 2R 5 ) S, JF 39 iR 2 S A a2 77 .

T ERORER, 3 A7 SR AR 7K PR Ak ) A 5 e R o PR . PR i Wl R 6 WT FH T /K P B B T ok, i e U
JETERE . LR A B W2 B K TR SR G WL, AT LA ) BEL R v kL, N TR B BOD IR, AR R A
YL R AFAE K L R TG PR R AR K BE 2 R BUK BURESR & . 2 LR G 2 Tl i ik &
B, X SR AR, ROAH FLWE SR A e — A A D7 i B0, ol an, D R R /R < M Y | B R B2
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(TR . A 1, 1- R SRR Yy ), W3 43 )8 ik 18 5 1k J2 B 0 R0 5 B A P 2 (408 b O 4
Lesage %5035 & il T —Fh 3 HH JL NG R H 1 (PMMA ) £ 11 macro-RAFT 305, I8 HH T H NG IR . &R O
DL RN IR T T A e 2R, A5 203 i [ 5 12 JER TG MR R AR 2, (HRXFp 7 e LS Tl Ak, P, 7 224
F—FpA] Tl Ak H B AT R4 B7 iR k)2 .
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(9 7K 1 2R 2 T - 2R (35 ) TR TR T 2 1k 0 RS, o 5 W IR 3 1 P SR 5 R I TG 1% %) (Sipomer PAM 200) £ A 2%
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Fig. 1 Synthetic diagram of core-shell emulsion

1.3.1 #F5Likagsmk K St (144 g). BA (156 g) . MA-80% AT (7.8 g) FlIZK (513 g) A 1 L =Fiksiii i,
PRSI . BRI RERS LA 300 r/min FiEPE 30 min, 25 BR80T BHIRE THE & 80 °C, LA 1/4 ) KPS 15K
(0.8 g KPS i T 2.5 ¢ KBS 7K LAl & B g s Fl4x ) KPS %543 HI4E 60, 120, 180 min BHAF & INA, 2R )5
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132 #ailikeydrk i AE VPA B0 572 )2 B SR Y 5 L A5 AR 7] VPA IR 43 810(2.5%. 5%.
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FLB A K, 3T 80 °C 1A FHEFE 30 ming LA APS IE TR, SR 5 FHZEAE 3 h WM A EaR AL . 24
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14 REHRNH &
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THVEE R R, R TRE . S ERRE B 15 B9 S L0 B IR AE 4 R R T, JF7E(60+£2) C T+
i 48 h.,
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Table 1 Core shell emulsion formula

Formula/g
Component
Core-2.5% Core-5% Core-7.5% Core-10%
Seed emulsion 39.70 39.70 39.70 39.70
Deionized water 27.40 27.40 27.40 27.40
SDS 0.54 0.54 0.54 0.54
400-MO 0.54 0.54 0.54 0.54
St 8.52 8.32 8.08 7.86
BA 8.70 8.45 8.25 8.03
VPA 0.44 0.89 1.32 1.76
APS 0.18 0.18 0.18 0.18
Deionized water(Initiator solution) 2.00 2.00 2.00 2.00

2 HR5HE

21 FABMEESE

W WEFL . VRV TR BRER, T LAAS B ZLIRY A R AR ORE ZE P M FLIRCT R B ) o SEER AR E
(A% 78 B ZLIR A T34 [ 5 1R 30%, LI A 38 15 R 30.75%, FLIRAARE B [ R T 30 do 3@t [ 5
EITEFLR LR KT 90%, [ HEA T2 A
2.2 RS

FhFFLI 5 Core-5% AY FT-IR YGiE A& 2(a) fizR, £ 3300~2500 cm™ A1 1500~ 1375 em™! Ab f)HR1E 15
Yo o7 SR A ) A B W B C—H R AT T, 1696 cm ™! Ak AYHRRAEIEXT 7 C=0 145, 1300~ 1050 cm ™! &b 145
FEVEXT I C—O Frfi, iEI R G W & A R CAG FIPVIETR T BE SRR I, 7E 1647 em ™ AMFFIEIEXT I P—O—H 25
i, 1090 em™ Ak BAHAE XTI P=0 $i7 {1, 985~905 cm™! At AYHFIEIERT N P—O Frfift, FH] VPA SRR IIG| A

i FFLW 5 Core-5% I TH-NMR 3 E W1 & 2(b) fir 7 . % 5 CDCly k24 0 B 7 7.26 &b, XU I 7
5.9~6.2, FEARTCHARIREE . IR L H LA A 6.5~7.3, H 3k I H LA 07 1.0, WH 3L (CHy) Al
WHIE (CH) 1 H LA RS AE 1.3~2.0 fi1 2.2~2.5. tHF VPA BAHRGRME KM, ITE 1.57 Zb0g(E & .

Core-5% HITTE /BT (1 2(c) ) R, SLR Yy & A 4 e, 8RS0 R, P BT EoRIET VPA, R
LR Y] AR LA, IF BB A9 & AR, XN VPA BT 50U 2.5%~10%, S,

Core-5% J3'P-NMR &% F an &1 2(d) firR, AW P L 1 14 4b, RUILIISIA T VPA,
2.3 BRRLR T4 AR T SRS AE

Pl PR S PR AR AR A A i 3(a) . K 2 R . R P 2L AR AR 0 139 nm, B 5E LR
Core-2.5%. Core-5%. Core-7.5%. Core-10% [ F-3Ki1243 5k 157, 186, 246, 181 nm, FhFFLIK AT kite
A /NS LR BB A, VAR ZE R FZLIRR & e B ER PRI A K . A, RS IR B RAE 53
A v JE/NBURL R R AR A3 A, RIITE SR 225 2R A R R . B 3(a) vl LLE th, FhFFLIR I RLAR 43
A R ¥5), B Fe FLI RIS o0 A 28 He AP 2L B B A B, LRI A 4 98

P 2L TEM B (& 3(b) ) 7 HY B 43 100 BR T 902 8], 17 Core-5% R TEM EHZ (&1 3(¢) ) A #B 4
P HLRE SR 2 B BB I AZ 72 4544 . TEM USSR H 1R AR 5500 B 4S5 (A R A 45 SR 35 Ry B30, Ut B T 3k
19 THFEL . TF Core-5% [ TEM B H A To5e 2 45/ i/ Nokr, 36 I3 T W liZ . 5341, Al 3(b,e)
ATLVE W, B sL I B T 2 AR, P24 T R BRI VPA 1A § 8058 2 R A 2
MR LA, 7 2= AR P S8 iR, JUAE TR] % W B -5 11 2R A M S35 38 hm , A 75 4% 52 LR 0 R 0 A1 LU ZL IR A AR 43
Zimy) 15
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Fig.2 (a) FT-IR spectra and (b) "H-NMR spectra of seed emulsion and Core-5%; (c) XPS spectroscopy and (d) 3IP_NMR spectrum of Core-
5%

B3 (a) TR S se LR RAR 4310 ; (b) FiFFLIS (c) Core-5% 1) TEM IR

Fig. 3 (a) Particle size distribution of seed emulsion and core-shell emulsions; TEM images of (b) seed emulsion and (c) Core-5%

*2 MTILW ST RS M A

Table 2 Particle size distribution of seed emulsion and core-shell emulsions

Sample

Average particle size /nm

Peak particle size /nm

Distribution index

Seed emulsion
Core-2.5%
Core-5%
Core-7.5%

Core-10%

139

157

186

246

181

110.31

124.9

130.42

148.41

141.78

0.81

0.90

0.86

0.97

0.86
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FIEE E T IR R I F 2l 3 B 0~200 °C; 380~430 °C; 430~600 °C. 55 1 B i o & 40 O %
D (1%~2%), AEREE R ARRY . KK 56 2 BB R 94%~97%, R ILRY 0 E 1L 53, o i
JETE 380 °C L b, WoR T RGN AIREE, R VPA BN S FBEAR TR E AR #A RS e M .

(D) ATLLUE Y, P St(epfi> HA) 5 BA R A By T L AT DA S 790 1 B B A 5% A2 IR B (T o
M St 55 BA (YRR A 4:1 0, SERAYBIE T, 60 °C, IR ZENE; 24 St 55 BA MR E A 1:1 1, 2R
PIIE T, 2 20 C, IR)ZMPIMERAF . @ DSC M (K] 4(b)) 1521/ T, SHEISEAEFRT, H7E 20 C Kk,

el 0
g g 8] :5)
T, wis wa. ws 2000000 Sty BAL VPA BTG4 Ty o Ty, Ty, T 530 N3 Y BOROI5 . RINIGIRIE T
fiei . 2R 0 FE SR 1) B B AL A AR TR
(a) —Core-2.5% (b) —Core-2.5%
100 - ——Core-5% —Core-5%
—Core-7.5% ——Core-7.5%
——Core-10% —Core-10%
. 8ot
% 80
g 60}
3 60
E 40t
o
'z 40
2 ol 390 400
0 100 200 300 400 500 600 -20 0 20 40 60
T/°C. T/°C
El 4 BREFST (2) TG 45 (b) DSC Mk
Fig. 4 (a) TG curves and (b) DSC curves of coatings
# 3 WREFES R AR
Table 3 Thermodynamic properties of coatings
Sample Initial decomposition temperature/°C End decomposition temperature/ C T/ C
Core-2.5% 389.5 425.0 194
Core-5% 385.4 424.6 18.0
Core-7.5% 386.0 425.5 18.2
Core-10% 383.9 428.0 18.5
2.5 REMBE s 3 —— Al + Core-2.5%
250 MACATH  AEAE IR 2 BMLE NaClLs i e,
(w=3.5%) F1E-f 30 min /5 A9 B AL 2R QN S s ‘4' A Coreto%e
SHER Y B Tl L A B AR, M —0.89 V, IR Z M I )E =
ol FRL 7 B K T ol /1N ok 5
-, NS > 4| N > \<E/
()R, MREA B JE b e T 88 22 o HEAR AR, S Ll
AL DO R0 )2 h A A0 3, R UIIR 2 B 58, =
KT M, AANER VPA BB, £k -7t
4 JE ok F A7 S 18 K5 8/, Herh Core-7.5% I 2 Y
J&5 b a7 e K (1.74 V), Core-2.5%. Core-5%. Core- BT s o o5 10 s o
10% ¥ )2 09 )8 ol e, 623 5310 4 0.85, 1,12, 0.70 V, 3X Potential/V

JEH AR VPA U RO N, SRR 2 A 5 A A
RIEE WS, R 540G 5%, =7 T

K5 2R SAWZEM AR HZ

Fig. 5 Polarization curves of pure Al and coated Al
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JEVERE; 55— 7 T BEHE VPA it 70 B R0, BEIR KL AR 7K b R B A HOvR B2 o AN s i, A5 B T PR RE T
B XPRIE RS &, SEUE MR AL R VPA S 50 E00 38 0 2 80 5038 K5 /N ka3

Tafel FLZ&AMIERL T R Fm Al A i Ui B 55 AR 2 22 AT Y S AR, 3 T B A R SR B L o 3
AR A 2 B AR A | AR T AT R A B Y S R A L R P RS Gl Tafel ELZRAMIES BT ER B
AR AL 2RI 2 R IR 40 IREBEIA VPA DIREVRJZ A S04 AT ok rl 37 26 P88 408 XH{EL R IR T 460 . BT VPA T
R BRI T el RS T o e 7 % R 248 (L e KR D, R O VPA FER P HLES A T, 3L
JE o e, A7 PR AR I ol L 90 4 BE O, (EL2: VPA R SRR U E RO BE . il 05X (2) W RIS IR JZ B ik
HIBH(R,) o BEAE VPA [t 73 iy 58 hn, A% Ak v Bt 52 90 5 1 R /N R 3, Horh Core-2.5% AR Ak HRL BHL B
wo o3hh, A (3) T LUS B R B SRR (), Core-2.5% 5 Core-5% (147 I &R, BB PR BE DL 575
ARZEHTIN VPA J5 5385, AR i BELRC/IN, ol 75 JE8 okt rht 30 25 B8 1, DT 5 B85 V8 A3 A1

%4 Tafel HASMEL TS0 0L AL A 2

Table 4 Polarization curve fitting results obtained by Tafel linear extrapolation method

Sample Potential/V JI(A-em™) Ig[J/(A-cm )] Ry/Q W%

Al -0.89 -1.69x107° —4.78 3.89x10* —
Al+Core-2.5% 0.85 —0.77x107° -6.11 6.94x10° 95.6
Al+Core-5% 112 —2.69x10°¢ -5.57 2.62x10° 95.6
Al+Core-7.5% 1.74 -1.99x10°° -5.70 3.18x10° 88.5
Al+Core-10% 0.70 -1.62x10°° -5.79 3.20x10° 90.5

Joon = A (2)
2.303R, (B, +.)

Jeorr = Jeonte
== (3)
T, Jeore FATER R JE T FL U8 B2, Joore(e) AR JZ A JBS Dl FL L6 1325 Ba B M Tafel H 40
2.52 wALRPIRATA  LUERRIA IRZ4EH A9 Nyqusit 2 HBHBTEIANE 6(a) BT . AR BHPTSEH(Z) - BT
REFR (Z7) #h 4 SRR A 1 A28 a0 AR B AR RN F AR 22 TR B8 v W BELATE, 5F 2 A 28 a A i v BEL S5 iRk
FHZFN . SRR i A B B I /N T IR 2 556, BB Fh iR 2 R IR G B B BB 1 o 53 4h, il 2d Nyqusit
R BTN 242 7T DL BB B T B RE 7, AR B, 3 BHRE A 3 T A PR 6 B R BELBR A, o i 4%
N, BB ORGSR . B VPA BT S0 B3SO, AR BT AR Se s RS B, B Core-7.5% > Core-5% >
Core-2.5% > Core-10%.
ML 6(0) T LA th, T AN IRIBC 7 0% J2 SR 0F 0 RE 6 £ 1 52 9 e 8 DR 5 el /N R R o Rk ) e KOAH 67 £

g (a) — ﬁ% + 80re-2£% 80  (b) — ﬁ% i gore%b}% 106  (©) — A% + gore-Zz];%
—— Al + Core-5 — ore-5% —— Al + Core-5
7l Al e e = Al+ Core-7.5% 105 ke —— Al + Core-7.5%
—— Al + Core-10% 60 &\\ —— Al + Core-10% i, —— Al + Core-10%
6 Al 2 ; L AL T . N
5 & N ‘44 A 104
c 3, 40 - I ~
R 2 20 o
o T R e B—
2 = 0 B il \&‘
1
1 10
-20 100
0 1 2 3 4 1072101 100 10! 102 103 104 105 10721071 100 10! 102 103 104 105
7104 Q Frequency/Hz Frequency/Hz

K6 SR SAMRIZHH I (a) Nyqusit SCHFHITIAT; (b) Bode HUH-HAL; (c) Bode Hii4¢-Z [&]
Fig. 6 (a) Nyqusit AC impedance diagram; (b) Bode frequency-phase angle; (c) Bode frequency-Z diagram of pure Al and coated Al
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I 90°, AR A W B B 5, e WAL Y BEL O AR 2 B K, 7 Ik 8 T B Ao Core-7.5% 1R 2 48 M (AR 12
£ B A B oo, AL A A I B P8 e e, I Core-7.5% IR JZH8 M4 B 5 65 1L RE J1 i . Core-10% )2 544 1A 4
B B IE(E /N T Core-7.5% IR ZE0AE, B2 = 19 VPA BRIt 25 S 300% 2 0 57 R B H B .

SEER A IR 2 50 1 Bode M -Z QN E] 6(c) i, Hivt Z o8 BB BHYT. AR B BH TR B, B
JE R R R . ARSI SS W TR T, R A T AR A LA R BB, SR R R B R PR AR
VPA J5 i 53 B0 U J2 04 BELBTASE 2k 149 52 Vi) i 490 236 ) A8 A0 T 00 AR o ZEAIRMEIX. (1072~10° Hz), B VPA Ji it /3
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Fig. 7 (a) Physical drawings of different VPA mass fractions coatings on aluminum substrate; (b) Photos of the coatings after the adhesion

test; (c) Photos of adhesive tape after adhesion test
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