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High-performance polybenzoxazine anti-corrosion coatings based on steric hindrance modulated with
intrinsic molecular structure
XIA Zhongxiang, ZHANG Lidong, CHEN Fengjun, WANG Aying, WANG Zhi
(School of Materials Science and Engineering, North University of China, Taiyuan 030051, China)

Abstract : To address the requirements for corrosion protection of metallic materials in harsh environments, such as marine
atmospheres and hygrothermal cycling, the influence rule of steric hindrance effect within molecular segments on dense packing and
anti-corrosion performance of coatings was investigated in this study. The objective is to develop high-performance organic protec-
tive coatings with long-term corrosion resistance potential. Polybenzoxazine (PBZ) is regarded as a highly promising matrix for
protective coatings due to its highly versatile molecular design, excellent dimensional stability, strong adhesion, high thermal stabili-
ty, superior mechanical properties, and low water absorption and surface free energy. In this study, bisphenol A was used as the
phenol source, and two bifunctional benzoxazine monomers with different steric hindrance characteristics (BA-PEA and BA-
DMPEA) were designed and synthesized by introducing 3 -phenethylamine and 3, 4-dimethoxyphenethylamine, respectively. The
results demonstrate that lower steric hindrance significantly promotes the dense packing of molecular segments, thereby enhancing
both the crosslinking density and corrosion resistance of coating. Experimental tests reveal that the crosslinking density of P(BA-
PEA) reaches 3.16x10°mol/cm®, which is 30% higher than that of P(BA-DMPEA). Furthermore, the impedance modulus of P(BA-
PEA) reaches 3.95x107 ) -cm?, which is two orders of magnitude higher than that of P(BA-DMPEA) and superior to most reported
polybenzoxazine-based anti-corrosion coating systems, demonstrating excellent corrosion resistance and protection capabilities. This
study elucidates the critical role of steric hindrance effect regulated by intrinsic structure in determining coating performance, provid-
ing new prospects for the broader application of organic coatings in marine environments.
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BIEMEE : T8, 2, U051y m e RE AR S S S h et
Wr#E H #: 2026-01-26
S| Mg BUAE SRR, R, 45 BT T AR S A IR 28 [0 BEL A e M BE SRR I EWR B S v 22 0], TREMRLRT FH L2026, 54(4) :31-41.
XIA Zhongxiang, ZHANG Lidong, CHEN Fengjun, et al. High-performance polybenzoxazine anti-corrosion coatings based on steric

hindrance modulated with intrinsic molecular structure[J]. Engineering Plastics Application,2026,54(4):31-41.



32 AR

2026 4E, 45 54 4 55 4 1)

W6 %5 I 52 5 SIS 1) s R R, 4R A R
VIR /L B AR R S5 PR v ) b Bl A Ay 2 4 R
UL T P 77 1 TR AR TR 2 B
PN AE 3P AR BE T, B 255 | R A M S5 3RS
fEBe . I, T & BE A6 W 1 SR PR BE N K I 41
KRS EE TS A B R R AT IR
— FLR AR Y T B 5 1) .

RABINEGR AR & — S AR EER AR, LA
A BRI I TR R R R e T
B ) R PR I S 1 T 2 AR AR
WK Z0 AIRZR 1A RE"SE AR 2 SR . ROR
FEWERAE hy B i 1ok v J22 B B ), T B s i /K P
S EE 1B R R s ERMZ, HiR 2 S 4R
LR RB AR FR R A T4 , I 25 K R0 L A Jig ok Ay o, 48
PERE A TR S Bh R4, PR, A ITRER T 2 4
i DA R S B 1 4 S B Tl A AR e T S . — 2T
VEC IR SE T R AR T NEGR IR J2 2 = 3 1k 4 s I
PR IEFREERE . Zhou 5" HGE T — R4 & hE b B
il I 2R 2 W 8 R 4 Ak 90 DK R —F A B 44 K
RAUR)Z  H LRl GEFE TR A R, BT
(1Z) F = Ak 10° Q -em’, Chen 5" F H] Ga(NO,),
F In(NO,), X A FF WEME IR R ST 0rE , ok 2 LBt
AR T 10° Q-cm® M1 10° Q -cm?, B G
T ST S B 4 A R, R B T — ek
J'& SR, R K 4 R AR A U R R IR R IR 2
HI 2 R 5 PO AR 2 AN S BRI e LR AR Yy
5] AR B 1 B0 AR, S 20 R B 1 3 n 5
T T LGB iR 2 M ReXT A B AS 5 A A
ZEME T AR

7 HLUR 2 AR A S T ot 32 BT v TR/ K/
BT e S5 BE S 12, UL AR AR —
P T B B 3 Y R S A R s AL T
IR IZ WS4k 22 R T e I, TF &
— PR 23T A YR A Dl 2K KTt T ok e
AR o0 . YT, — SR IR ST 2540 1%
IR T P AT g 8 ot A S B - (D)5 ABRK
LM WD a5 R K FE A . 910 Pan SEPVE B T
B RORTRE (9 F2 5 R R X A& C—F 8
F AR R TR R KRR T 15.68% (B I A Hh
i JE ik R AR iME— 2 9E . Ameen P IEF—Fh
M A7 IO el 35 T 10 TR R A B B TSR AR B A T — &R
FASE 55K A B R | B OR LR RS IR

JE s K AR B2 T (A BH TR R A B 5.9%10°
Q-em’, A HE—LARFZS 0] . (2)FE ERESMIEE -
SIAJF I RGN 25, 6% Boiz g g, 1
TP B AR g A, FEIKB & %5 . Panneerselvan
SECI L BT — R ANBUIK I A A% O AR AL G
FEARTFREGE rh 5] AT 2R e F 28 B 5 W 25
P X — TR R T ORI RER M, ek B
WEAEHEM b T S HERIEH# TR

A TAE A3 F AR M & 3 —Fh 22 R D3 [+
M5 %6 WO A ST IE 53 3R B-2R S .3,
4- W R FEIR C G5 LT SUR R R IER 2, 2- XL
[3-(2-FEHL 2 3E)-3, 4- — A -2H-1, 3- K JF I I -6- L]
P E(BA-PEA) K Xt IR 731 2, 2- 0 {3-[2-(3,4- — !
AR K3, 4- A -2H-1, 3- R JF HERR -6- 3 )
N EE(BA-DMPEA), 73 FHIROC R I3, B-HK &
W& T 05 AR RAL &1, BA TR Y 2R
W EER 0 N 3, 4- VUK O RAE R IR 3,4 401
SIAPIAH AL, [HIL, BA-PEA A%} BA-DMPEA
BN 2 (B ALRE, 5 R T4 B 7 B Ak 72
H ) HE A RS S SO HEA, T BA-PEA 43 F 1
e V18 3 T A e 8 UL (T,) DA D T i 1) ) B e s A
I, ANTR] T B B v S 15 e A i Dy i R A 1 A0
S il RGNS B- AR LN 3, 4- ALK Z,
JEAE R TFWERR N 25 A EE rh i 22 7, B bR 128
(i) 57 BHL S - A2 Bk 25 B AE 2 T 0 125 W B e B 1k g
AL, S5 R R, KA BA-PEA[ K P
(BA-PEA)] 1) 22 K % & 35 #1) 3.16x10° mol/em’, X Et.
¥ & BA-DMPEA[ fij X P(BA-DMPEA)]2.43x
10° mol/em’ 1) S HR 5 B $2 155 T 30%. MLk, A5
FETCHURHH B 2508, AU o SR 25 py Lk fifi P
(BA-PEA)IRJZIM|Z A% T P(BA-DMPEA)E = T
B, K F3.95%107 Q-em?, Hat i T HE a8
R IFIEE VR JZ TR Dok BE , M R — R kB
Tt JE PR B A T A% O ISR
1 ZIE4S
1.1 E=ZRH

L I 4l 97%, BTk v () T2 B
NCIE

W A s S, BB hr T A bR A R
NGIF

3,4- WAL O A0 97%, L IREBT R T A
ERHE A BR A A 5



EULAE, 55 LT AR RS

(1057 BELF i P RE SR A PSR BT O = 33

B-Z5 L - 4l 98%, - I R HHBLH By A7 R
NG

A Al R AR

ST N AR 99% , RHEREALARFI 5

SEALEN - Al 98%, BT R T AL R A
FRAF]

SN - 4 99.8%, L ifE R fr T Ak B A PR
Nl

SRR T AReA IO A BRA L, HTEK 2
PR ERAR YR 6 % 6 min, T4 S5 ek FH
1.2 T EBEZERME

TMVAHR : DF-101S, L X TR A B 75

B TR . DZF-6030A , | — B2 2S
AR

¥ w5 A % Uk 3% (NMR) X : TD-65536,
Bruker A F ;

{1 HL AR 0 21 A8 6 1% (FTIR) Y : Nicolet IS 50,
F&[E Thermo Fischer 227 ;

Z 7R H H(DSC) 1Y : Mettler Toledo DSC 3,
¥+ Mettler Toledo 2\ 7] 5

PH (TG) 73 H71X : Mettler Toledo TGA 2, it
Mettler Toledo /A& ;

S PALIE 2 BT (DMA) X : DMA Q800, 3 [
TAUER AT

FEfil A (WCA)MRAL . SDC-350, ZR 28 11 3 ik
AR A BRA ] 5

BZ M EAYL : JITAL661 , At 5 75 2B I 5 &
AR

Y % S H T 26U (FESEM) : ISM-7900F ,
H 7S Hitachi A ) ;

JiF 77 % 855 (AFM): MFP-3D, % [& Oxford
Instruments 2 7 ;

K % BB BT : Agilent 4294A , 2 [F Agilent
Technologies /A F] .

1.3 XA &
1.3.1 2,2-R[3-(2-K# 7. %)-3,4- = 4 -2H-1,3-K
Fr i R-6- 3 KT (BA-PEA) B & K,

K] 1 A BA-PEA T4 R 218 . &l
1R 2 B EE6.3 g,0.21 mol)fil A 120 mL =
AR BRI BEFE 1 h BRI A H G EURLE,
THIRZ 40 °CIS A (11.4 g,0.05 mol) XL A, J )i
20 min J5 FHIA(12.118 g, 0.1 mol) i i 2- 2 2. iz

(PEA), THIR % 70 °CHARFFEE , A Ar <8 h,
oy B A NUE R RSP . R E Z2 Rk K
Ve, Bl e 78 K bR R AT B TR R
H o [F A (BA-PEA), 7724 85%.

H,C_CH, Q)

m + (JE + ) /=20 Qo N~ XA~ g
HO ©\0H HOH HN CHCI, N Q/W\;\ 5
BPA o oo

El1  ZEFFIEEE BA-PEA A BUR S K
Fig. 1 Synthesis schematic diagram of benzoxazine BA-PEA
132 2,2-W {3-[2-(3,4-— F A K ) 7. #]-3,4-
Z A -2H-1, 3- K I % vk -6- &} I It (BA-
DMPEA)#] 4,

& 2 k2 ) % BA-DMPEA B4 s & A&
WE 2 s, B2 B H (6.3 g, 0.21 mol)fill A 145
mL =S BEE A BERE 1 h WA K 1 H G
B, THIE 2 40 °CJahn A (11.4 g, 0.05 mol) it X}
A, R 20 min Ji5 FEHIA(18.123 g, 0.1 mol) 1Y i &
3,4- WA FH 2. (DMPEA) , THE 2 70 °CHf5H%
fE A2, 38 A Ar i $ 8 h, 73 B A AL R 5 15400 7
Yo REZWWRDE IKUE, Bl G Tes: 78 K Bk 25051

FREAT B2 TR B A [ K (BA-DMPEA) , 7 3¢
H76%:
H,C CH, o O coH, 0
HOOH + Vﬂt‘gH‘ + Ay % = \["j\H:( Ty B =
BPA (CH,0), o O

K2 A0 BA-DMPEA 194 iR 21K
Fig.2 Synthesis schematic diagram of benzoxazine BA-DMPEA
133 FR;FERE I H &

10 g BA-PEA 7E 100 °CEZS i 1 h, SR )5
B GEE R T AE 120 °CCHIH 1 h (15 DUFR 2 4
H | # B8 120 °C/1 h+140 °C/2 h+160 °C/2 h+
180 °C/2 h+200 °C/2 h i) T- 2[4k, EALF=¥14% 5 H
P(BA-PEA), P(BA-DMPEA)GEZIAGIVEIVER I,
[ 1k T 2545 B8 120 °C/1 h+140 °C/2 h+160 °C/2 h+
180 °C/2 h+200 °C/2 h+220 °C/2 hi#47 .

134 REFEHREEHHE

T 320 HRPAGE T 5 147 (120 mmx 50 mmx
3 mm)EFREALZE , FEH OB PRI TR H .
F1H5 0.6 g [ BA-PEA T 3.6 mL IR, WA KR 1
WA T 5 O 8RR . F R FHE 150 min
J& WA 58 XUHE A P 120 °C/1 h+140 °C/2 h+
160 °C/2 h+180 °C/2 h+200 °C/2 h #:47 [E4k. , 52 )5
% & %R, 15 %) P(BA-PEA) I 1% )2 . P(BA-
DMPEA) R 2 il 25 i [\ L, 4L T 245 #8120 °C/
1 h+140 °C/2 h+160 °C/2 h+180 °C/2 h+200 °C/2 h+



34 TSR 2026 4F, 5 54 4,55 4 4]
220 °C/2 hif 47 2 fu eI SRS [T A 0 8 i K P REHEA T X, YT

1.4 HEARMIX L 2 A R AE

% 1 2 % A 3% ('H NMR) % 1F : 4% 8 ASTM
E2977-15 (2023), % H NMR {3k, 4 AR AR &
(CDCI)ERHH .

FTIR F1E : % I8 ASTM E1252-98 (2021), % i
FTIR i e 04 S (ATR B R L 4 000~500
em B %, I 64 K, 3 HER R 4 em™

DSC iz ; #% ' ASTM D3418-21, % FI DSC Y
7E 50~350 °C #4324 10 °C/min N, it # 4 50
mL/min Y SAF IR

TG IR : % ASTM E1131-25, % TG 4341Y
1E50~800 °CIX [A#EF Tl #3410 °C/min, N,
%A 50 mL/min,

DMA 43 #7 : #% I8 ASTM D5023-23, 3% Jil DMA
PO RE ST AR RE UEAT T I, 1R RS2 30
mmx10 mmx3 mm, £F 0~250 °CH) = 525 A= T,
THIEHEZ R 5 °C/min, HiZ K 1 Hz,

A HLPEBEIE : #22 I8 ASTM D5568-22a, % kS
B RHHT T IAE 8.2~12.4 GHz 315 Bl N IR A Fi 5 5%
FHRFE

JEEJE IR,  $2 BE ASTM D7091-22, 2% i JZ 1
JEASORH IR J2 R BE A T

W25 S5 #2 BB ASTM D3359-23, FH A 4% U]
TEVRJE R R IR, IR RSB IR 2 E S R
o RIREEE A S, FH BRI BRIV VR 2, PP e Al
JE, I 180° R TR T, F2¢ HRbm o LA VR J2 (1 1 75 12
WAL 71, R SRS, 45 R B9,

FESEM Z4iF : #R#5 ASTM E986-04(2024), % 1]
FESEM X U )2 W FR 1 OS5 R EA T 1 04T, HE X
AT T AW ARG HE S KV LR N HEL T A 4
30T o

AFM FAE « 43 B # 18 1SO 21920-2:2021, ISO
25178-2:2021.1SO 21222:2020,1SO 18115-2:2021 7
#E R AFM SRR )2 R T OW S5 14 A R 164 7 4
Mr, Bt HARER LS AC160.

A B2 I, - HEF ASTM D3363-22, FH A [ fiff JiF
IETEN 6 BRI 6 H)EIHIRIZ . ST, LA E £
(@5 E E e AE YR B T b SRS K HE S
VY SE AN IR 2 L) 1) e /NG B AR R TR 2 1Y
LR,

WCA % : #% 1 ASTM D7334-08 (2022), % H

EFUR 2 pls

B Ji P BEINEE . # B ISO 16773-2:2016, % JHHL
o TAE RS MR 2 ik 2tk . TAEICH
AT e IR IZFE S T A R S i, 2 L
W R 1 A H R HL W% (SCE), HiL i W M 3.5% NaCl %
W, AR K 2 mV/s, TG Bl —100~+100
mV, FHIEN 102~10° Hz, 33518 5 4 0.05 V.,
2 #RE5ITR
2.1 BA-PEA #» BA-DMPEA # 4%, 5 & 4E

W ot 24 ) I 1% PR BA-PEA 1 BA-DMPEA [
Ak 45 46 3 1 FTIR F1'H NMR ZE47 7 R AE, 1Kl 3
fi7n o &l 3a & BA-PEA fil BA-DMPEA 1 FTIR ii%
P IS 2R W PR A7 928 om ™ B T e 3
DRI BR A R R Sl #E 1 152 em ™' #1228 cm™
AR A5 B e o3 Sl R ER B C—O—C # Il C—N—

T~ —
BA-PEA WWVV\//V\/‘(M

/ C\LNfc\ i
1.2 4-trisubstituted benzene ring )~ Oxazine ring
L L - h L L

3000 1500 1200 900 600

Wavenumber/cm™
(a) FTIR spectra of BA-PEA and BA-DMPEA

BA-DMPEA

a
N N
J

m
k hf|\

e

b,
0"

O

\

1jm a

(c) '"H NMR spectrum of BA-DMPEA
3 HEIFREGE AR FTIR 3 R 'H NMR J&
Fig.3 FTIR spectra and '"H NMR spectra of benzoxazine monomers



ELDAE, 55 LT T AGEES MRS [ (B o P RE SR AT IR I U3 2 35

CHEM P44 B4, 762 885 cm™ 12 955 cm ™' [T
A3 ) F RS 1 C—H B B X R o 45 % s AR S e Ak A
Y5¥Rzh , 762 855 cm™ Fl12 928 cm ™ PRI 2 FY KLY
XTFRAP LR A S R AR AR IR By, 1 495 om ™' BT H 3K
FIfE S IEXT R T 1,2, 4- = BURSK IR B 28452 30, 57
&b, BA-DMPEA 7£ 1 510 cm' BlE (945 45U [l #
BT 1,2, 4- = ORI B 224k sh (R 3 &8 T 1 3
AR L PR R

BA-PEA f'H NMR i [&] 4n [&] 3b Jir 7 , W e 240
P RHAEAS 5 00 TAL #0564 4.90 F13.92 4k
BEAI 64 2.98 1 2.80 Ab {55 X 07 WV B 35k 141 1 iy
AT 0 K L4 TR ILAF,6.65% 7.32 X [H]
W HE S M E 8 T4 SR F . BA-DMPEA
()"H NMR i [ Q1 & 3¢ fiis , BEE IR RRIE (5 55 1
PRAES S} 4.90 16 4 3.97 kb L4k, 4 3.82 F113.83
A 15 5 X6 Ry R AR R i U T R S S
WBLAES }73.01 F12.79 4k 64 6.5~7.0 X I f55-%t
NEFR A5 T, 'H NMR I FTIR (9 1F 45 5 32
i}] BA-PEA F1 BA-DMPEA & iU 1)
2.2 RIPeRk ke BALAT A

i £ DSCETE A TS T PR R JFIE
W AR () [E1 A6 AT, A0 1] 4 FITIEL 4b B 75, 19 o 244
PRI AT PR IS i LR () P T R, RITE
ARG DX S SR 2 R ol 06 i I 6 vk DX ]
PRy HLam AR E AL . BA-PEA (/) DSC Hi £k an &l
4a 7R , W RIS A W (T(T, )62 T 24 175 °C, W) i [
AR BE () R 210 °C , W {H [E A0 IR FE (T,) R 234 °C,
BA-DMPEA K DSC i & i /8 4b fir 7 , 91 4 [ 4k 1
JE(T)} 190 °C , AR [ IR (T,) 2 228 °C, H 23
W REIAIETE . X LU AT i1, BA-PEA (I (H
&1L IR 4 BA-DMPEA #1551 6 °CA= 47, iX Al fif e
SRR LA S 5 ER I TR A Rk 23
AV R I A A s 0] LS s
T 1 AR TR IEAE TR B B 1E B 0, BA-
DMPEA I /1% F 48 3 26 B0 HH 45 K Ay el 7 - AR & 1z
(0,,,==0.268 , 0., Hammet B 5 50, A F| T
AR T PR AR

ik — 45 5% BA-PEA 1 BA-DMPEA [ [ 1k
BLA, FEAT T 6 BE 2T ARG, 25 58 0 il an 5] 4c
M 4d Ir 7~ . BA-PEA 1 BA-DMPEA FEBE I -1
FRIE M IS (4045 928 em ! (BEBEFR342) .1 152 cm™!

(Ar—CH>—N). 1 228 cm~(Ar—O—C)] Fifi Jia. i 7+ 755
TR SS ELAR I UESE T RER IR SR B SE 44T .
WAL, B bR ie 9 = O B0 Y B 42 A 4 I 3 i
(1 495 eI C—H TSNS HIARSINSIE(820 em™),
il 2 31 £ s o7 ) A 7% T T 2R 2 1k A DU A R 2
WA AEIE(E 5 (1475 em ™). X B AR FIER
JE 4 BUAC, H OB A s 3B kA A B G 4R
7o L LT, LI M 140 °CFF %2200 °CH,
BA-PEA R R & /EVEG TR R A RN, R AL
W de iR . 4 LR EE M 140 °CHF %2 220 °CHY,
BA-DMPEA 1K 5 & A= 58 B W AR A vy,
RAEVLELNE 4577
2.3 RORIFPeR R ey AR T

TERSIAEL T R TR DAL T = Fh 5
AR I WE R [ RS M, 25 R L] Sa fT gk 1, P(BA-
PEA) 1 P(BA-DMPEA) 1) 2k T 5% B (14 3 B (T, 7
R 276 °CHI274 °C. & 5b 3 PR R AT g8
i DTG i £k . P(BA-PEA) i T, i T P(BA-
DMPEA)2 [H b 75 52 #9) 11 (270~300 °C) 5. 7 -1
RS IR 25 M C—N B | C—C Bl LA S A 42 35 (A1
24,1 O—C HE MY 25 AR T 05 5 % C—H 8L C—C
R AR ) kAR Y 2 E0E o E HEI
I, 1% 53 T P(BA-DMPEA) It P(BA-PEA) B L 1}
PR B 5 45 %, {2 P(BA-DMPEA) 7E 800 °C Y
BRI R Y. h 26.8%, = T P(BA-PEA) Y 21.3% 5% 7%
(21.3%) , X R M AE R R (>350 °C)FIA IR
T HAERD TR, kA T I A RN, B Ak
eI PR I R (Ar—OH) P Fr AR A B 2 i 2
WA A AR RA 1, BB 5 2R 5 1) D 245 rh A
AR Y A H A T R A SR S A 2RI AR A A
WA SCERBUR RN, R HE T A Bl 2 H 051
(PAR)ZEFYIRTE I, i 2 T B S0 1 e 20250 R L P
(BA-DMPEA)7E 800 °CI# Y. T P(BA-PEA).,
2.4 BEIFBANHESMA FIER

it — ARG RAITERER S5 SPEREC R,
K FH DMA {S06) 3 i SR R T TR i R Mg A 7
TS, BRI 1K 6a FIE 6b T/ . FFE I T (tand)
F14) WS 0k B2 DA R 2 SRS W W I B 3 A e A2 U
JE(T,). MKl 6athal LIWLZE 5] P(BA-PEA) il P(BA-
DMPEA) 1 T, 435l 7 159.9 °CH1 136.0 °C, P(BA-
PEA) S = 19 T,JA P T b P(BA-DMPEA) i Y 3C Bk



36 TSR 2026 4F 55 54 4 45 4 1)
BA-PEA BA-DMPEA
50 100 150 200 250 300 50 100 150 200 250 300
Temperature/°C Temperature/°C
(a) DSC curve of BA-PEA (b) DSC curve of BA-DMPEA
RT ”\1 m \/M\ MW RT
W ! : W
140 °C-2 h f\; N\/vm f/\w 140°C-1h f\
i i TN~
160 °C-1h /\WF\/VVJ\A\/\W 160 °C-2 h
———— /‘*\: i T~~~
160 °C-2 h W VA 180°°C-2 h f\;
ﬂ l e
180°C-2h ‘/\M N W 200 °C-2 h f\/
200°C-2h 1 : 220°C-2h ‘ -
1495— 1 928 1495— 1 ;
‘ razs - 128 820 ‘ P75 1008 1152 P 820
3200 2 800 1200 800 3200 2 800 1200 800
Wavenumber/cm™! Wavenumber/cm™!
(c) FTIR spectra of BA-PEA at different curing stages (d) FTIR spectra of BA-DMPEA at different curing stages
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(e) Schematic diagram of BA-PEA polymerization mechanism
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(f) Schematic diagram of BA-DMPEA polymerization mechanism
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Fig. 4 DSC thermogram, gradient FTIR spectra,and polymerization mechanism diagram of benzoxazine monomers
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Fig. 5 TG and DTG curves of polybenzoxazine
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Fig. 6 Dynamic thermal mechanical properties of polybenzoxazine

F2 BEHEENDMAMBMTHREE
Tab.2 DMA data and crosslink density of polybenzoxazine

/ ' 0 p/[¥10°
Tab.1 TG data of polybenzoxazines Samples E''MPa E/MPa  T/°C (mol-cm™)]
Samples T,/°C T,./°C Y% P(BA-PEA) 3325 2531 1599 3.16
P(BA-PEA) 276 285 21.3 P(BA-DMPEA) 3196 15.43 136.0 2.43
P(BA-DMPEA) 274 285 26.8 Notes: £’ is storage modulus at 50 °C; E/ is storage modulus at (T, +

Notes:7;is 5% decomposition temperature; 7, is 10% decomposi-

tion temperature; Y, is residual carbon at 800 °C.
BT — 5 2k, A3 5 T A6 SC R AT DL tEA T Ry i
H DL o T BE I S HER) , 1T P(BA-DMPEA) [
TR OB B R AR FRACK , 7R [ Ak S R
HoAy FHEAE =225 (B b i HEAR 32 2B, 39065 1)
R B, 3k 2 ] 7 BH AL W fif P(BA-DMPEA)ME LLE
BB I HERRZE A , S BUR A 1 R W) 245 28 1 4%
FETR R,

& 6b 7% , P(BA-PEA) Hl P(BA-DMPEA) (1)
fifh A 55 1 {8 (£") 7€ 50 °C B 43 %1 24 3 325 MPa #il
3196 MPa, P(BA-PEA)ZH H 5 1 0 fiff RE AR B s
FHUR EIE T 0 15 119 S8 H % AN 1
2.5 RIRFeERMRELRE

T AT WA A L 4 0 2 R PPA P R R 1 T 2
PERE SR IMRFAE . 26 3 MW FN IR E RO TFVEGR 1) 4
JEFEM PR . 3 3 0] 1, P(BA-PEA) 1 P(BA-
DMPEA) R )22 7E & J& iR L -7 25 )R B 1 8 38.16

15)°C; T, is glass transition temperature; p, is crosslinking density.
R3 FHREREARENEEFRNEE
Tab.3 The thickness of two metal samples coated with polybenzox-

azine

. . Average
Samples Coating thickness/pm thickness/pm
P(BA-PEA) 37.8 381 379 38.6 384 38.16
P(BA-
.1 . . . . 1
DMPEA) 38 387 378 38.6 376 38.16

pm, TR 25 R A — SO KO ARSI Y 25 S AT
FEPE AR AT

K H SEM RAE T IR 2R EIE S, P(BA-PEA)
V2 SEMIE SR AN 7a B/ , 2 AR XT3, A0
G F|— O/ IN 1 U5 AR HE DU (4 S0 B, AT i U5 [
A3k v 8 T SR e BRI U . AR B
H— e B B S5 . P(BA-DMPEA)IR)Z
SEM JESR AN & 7d f 7, 2 1 BH S SRS , B0 T
WS R, ARM BGE— L E /xR T
ORI WE R U 22 o e MRS B B — R A oK 2
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FE) 534 . P(BA-PEA) Y — 4k (8] 7o) F1 =4k (& 7c)
AFM EUG rp 1 2 300 DL 2R e ol 32, Ui
HAEYAK R 3R -8, A5 1) 2 TR 152 (R ) (L
4 3.883 nm, e Wt H A FREEFR R % HIY A, SR
iMii , P(BA-DMPEA) (& 7e, [l 7H)F P Tk i Z 1)
FEUH PSR AR R YK, R, & A
15.724 nm, i % 5 T P(BA-PEA). B T &M,
LB DMK S iy e RN Vi P S i
I 25 2 an &l 7g BT 7R, P(BA-PEA) 5 P(BA-
DMPEA)EFEY A 5 H, FB TR FFREEM IR AL T
FE 08 RS 114 A T D 45, SR DR I 1 A8 IOk 285 FE 1Y
WP B SRAE e R ADRIE B 5 TR 2 R, X 2R
RIFIEE YR 2 4 JE IREHEAT T K Hz a0k, 25 2

(a) SEM image of P(BA-PEA)

(d) SEM image of P(BA-DMPEA)

(b) 2D AFM surface roughness
image of P(BA-PEA)
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Wi, P(BA-DMPEA)fA 2 rp F AU BE 1 5 | A UG OR 1T
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4 (R=3.883 nm), [K I Fe B o = ) i A o ARl
ASTM D3359-23 n iR FH W9 A% 3P4l 1 23 J2 A it
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(c) 3D AFM surface roughness
image of P(BA-PEA)

(e) 2D AFM surface roughness
image of P(BA-DMPEA)

(f) 3D AFM surface roughness
image of P(BA-DMPEA)
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Fig. 7 SEM, AFM, pencil hardness, water contact angle and adhesion images of polybenzoxazine coating
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(b) Nyquist plot of the coating in a 3.5%
NacCl electrolyte solution
Notes: Z'and Z" are the real and imaginary part of impedance, respectively.

R

2

(c) Electrochemical equivalent circuit of
simulated experimental data

(d) Schematic diagram of anti-corrosion mechanism of the coating
8 SRATFFMERR Y L AL PERE M B AL R B
Fig. 8 Schematic diagram of electrochemical properties and corrosion

inhibition mechanism of polybenzoxazine

Tks . AN A Tl L L (1,,) 53 ) Dk : 3.27x10°°
A/em® F12.09%10* A/em?, 7] DL H P(BA-PEA) Y &
ol L SIS X T P(BA-DMPEA), HL 7 [/l — Ji fsh £ Jit
SR S, AR A L, TR AR A4 ol e
RO T 2 AT e 5 AL SR T HLAk
“EBHAIE L. A& 8b I/, Nyquist [ H i) HE 25
PR A (P A B B H L) R, AR A T o % i
IRE™, Uik 2 BT A O AL A5 A% F, I 11 ] 8 i
7N, H R R IERHLRE, R, #7R H far 5 £% H B,
CPEFI/RIRZMEAHTCH™ . FHPTER B T34,
R, (BB &5, TS J6F 1 B 47, P(BA-PEA) IR JZ2 1)
Nyquist L &5 AR E K, | 213551 3.95%107 Q- cm?, 1]
P(BA-DMPEA){Y A 2.51x10° Q- cm?, A1 22 P4
9%, Uil B P(BA-PEA) X Hi i [ 15 175 BT N SRR, e Bt
SR FERKAE ST BRI AN 8d IR | ix 32 %2
IH KT P(BA-PEA) A% T P(BA-DMPEA) 4l 43 # 1%
FARELRE B HL TR K, e TR AP BHPY K VA 5B
P 5B %, HEK SR E A RR UK 1 2EA S5 E
VKBl 7, DI HE 27 H A JBLAE VR 2 P i 22 3
WA, AR R BT, Z5G KU, P(BA-PEA)
A AR PRI T 1 R 2 5L Y TR R DM RE , R A3
5T SM B AL RE
R4 BRNBEREELFEEELNSY

Tab. 4 Parameters related to electrochemical properties of polyben-

zoxazine coatings

Samples E IV I, J(A~em™) R/(Q-cm’)
P(BA-PEA) —0.68 3.27x107° 3.95%x107
P(BA-DMPEA) -0.61 2.09x10°* 2.51x10°

Notes: £ is corrosion potential; [, is corrosion current; R, is

corr

charge transfer resistance.
3 &g

(DARBFFE LA A R ERIR , 2350l 5 I B-I8 e
53, 4-Z R C RGBT PR SUE RE BRI
WEZE LK BA-PEA 5 BA-DMPEA, Jf- il % 1 AHL 1Y
RAPITFRERWR)Z , RY b T HEARTT R AT
PERE RIS St T B 4 2R 30

(2) FTIR 5 'H NMR {IE 52 T 28 5 W08 245 #4) 119 1l
U1E ;454 DSC 5 FTIR #h4k, o] UL A 34 %
A LR IGF T IR R A TR S BR 2% . TG/
DTG 5 DMA 2583801, W46 J5 1 PBZ B A R E 1)
PR B S FTRARAE 455 AR TR B ] 1 X 245 1) —
TR . B ORI R BRIR S A 25 5 B TR
2 B OWIE 305 LAk 22 BRI RE 71 . AFM /R P
(BA-PEA) % Ti 1 4y °F- % (R,=3.883 nm), 1M P(BA-
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B 7K 42 fi FA 35 3 T 93.4°, %f [ P(BA-DMPEA)
TRl fA 85.1°82 75 1 8.3°, MK IR J2 15 3 /K
UWRIE . 7F3.5% NaCl#E W P, P(BA-PEA) K 3} B
S 5 A T B 4P R 7, HEBH AR | Z] 3k 3] 3.95%
107 Q-cm?, %5 P(BA-DMPEA )32 5 W N 2%, A %4
PO T IEE A T (498 32 1 1 o SRR I RER IR 2 1Y
it JE T e 7 o

(3)3 o FLAR Sy 2 1T ) S5 R R 4 B AT ZE AN |
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