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PR AR 0 [ A A — N R R R AR B A R, S ML 3 B IR S S A1 5 [ A 7
HISRAZ NS N o AERERE AR, SR IEPIT N = M 2k 45k, PERER A R E 2R BT, Al
PRBSC A DA S B RE T AL AR I 224 . [ i Al iR, SR BRI R N IR A 50, B 5 3L
Mg, PR AR GUEE R, AT FRIRE S AR TERE AT TE3R SRR 1 2R 10 [ 4L S R 5l 772
A B A A [ 0 P I ] A P 8] PR AR A U, A BT B L A T R R R AR i S S R . TR
VBE TR . BELBRIA S0 MG PO [ 00 S MLl g 2 T e, Al =2 4R m e oF SR IR I 4 S 2 10 3 WL v
R, Wiz T SECIG 7 — P& A A JBAS R AL BLA R 3A SO i, il wF e L [tk sl %
THEAF B LR IE AL RE = T R IR S IR, B B 0 B AT B AT BEAEL . KRB TR BIFE M 4
W JIG B ] A 3D g 2 AR e, R A A R AT DAAR i M A ADL G [ A R ST, Sy 8, e G [ A e A e 1)
R E-R AL B R, AL T ZES 8, AT &R I CF/EP K&K

N il g% BELAA AN 7 " A BE A DL )R] B 2R S i, ASOR A & BB SR S R (Van-EP) KBl
WRFFE AN 7S (4-2 B 2R A =BG (HACP) 38 i P 20 1 ] 46 H A2 ) 5 T e At FEL AR B S0 i
(HVEP). KMAFSERZ R HH R A (DSC) W5t 1 HVEP (L5l /1%, il B #E AR R 0 H
WA AT AT T 3G, IR AMEES E T R 2. IFfl& T HVEP Mg, X HMAFEM. /1%
PERE . BHIATE BEAN B Al 1k REREAT 1 RAL .

1 SZEER S
1.1 5B R A A

FEWE (O HraliD. MR R (e LT Bl e AR R AR A& =0
(AifE>99%) W EF IR HIE eIk T Sl AR, AR, DUSRm . —HETM. N, N-H
B F G Jie L AN R IR YY) Sy 4y Al e ST 24 4 K 2R A IR A R s 7 B PR EURE I EpoTech 167A/B,
VST T BB A R R A BR A R s Bk R 4R 7 8UA g b M T700 % 12K B2F 4k, KT
N R R R A A IR A A

TR W /3 9 P 4% :DF-101S B, B ) JRAXES BHCA R A A s 20 K-F: ME2002E &Y, i+
METTLER TOLEDO; HZFJ#46: DZG-6050 &, FigAR1E LI RA Al et 2 K1 R205
B, EREEHAERARAT; a6 (FTIR): Nicolet 6700 %, %[ Thermo A wl; HmiILIR
WX (NMR): Avance IIEY, %t Bruker A ; ZRfAfEEHM (DSC): DSC 214 &, #E[H Netzsch
AF; BKREAL (TGA): TG 209F1, f#[E Netzsch 275 A3 0 P 48 (SEM): Regulus 8230
B, HA Hitachi AF]; HABHALNL: FCC-D &, BXHHBENMARAR: FREKEN: 5567 4L,
% Instron A7 WRP IR GT-7045-HML &, FER AR H RA A .
1.2 HVEP P 8 [l 2%

HVEP f g (I &0 N5 5—20, DA REREN EZ R % Van-EPP),  DA7S SRR = B I A
X 2R Wy o S EORL I £ HACPUOL FERC A M+ 1) 1 L = IR K IR 50.0 g Y Van-EP.31.3
g ) HACP FUi&E & /K A, AR5 4 = D e i & e IR wE /) W28, B RN 50 °C, #iihE X
5 hJE, 1573 HACP (%5 Van-EP % 3 it K 46 & s AR i 25 A T S Bl 285 4 1R HR 8 Ak & )
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(pre-HVEP), X5 A & Pab i 15.7 g B HACP, 8B MG, 78 50 °C T BEAT ek 28 R k4,
BRI ERG, BEETHETMA S, 75 50 CCH/MF N4 T 6 h, 138 E 1 RIS IIHE
HWES HACP BTN EY: 56 —0, KT RIREESYITER R SRR FE 133.0 g KK
BT 160 mmx160 mmx4 mm CKxFExJ5) FFARBR A, BN BB BA AL A BEAT R R . F5 AL
IR AR RS, R M ARG, RIS 2[4 )5 I HVEP B RN, H# 2108 1.29 g/em?s
HVEP 41 Jig i 10 i) 4% % 2k 2 Fig.1 s o
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Fig.1 Preparation of HVEP pure resin sheets

1.3 i F EP B A5 HIH) &

WK EH D A SEMFH D B # 100:27 FIF R IREIA) G, B T 220 BB <,
IR R FL 2 18 (BN BRSO LA R o, [ B2 9 £E 75°C R AL 30 min, S8R5 THR 2 145 °C,
b 2h, BRERRE, BURAEG, EER IR BT 5.

1.4 WRERIE

1.4.1 Bk 34k 47 BZHERIEAC (NMR) R Z Sy 400 MHz, HHR5IRECH 16 . BT A AR
dan EMRT P 2008 TR AL 22, SRSV TR b, 2 AT S . el O 1S 0K

1.4.2 15 2ot T H 2o b 038 547 KA KBr 5B T wIRE, MR 306 H 2 4000~400 cm™!, 94
REC 32 Uk, BT A IR s AE IR AT 4 0d 80°CH A MEAR 14 12 ho

1.43 E{LAT A 547 KM DSC X HVEP 8 lgfA R A7 JESE RN W56 No AU, AU
4 40 mL/min. & JEIEHE Y 25~200 °C, FHEEZFRE/F7I4 2.5 K/min, 5 K/min. 10 K/min. 15 K/min
120 K/min.

1.4.4 # KX E54: KA TGA X HVEP MR ZEAT HAe @ M. W25 9 No AU, RIS FL N
25~800 °C, JFHEHEZR N 10 °C/min.

1.4.5 7 %A MK . HVEP BRI dill k4% . ASTM D790 #r#EAT, FEZER SN 127 mmx12.7
mmx3.2 mm, FEFEN 51.2 mm, ENE I EGE N 1 mm/min, BEAEFESEL S N SR . SO
oy 5 4% . GB/T 1843-2008 FrdEthAT, FrHIABHEERER N 1), BRI 10 M B .
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1.4.6 23T sk iE: R SEM XS FE i B GROWTE S BEAT 70 M, AT 75 60 B8 S 2R 4T 120 s W55
CED IS
1.4.7 MR A A5 H0M) 3K

PR E S (LOD WA Z & GB/T 2406.2-2009 FrifE, FE4&F A 100 mmx10 mmx4 mm,
OB R G SRR 2 IR AR E 30's, FRREAT I
1.4.8 & A iK% EEME (UL-94) EFZNIAZ GB/T 2408-2008 trifl. MHARE KRy 125
mmx13 mmx3.2 mm, BFATHIK 10 s B ARRMER, FFid sk 8 .
1.4.9 &K% KRN 10 mmx10 mmx3 mm 1) HVEP 73 512 W75 A [F) 2 R i) B b, R RE
AT % 5, I3 AR 25°CEL 50 CCRIMEAR b7 P AR . BEAR — B TE)J5, KRE wh NS i,
VUSRS PR S, ON S0 °CHEFE T4, B BRI SIEE, JFic et i 5 o 5 R0 4 g b
6], i m AR R R (DD FMBEMREE (Do. MXTEAR MR (D M= 2):

d=—2 % 100% 1)

r=—"— )

v, Wo NWIERE SR, mes WO BT E I 8] J5 BOAE bt B, mes VONFRRE AR, mL;
t NFEAEESE], he

2 R 59
2.1 pre-HVEP B #IRIE

TEH1] %% pre-HVEP i #2H, HACP F I ZIEGEWE 5 Van-EP H 1) ik S5 AN A S R A 3 A7 ) B, {H
BT SRS PR AN [R], AT a4 o) iR P R S AR R o e S S DA TR, Sk SR
AR RS KRR S M IS RE SR 5 A, DRI, 7 pre-HVEP H, = B4R B 45 /) 4 Rl Fig.2 N
SNAR R AE 50 °CF AN S RIS [A) i) A4 SR a5 e A4k, ANl DL, B AE SO B K, 7E 8.4
ppm BRI 0 SV e B Jofd - F1°) R oS g e 58 IR 3 i, 3 A EOCR R 22 R A B ZE R AR R TTAE 2.7 ppms
2.8 ppm Fl 3.4 ppm BT I3RS 0T BRI A kAR B E R AL, RIFRZEH AR PI RS S
R o

2 | |,
ey al Aol il 2h
I 1h g " l l 1h
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S A I l 10 | T S BT Oh_
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Fig. 2 'H-NMR spectra at different reaction time
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Fig. 3 FT-IR spectra of pre HVEP
FIUEF AL pre-HVEP 19458, XU 347 7 FTIR ik, 45 B4 Fig.3 i, 7T LLE 1, pre-HVEP
FHTE 1680 em! A EEJE (WIS AE 94 2%, RIS 7E 1600 emt &b BV Jie B F Wi WAg 0, 28 W] Van-EP H (1)
Wz G R MR T WK, R LUERIE 908 e AMK IHFF AR E B M5 S, #— Ui
pre-HVEP £ #4) R AZFE A RN AE M, DA K &R R N & B AR R A . 28 BTk, ] DLIE B
pre-HVEP 3 AR & 7l 56 B it I 454
2.2 HVEP ¥ lg B 4L AT A
2.2.1 AR RAFESE DSC X HVEP # g 47 [E b 2 73 550 b, FHEEZE (B 25K 2.5
K/min. 5 K/min. 10 K/min. 15 K/min f1 20 K/min. %45 %40 Fig.4 frx, ASEFAEEZR T H DSC
il 2R 35 R I B — (0 [ A RO, FLBE S IR R S n AR R, SR I D I R e R T A A . X2
BT [ A 8 P AT 75 B2 — s R IR, T P I T R v gt 2 9 BUBCAIE R AR B R S, BT DAR
I HH AR o e A R A U2
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Fig.4 DSC curves of HVEP at different heating rates

A XS B A AL /1 AR HVEP (A3 /72T W T, 51N Malek S8 FAL R (S5 [ 1L
& LT RR:

—= (-— O @

He ()= A=) 5 me n 3RAMSL N FE; aNBEILE;  ( )ZRafEREG 4 MR
AT E, NRMIEIAE, J/mol; R NFIMSAAEE, T NAWRE, K ¢ NEALEE], s.
B (3) W IA [E B HEAT 6 B B a5 5 (4):
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Fig. 5 Relationship between curing degree () and temperature (7) at different heating rates

4R DSC i ds, i K (O] LG A R EE T In(da/d) 5 1T Z [BIFZPE G R, W Fig.6(a)
fiaw, A mA+mino+nin(1-a), FHEFEAN-EJR, BT RAG E AL SN FITEAEE Bl TEIGRE Eo
FE 16 B o) O R 40 Fig.6(b) o, T LLE H El B35 a3 I T S O8I, ¥ afE[0.2-0.8]2 [8] (175 1t

e YME )5 53 E. N 46.51£0.97 kJ/mol.
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Fig. 6 (a) Linear fitting curves of In(da/dt) and 1/7 within the range of 0.2<¢<0.8; (b) variations of activation energy (E,)

versus a
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Fig.7 Variations of Malek determination equation y(a) and z(a) versus a

Tab.1 ap, am and a’, obtained by DSC

Heating rate (K/min) Op oM a”,
2.5 0.50 0.33 0.67
5 0.56 0.33 0.70
10 0.56 0.32 0.71
15 0.57 0.33 0.74
20 0.56 0.30 0.74

FDSCHIZ (Fig.4) U IRFEX B aic Aoy, y(a)fz(a)ie KAEXS N oy mlid Radtla,, A
A TR 2N Fop amflo” ilTab. 1 7. #R1ESestak-BerggrenZ 50 8l /) 22 B A ( H LB -
(T )= In[ a- )+ @)
ATLVE M, PR Ein[(da/d)e] Sn[o” (1-a)| ZELH ZEVE SR R, MRS A S R 45 2 4 1 5% R
Fig.8F~. HH, P=m/n, HP=aw/(1-anm), I (8) WIRIH W LIBFRIB) 1% S Hn, #—D0lk
1380 152 8m. Tab 2¥|H T FrsRAG B 463) 7122 S 40
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Fig. 8 Plots of In[(da/dt)¢*] and In[a” (1-a)]

Tab.2 Curing kinetic parameters of autocatalytic model of HVEP resin

He(?;irr;gir:;l te ( kJ/Enulo D In4 Av-In4 m Av-m n Av-n Cionr;iatli;z)n
2.5 46.51 8.78 8.80 0.51 0.47 1.04 1.00 0.9974
5 8.76 0.46 0.95 0.9987
10 8.86 0.47 0.99 0.9990
15 8.82 0.49 0.99 0.9990
20 8.78 0.44 1.04 0.9969

¥ LR AP HT TR A0 2 MR B 630 1 BRI B, 717 51
$= (880). (—%%) - ) ©)
VS BI 15 92 FTAH dorde-T A0 A0 Fig.9 BT MFIYAT DL, HUR TR 2 15 52 06 24

ARG, U] B AR AR /E — € AR L L 1A HVEP Wi i) [ AL 7%

9

= 2.5 K/min experimental values

8 + ¢ 5 K/min experimental values

4 10 K/min experimental values

7| & 15 K/min experimental values
20 K/min experimental values

Full lines: Calculated values

dofdr (x107)
S w o

w
T

!
300 350 400 450 500

Temperature (K)
Fig. 9 Comparison of experimental values and autocatalytic model calculations during the curing process of HVEP
resin
222 BT FEAR A R A A TR B — ORI B-T AN KRB E 1S, 58 DSC il 2 $2 B
AN 5] i 3 e [ A S R PR R AR IR BE (T WEMEIREE (Te) AN SR BE (To), SRJG 70 AT 2tk
A, 45540 Fig. 10(a) i, AMEIRFE 7358 83.2 °C. 113.4 °CHl 144.1 °C.
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FIH 2.2.1 FRAG M EALE) S5, 53 AIFE 80~150 °C R X AT A4y, Al 43 BIAS R G T [
WSS R, 45580 Fig.10(b)Fix. FTLLE i, HVEP I8 [ A SN 52 30 B2 5 AR R, AR
PETE, AT 80 °C N B 156 min 4 AEWEIEF] 99.9% K B ALSE, i fE 150 °C FAN 7 &M 11 min B ]
53 99.9% 1 [ A6 BE o FESLBRRAEIEREr, Dy T R PRI [ A i SR IR N L ) S TR R, EAT 4 B
B4, [ IR BE 2330 9 120 °CHI 150 °C.o [ B 2% 8 2 2R & W) A5 BRI, 75 B0 H A8 K LR I B (8],
AT E BT Z 0. 120 °CHEAL 2 h: 150 °CIE{L 2 he $5 [ 4 5 F 4 g #E4T DSC i 414 s,
RIVBA ARG I, R ZE LT Z T, HVEP WAEAT LLsE 4 ik,

(2)240 |-
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Fig. 10 (a) Linear fitting lines of characteristic curing temperatures and heating rates; (b) a relationship chart with time

during the curing process at 80~150 °C
2.3 HVEP # lg i) #fa 5
Fig.11(a)’y HVEP ¥ I8 57 F EP M8 TGA B2k, M A al LLE H HVEP # I8 A4 46 B i
(Tass) A 321°C, FEH EP WARHY Tase v 327 °C. HVEP #ARTE 1000 °C T 5% 5% R H 1A 48.4%,
Zrm T EP 1 7.2%, X EZRE T HVEP W lgh & F 75 RIS R4, TE sl T A5 RiK
A E AR, R TR E R B TR . Fig.11(b)y HVEP M /IR 57 FH EP M 51 TGA #th4k, HVEP #
JIig PR 5 K B AR ( Tnax ) 4 348 °C, I FH EP BTG Tonax 29 351 °C, Ui B 9 3 A AH 24 0 IR E 1

(b)
(a) ol
100 | — o
"""""""" e &}
T450,=327°C ° HVEP
80  7450,=321°C N
T 4r —Commercial EP
9 &
S 60} R g
3 T g
5 HVEP ' g 8
= 40 48.4% s Tax—348°C
=3 Oy
ol ' A T,=351°C
Commercial EP -12 F
oF 0 200 400 600 800 1000
. L . . o
0 200 400 600 800 1000 Temperature (°C)

Temperature (°C)
Fig. 11 (a) TGA and (b) DTG curves of HVEP resin and commercial EP resin
2.4 HVEP % l§ i) )7 2 1 g
XF HVEP # Jlg F1 7 A EP W I 25 il Fl o o Ve e gk AT 70K, 45 30 Fig.12 s . Fig.12(a)
4 HVEP 575 H EP W R 25 i vERE L, I AT UE H HVEP A% I 625 i oi 2 0 25 it 485 5 0 il
153.7 MPa £ 4.1 GPa, B & T/ M EP #iE. X 3 ZIHE T HVEP W iE 70 785 & K =R 2R3
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gitly, HBEAE SRR, MMt 7 Hara fhirEfe. (2 HVEP RIS 10 o o 9 B2 W] A 5 7 A
EP W Ji§, 1 Fig.12(b)fr. 2 S KZ R EP XU A RIAEM G, oo 785 & A ks 1
FBEREEE R, A B Toolkrhdife & . it — 2@k SEM W8 1 bl J5 I 35, 45 R Fig.13 Jir
7o M Fig.13(a) Al LB & A S 2], HVEP WG BEIR J5 O I i AL S B 5047 2R 4L, AoA Y
R G 2 BT R4 E s 10 AN Fig. 13(b) P a] LA 2, F A EP W IR 0 W i b A 1) S22 1) 28 1R A T B SR S i
PR, RYPHAEPIRSEPRBCELZ PR . ZMOWESRE 5 Horh St se R — 3.

(a) 200 6 (b) 8
I Flexural strength ;
153.7 I Flexural modulus 1s i
160 |- - QL
4.1 % E° 529
123.9 142 % 51 I
! 2
43 § 4+
3 , 2.74
_2 S g- u
15} 2
-1 E
s
0 0
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Fig. 12 (a) Bending performance and (b) impact performance diagram of HVEP resin and commercial EP resin

Fig. 13 SEM images of the impact section: (a) HVEP; (b) commercial EP
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Tab.3 LOI and UL-94 results of HVEP
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Fig. 14 Degradation curves of HVEP (a) in different solvents and (b) at different temperatures
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Fig. 15 Degradation rate of HVEP with (a) different THF dosage and (b) different acidity
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ABSTRACT: To enhance the flame retardancy and degradability of epoxy resin, vanillin-based epoxy
monomer (Van-EP) was synthesized using vanillin as the primary raw material. Additionally,
hexa(4-acetylphenoxy)cyclotriphosphazene (HACP) was synthesized from the flame-retardant unit
hexachlorocyclotriphosphazene to serve as flame retardant and curing agent, thereby preparing a highly
cross-linked, degradable, and flame-retardant vanillin-based epoxy resin. The curing behavior, thermal
stability, degradability, mechanical properties, and flame retardancy of the vanillin-based degradable
flame-retardant epoxy resin (HVEP) were systematically investigated. Non-isothermal differential
scanning calorimetry (DSC) was employed to analyze the curing kinetics of HVEP. The curing kinetics
parameters were obtained using the self-catalytic model, and it is found that the fitted curve is in good
agreement with the experimental curve. The results indicate that the autocatalytic model can accurately
describe the curing process within heating rates of 2.5~20 K/min. The optimal curing conditions was
determined by extrapolation method as follows: 2 h at 120 °C followed by 2 h at 150 °C. The resulting
HVEDP resin exhibits a flexural strength of 153 MPa and an impact strength of 2.74 kJ/m2. The HVEP resin
demonstrates comparable thermal stability to commercial epoxy resin (EP). However, it achieves a
significantly higher char yield of 48.4% at 1000 °C. Furthermore, HVEP resin displays excellent flame
retardancy with a limiting oxygen index (LOI) of 28.4% and achieves a UL-94 V-0 rating in the vertical
burning test. In addition, the HVEP resin displayd relatively good degradability, with a degradation rate
reaching 0.29 mg/(mL-h) in a 0.2 mol/L HCI solution (¥(THF)/V(H20) = 8/2).The results indicate that the
molecular chain of HVEP contains both cyclotriphosphazene and Schiff base structural units, which
contribute to its flame retardancy. The Schiff base structure also imparts degradability, enabling HVEP to
exhibit balanced mechanical, flame-retardant, and degradable properties. These findings are of significant
importance for broadening its application fields.

Keywords: epoxy resin; curing kinetics; thermal stability; flame retardancy; degradability
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