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Research on synthesis of low dielectric loss reactive phosphorus-containing
flame retardants and properties of its epoxy composite materials

HUANG Junyi', ZOU Jing?, ZHOU You?’, ZHOU Yuanlin', TANG Anbin'?

(1. School of Materials and Chemistry, Southwest University of Science and Technology,
Mianyang 621010, China; 2. Sichuan EM Technology Co., Ltd., Mianyang 621024, China)

Abstract: A flame retardant monomer 6- (2, 5-bis ((4-vinylbenzyl) oxy) phenyl) dibenzo [c,e][1,2] phosphono-6-oxide
(DOPVB) was synthesized by using 10-(2,5-dihydroxyphenyl)-10-hydro-9-oxy-10-phosphophenanthrene-10-oxide (DOPO-
HQ) and 4-chloromethyl styrene (VBC) as raw materials. The DOPVB flame retardant was compounded with epoxy resin
(EP) to prepare EP/DOPVB composites with different phosphorus contents, and their thermal, flame retardant, and dielectric
properties were tested. The results show that the optimal synthesis conditions for DOPVB is that the molar ratio of reactants
DOPO-HQ, VBC, and K,CO, is 1:2.2:3.0, and the reaction time is 6 hours, then the yield is 74.55%. The EP/DOPVB cured
material with a phosphorus content of 2.5% has the best comprehensive performance, its glass transition temperature is
130.4°C, which is 45.21% higher than that of pure EP. The dielectric constant is 2.98 and the dielectric loss factor is
0.005 03, which is 21.99% and 72.16% lower than that of pure EP, respectively. The vertical combustion test of the
composite material prepared from the cured material reaches V-0 level, with a limit oxygen index of 67.4%.

Key words: halogen-free flame retardants; reactive flame retardants; flame retardant properties; dielectric properties

0 5|5

I 5 H 13 A 1] v B R AT e T I
RIE, W et i F MR RE4R T o
SR, FRER IR (EP) B (B 46 2 ML g it v 77

EESTH : w4 HBORR #4407 E A B (2023ZHCGO
048) ; w9 )1l 4 4 R T b Kk F 4 EARBRA A= ] 3745
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I 0 B PR R o I 28 i BEL IR Rl i 5 EP AL
LR 07 3 W BP R4 A BEL BRI , bR v T
ST B BER A AT IR B T, (E A AR A PR S
A AR IE 2 5) 5 EP BB A0 5% 008 B (T) Bk 25
[ U7, g TR g LA 7 DU RE 9% 7E EP 1 [E 1L
oL R R HEAT A0 2 SN 38 I 3 K BE R B 4 T R R
HAN g A1 LI A 5 A R4 & .
Z AT SCE A R MR AT BEBR A F RR S R A0,
1EL A% 45 2 I 28 55 Tl Mgy 8 5 Tl B 4R 7 [ £ o 7
237 AR K B B WROK (1 S B 2 L 5 0 o % 7
BRI A HL 5 2 (DO A o7 458 A DK $i (D) 1S K, 3k T
S p AT R A R MG SR . TR, B R A
A 18 CCL (48 H 223K , 42 - EP (147 P R (5]
ESPE e Lo

5 H A6 T 78 A EP 17K 2 B T
H 4 R R BEL R 1 R B0 7 THD %) 5035, o FERRA 5 0
EEMREMMT R BN Z o 17 A A B
AR KT 52 N, &M T4 & AR CCL 2 Aok
B i) FEL B AR AT M0 R R 1 A

MR ARAE EP A FEME e S BEAME RE , A SCE ok
PL10-(2,5- R FE I HE) - 10- 5 -9- A 2 - 10~ 24 3F
-10-%8 1L ¥) (DOPO-HQ) Fl 451 H 3£ 2 2. 4% (VBC)
VERIERE, G B — PR A S5 45048 S S B 55 g BEL A 71
DOPVB, 2R 5 ¥ EP 5 DOPVB & it ] £ A~ [R5 &
fJ EP/DOPVB & &+ kL, 0 58 & Fo0f 26 4 BHEH
PR B A L A R IR 2
| S
1.1 SEIEER

10-(2,5- - FFE FEI)-10-H-9- S Z« - 10T 4%
FE-10-4%4L Y (DOPO-HQ) , TV &% , V1. [ i 38 7=
FA PR AT s 4- S K 205 (VBO) , 43 #r 4l , th 4R
B UHT AR PR 2 ] B R 41 (K,CO,) , 43 #r 4k, 1
W22 O AR A IR A R s — AR (DMSO)
FRE T B, 35 09 20 BT 480, AR R B A 2% 0 A R A
A FOR A Al [ 25 4 A 2E R A IR A A 3
A (D128, 35825 B 5 186 g/mol) < i 4 i ]
1L 7 (DFE618, i 24 B fig [4] & & 4 228 g/mol) , ¥ Ky
Tk g, VUM B B A IR A A

1.2 SCISH]
1.2.1 DOPVB FHBAF HARK (1) A i

¥ — 52 H il i) K,CO,. DMSO.DOPO-HQ /il A
BT A& WU BE (19 500 mL PU %60 o, 38 A N, If:
FHR % 65 C M1 he ARG VKK FEIR 2 15°CH
B 0 VBC, ¥ 0 B 18] 4 30 min, 35 0 25 R 5 THR
£ 60°C M 6 h, KM AE 1R, RMNEEREE
o P8, DR VRAE H IR R BT e B ok o 8 281
IR e A 2 K AR A (pH=7) , Fi ) F O ]
Hzot. RGHBPREITES G, B D
DOPVB L&, 72114 1 4 i 4

: U oo, G
z 1+ O: O O: O
T T o ko
1 DOPVB&EMR MK
Fig.1 Synthesis reaction formula of DOPVB

1.2.2 EP/DOPVB ##f JI [Fl 444 1) 1] %

TEREA AR UM N — 8 & 1 1 W I 3 14 B
HIDOPVB HAK , HL i+ 4 h, R R N THACE
HLE 140°C N FE 4k 15 min, i FEAE 171°C T B8R
IFIA] A 100~120 s. fiJm 7E 525 2 22 kPa I #4 &
B A ol R ] 6 RO 60 T [ A0 ), 1 5 2R 1
165°C/60 min+200°C/90 min.

1.2.3 EP/DOPVB & & ##} il %

(ORI £ - 332 VIR T 5 B PR A R 0 1%

1iE \DOPVB A1 T il B & 4+ 35 S e i 002 B K
# 1 EP/DOPVBE&WMRIMELS
Table 1 The formula of EP/DOPVB composite materials

FE DOPVB/g  EP/g  iithlR/g  BFSE/%
EP 0 45 55 0
EP/DOPVB-0.5 9 41 50 0.5
EP/DOPVB-1.0 18 37 45 1.0
EP/DOPVB-1.5 27 33 40 1.5
EP/DOPVB-2.0 36 29 35 2.0
EP/DOPVB-2.5 45 25 30 2.5

(2D 2= [ Ak i) % < % B A7 A1 12 N TE 3 11 Jie ik
5 B, EIR BN 35%. £E 171°C i i X T 1
F6 L 5~7 min, §] 45 2 W40 o B4R A 7R
171°C R [ %E I 18] 4 120~130 s

) BRA il 2% < K5 20 5K L3k 2 [ 4k 7 S hd, - .
A CE iR, BT B AN 22 kPa [ R AL
o )RR R R . R A A% 1 A 165°C/60 mint
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200°C/90 min. 300
1.3 MR SR % ggg —DOPO-HQ
(1) ¥ A1 8 3% 4> 1 (HPLC) : 3K F H A& SHI- ?,;}88
MADZU 7 7 LC 1260 1 74 & 24 i Fi £ 13 4% 3k 47 = sof
MR 0 o 0 5 10 15 20
(2) 21 4h 6 1% 43§ (FTIRD : 3K 3% [H PerkinEl- Ihf [f)/min
mer 24 7] RX-1 24 LI A8 21 556 G AT IR () POPO-HQ
S KB JE JF 353447 R L 4148 8038 PR A 500~ 2 oo —borva
4000 cm™s g( 1000
(30 M2 R 3 2 4 BT (NMIRD = 37 8 [ A 5 52 ) = s
$5 7 IR 2 7 FX201502 T8 9 4% B4 B e 32 47 o
R, PATAR = B L KA R ) o ik} i1)/min
(D ZERFRTE I (DSC) « 5K FH 7 [ ifif 5t 24 (b) DOPVB

H] DSC200F3 Y 7 7 41 4 & # k47 il , /AR
S, THIEE 2 N 10°C /min , 16 78 Bl 9 50~350°C 6

(5) #4 H 5 # (TGA) « 5% F 78 [ if 3tk 2 7
TG209F3 & #4 2k 5 43 AEAT 20 1 » B T
T N 10°C /min , 5536 9 50~600°C .

(6) T FLR J5e CUL 94D 4 - 48 FH & Ly BH 0z ) 4%
XA BR A ] 5402 BL/KSF -2 EAR B IR AL, 2 18
ASTM D3801-2019 HE4T IR, .

(7) 1% PR 4 ¥8 2 (LOD M 4K« {i A %€ [E] Stanton
Redcroft 2 & 31D-38 B4 & 15 il 52 1% , Z B GB/T
2406.2—2009 F A7 M

O PERE Bt : R £ E 2 A A A
P9373A T4 4% 43 H A 1 == QWED /A &) SPDR %
H AT, A% 4 10 GHz.

2 #R5TE
2.1 DOPVBMWEEMFRIESHAMRED T
2.1.1 AT

& 2 4 DOPO-HQ Al DOPVB [ ¥ AH o it &, %o}
S8 JE R DOPO-HQ 5 72 ) DOPVB FAK [ t i 15
BLAEAT XLy #T . M 2 AT LA S B DOPO-HQ
UG S TR] A7 T 3.44 min b, HLILIE T AR G4 7 R0%
T A4 1 98.87%; 7 ¥ DOPVB [ H! I It} 7] 4iE 38 %
5.76 min &b , LG T N 99.80% , iX — H 4 ASAIE 52
7 DOPO-HQ [] DOPVB WA &4k, I8 R 3L 1 724
DOPVB # =i 26 f5 .

2,12 AT

K 2L A0 1 5 J5 R DOPO-HQ. VBC LA K 7=
V) DOPVB [ 5t EAT AL, 45 A 3 s . M
30 LLFE i, DOPVB 7 T 3 415 cm™ 4k 1) -OH F#1iE

2 DOPO-HQ#1DOPVB K& t it &
Fig.2 HPLC spectra of DOPO-HQ and DOPVB

W 2,1 231 em™ A1 025 e AL HU B T Ph-O-C
HEWR AL U , %5 B DOPO-HQ [ #4235 VBC IR &K
BRSO, T RS T () kS .tk 4h, DOPVB 1
FTIR %8 7 K H T VBC #1 1 627 cm &L ) C=C
5 AE W Uz 0% A K. DOPO-HQ ' 1278 em™ &b i) P=0O
A1 581 em™ A& ) P-Ph FF ik W Wi, 2F — 25 3 B Je
SRR EAT

VBC 1627cm™ C=C
—
DOPVB ' :
e NWMN' *r; éing
v 2 AN
i M Y} W/ W
DOPO-HQ 1231cm’! Ph-0-C7" i'oz}cm-l
341501‘[‘1"—0]{ 15810m"P—Ph
. ) . 1200cm-OH *
4000 3500 3000 2500 2000 1500 1000 500
PE/ (em™)

E3 DOPO-HQ.VBC#1DOPVB Y FTIR i
Fig.3 FTIR spectra of DOPO-HQ, VBC, and DOPVB

2.1.3 KWy Hr

DOPVB (1] 'H-NMR i B 41l 4 i . B & 4 7]
HI, Ak 2B 2.50 4b 9 DMSO VA 7716, 3.33 Ak A
H,0 [V 7% . 5.08~5.28(c,d) fil 5.73~5.87(Ce,f)
A SRy R iy B B i T R T . 4.76 (a) Kb BRLUE
H16.67~6.70 (b Ak X F UK B 1) 2 MV 48 2 &L 1)
JoR -, G Hp OO R U SR Bl T AR S R A T R
6.62~8.18 2 [f] [1] 2 F Ik ([ 6.67~6.70 Ab ) XL E 1%
A8 . DOPVB H1 2K F1 & i U o A% G 3R AE 1Y
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AR

4 DOPVBHAY 'H-NMR & &
Fig4 'H-NMR spectrum of DOPVB

B SR S AR PR ) S5 R AR AF L 45 & FTIR 45
8,0 DA E A S A A BCH bR P24 DOPVB.
2.1.4  BEPERE AT

BH %4 71 DOPVB [¥] #4 2% H (TG) F1 #4 2k 8 3 26
(DTG M n P 5 Az~ . MK 5 AT LA H, DOPVB
E i FEAK T 300°C B AH X £, oK 30 B 8 3400 il
BE & 15, B2 i i T v, DOPVB 1E 346.6°C I Jii & 451 2%
15 Bl 5% , 7F 440.0°C I #453 fiff 18 26 8 K, 7E 600°C I}
B R %9 33.11%, LA E R B DOPVB B A K I 1) #4

110 0.2
o TG
Lol To=346.6°C . prg
90+ _
=
80 02 E
= >
ol o
£ 6ot 04 5
& -3
50p 0.6 R
40+ X 33.11%
30 T, =40.0°C 08
100 200 300 400 500 600
TS5 /°C

5 PBEEASIDOPVB R TG FADTG #hiZk
Fig.5 TG and DTG curves of flame retardant DOPVB

22 FEMEREHTKL
22,1 JERHEC LT PR 7 R A R

TRIE RN e BB [E] J K,CO, T H A,
1 DOPO-HQ F1 VBCH) i i & 2 L 73 il 1:2.0. 1
213152241223 122,40, P77 23455 51N 64.10%-
67.05%+72.33%+72.56%72.85%. H1UA] %0, Bl &
VBC & &EMIG I, =R 2 WG KBS, N
DOPO-HQ 5 VBCHIm &2 by 1:2.2 - 4f, 7= %
& TRE .
2.2.2  K,CO,H&EX =5 2

TRFe HAh & R A, B DOPO-HQ 5

VBCHIF &2 b~ 1:2.2, 2% DOPO-HQ 5 K,CO,
VIR EZ L 58 1:2.0.1:2.5.1:3.0.1:3.5.1:
4.0 I, P2 72 32453 ) N 65.68%- 72.33% 74.57%
75.32%-75.91%, tH L] %0, Bl 5 K,CO, & =1 I,
PR BB G K
2.2.3 SN EDGE PE A P R R

TRFF H A A Bk A, )R B4 DOPO-HQ 5
VBC ¥ i i) /2t 1:2.2, DOPO-HQ 5 K,CO, ¥
JR B LN 1:3.0, 24 [ REI 8] 43 5 9 4.5.6.7.8
h i, 72 90 7% 2 4 )N 68.52% 73.33% 74.55%
72.56%72.43% , H1 W 0T K, B o S (] 3, 7=
Y= 2 S 38 KG9 o

g5 b, N SR S IR R A R TS, AR
DOPVB 1) 5 It & B 2k 4 4« [ B2 4 DOPO-HQ &
VBC ¥ i () & 2 th A 1:2.2, DOPO-HQ 5 K,CO, ¥
JRIEZ LA 1:3.0, NN 6 h, %44 R e
N 74.55%.
2.3 EP/DOPVB & & #EIHUBRER 4 88 53 4

% 2 4 EP/DOPVB & & #4 B} 1 B8 5 1t B il ik

&2 EP/DOPVBE &M HIEIEAGR T RE
Table 2 The combustion properties of

EP/DOPVB composite materials

UL 94 3%
T 44 PR LOI/%
t/s t/s  TVEMZR  HYH
EP BT BT o NR 30.0
EP/DOPVB-0.5 1 48 G NR 49.5
EP/DOPVB-1.0 1 33 G NR 49.6
EP/DOPVB-1.5 1 13 I V-1 66.6
EP/DOPVB-2.0 1 5 7 V-0 65.8
EP/DOPVB-2.5 1 6 7 V-0 67.4

T 0, F 1, 50 B8R 5 — VR B R KR A IR R R 1] 5
BT £/ Re 22 H  NR R AL .

M2 0 LAFE H , 4l EP i@ i UL 94 Wl i,
LOT{H 1Y 4 30.0%. [iti# EP/DOPVB & & #4 K} H i
RN, K LOMER EiR S, UM S &N 1.5%
i, EP/DOPVB & & #1 K} ) LO1 1% 2 66.6% , Lt 4l
EP#ETH T 122%. BLAL, B & 2 003l 15 5 A 4
BIHE UL 94 I8 P R I8 H 5 25 B 38 7 R0OR , Ui &
A F 2.0% 1 2.5% I, A i 3K B T V-0 HEY
RO, 75 i) 25 b 28 &2 & 0 Rk, w] DL e o 4
DOPVB [N &: , i {2 21 B AR I BHBR R
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2.4 EP/DOPVB BRI M BE S 17

N T R R4 B DOPVB X EP #4 M fE 11 5%
Wi, 76 RS T * EP/DOPVB [ A 4 33E 47 i 5 A
ZRPARERAHTIR . & 6 4l EP Al EP/DOPVB
[ AP0 1) TG A1 DTG #h 28, 3 3 AV 40 1 #52 Br
EAETTP

—+—EP/DOPVB-2.

40r -~ EP/DOPVB-2.
1.

1.

0.

BB 2%

EP/DOPVB-
—+—EP/DOPVB-
20+ —* EP/DOPVB-
—=— EP

0 100 200 300 400 500 600
i g /°C

(a) TG

-0.5F

-1.0r  ——EP/DOPVB-
—+ EP/DOPVB-
EP/DOPVB-
.15} —+ EP/DOPVB-
—e—EP/DOPVB-

—=—EP

3 R IE 2R /(Yo/min)

2.
2.
1.
1.
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5
0
5
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209 100 200 300 400 500 600
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(b) DTG
6 EP/DOPVB EL48 TG #1 DTG Hhzk
Fig.6 TG and DTG curves of EP/DOPVB cured materials

&3 EP/DOPVB E(L#IHI A 4R
Table 3 The thermal parameters of EP/DOPVB

cured materials

FERATR T,/C T,JC BREE% D, /(%/min) T,/C

EP 340.7  411.0 20.34 1.58 89.8
EP/DOPVB-0.5 347.8  403.8 30.78 1.12 104.9
EP/DOPVB-1.0 372.0  406.5 37.87 1.00 124.4
EP/DOPVB-1.5 364.8  403.6 42.59 0.85 129.2
EP/DOPVB-2.0 3732  402.0 48.56 0.79 130.4
EP/DOPVB-2.5 373.6  403.0 43.75 0.76 130.4

H1% 3 1] %1, EP/DOPVB [ 14,95 ff) 3¢ 35 4. 5 A%
i (T, B8 % Wk & 5 0 58 0o W) R T e, EPY
DOPVB-2.5 [ T, Hi 4l EP ] 89.8°C Jt i #] 130.4°C ,

P T 45.21%. £ EP/DOPVB 45 #) 1, DOPVB 5
IE IR B4 7 T B A FLAS S, B A T 80 I L%
AEHR N 28 S50 o X A EE R AR A BR ) TR S )
B B HIg 3, A e & 1 A i i R

afi EP 2Kk 5 5% [N S )i BE (T,) 9 340.7°C
BRI iR 2R (D, ) N 1.58%/min , 7E 600°C i )
Wk 9 20.34%. % DOPVB A , EP/DOPVB
[ 46,40 (1) T, FH 5% 0% 2R B B 32 T, [F B D, A BT T
F% , 2 1 DOPVB [ A X} EP [ #Ea 8 M B35 1
IR . Ho, Bk 24 H K T DOPVB 1£
I3 fift It R T A R A T I, SR S TE I K B AR
TR IR R B ; [F) i DOPVB # i it feeh P24k 17 %
WA 3, P T EP 4 TRERI W EE I N . 24 EP/
DOPVB [& {1k 9 F1 5% & & 8 2.5% I, D, 14 EP 1]
1.58%/min [&{IL & 0.76%/min. M4, 85 70 = L ik
BORAEH S A1 T, M EEEP 1 411.0°C PR 2
403.0C.
2.5 EP/DOPVB B4R BB 1 BE 53 #

SRR A L B (D) R B AR FE R $ (D)
X I S bR B A o BB, R R
G, 15 S E BBk ik, (5 S kb, R4 H4
EP FIAS [7] % 2 £ EP/DOPVB [E 464 1 /v 8, 8 B0
I AT AE R HL

#*4 EP/DOPVBEI{L4EI /T B 1 BE
Table 4 The dielectric properties of EP/DOPVB

cured materials

FE il 458 D, (10 GHz) D10 GHz)
EP 3.82 0.018 07
EP/DOPVB-0.5 3.5 0.005 61
EP/DOPVB-1.0 3.22 0.005 19
EP/DOPVB-1.5 3.19 0.005 14
EP/DOPVB-2.0 3.07 0.005 09
EP/DOPVB-2.5 2.98 0.005 03

i 2 4 7] %0, 7 10 GHz [~ , M Lk 46 EP,
EP/DOPVB [E {4 ) D A D54 Fr FRAK , 3+ H B &
DOPVB & &N, — & FICEHA MM E. H,
EP/DOPVB-2.5 [E 1L ¥ ) D, N 2.98 , #H#¢ T 41 EP %
fiX 7 21.99%; D, N 0.005 03, A7 #¢ T 4 EP & 1K T
72.16%, %< B DOPVB [H ¥4 71 6E % 2. 2 & A g [#]
A L B ST R 5

3 &g

(D BL10-(2,5- = FR F R B -10- & -9- % 7%
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-10-fE A FE-10- AW 5 4- S B R 206 R B
Ji B R D) B — P A J5T A8 6 s I Y 5 Tl BEL AR 711
DOPVB, & sk 8 : ) N4 DOPO-HQ. VBC
HK,COMMrIE 2 N 1:2.2:3.0, R MK [E] 5 6
h, B = 304 74.55%

(2)DOPVB [H #A 7] 5 % 2 35 B 1IK EP [E 4L 4 1)
S HUHE O A 5T 5 FE DK $, B EP/DOPVB-2.5
1 W4E 10 GHz F i1 D, A1 D, %3 5 5 2.98 F10.005 03,
FHET2HEP 73 A FEAIK 1 21.99% H172.16% .

(3)7£ EP/DOPVB & & #4 £ H1, DOPVB [ 7
I IIN Rl P AR G A K A 2, I HL A (i HE R 1R
Fo 240 &N 2.0% B, B & # R AT I8 3 v-0 5
2%, H LOI N 65.8%-

(4)EP/DOPVB [ {6 ¥ 1) T, b6 % B & & 1) 4
I W & T &, 3k EP/DOPVB-2.5 (¥ T, T = &2
130.4°C , B 4 EP 4215 1 45.21%.

2k References

[11 ZHENG K, ZHANG Y Z, QIU J X, et al. Flame-retardant GF-
PSB/DOPO-POSS composite with low D,/D, and high thermal
stability for high-frequency copper clad applications[J]. Polymers,
2024,16(4):544.

[2] CEN X H, CAO Z L, WANG Z Z. Flame retardancy, dielectric
performance, pyrolysis behavior of epoxy resin and cyanate ester
composites containing a multifunctional flame retardant[J]. Jour-
nal of Vinyl and Additive Technology,2023,30(2):423-438.

[3] CHEN Y C, REDDY K S K, LIN Y A, et al. Tetrafluoropheny-
lene-containing vinylbenzyl ether-terminated oligo(2, 6-dimethyl-
1,4-phenylene ether) with better thermal, dielectric, and flame-re-
tardant properties for application in high-frequency communica-
tion[J]. ACS Omega,2022,7(30):26396-26406.

[4] GUO C, PENG Q X, WEI H B, et al. Phosphorus-containing
flame-retardant benzocyclobutylene composites with high ther-
mal stability and low CTE[J]. ACS Omega, 2023, 8(10): 9464-
9474.

[S] ZHAOY L, LIU F, ZHU K J, et al. Three-dimensional printing of
the copper sulfate hybrid composites for supercapacitor elec-
trodes with ultra-high areal and volumetric capacitances[J].
Advanced Composites and Hybrid Materials, 2022, 5(2): 1537-
1547.

(6]  Seha<, e A, oy L, 55 . B0 SRV W ) BEL AR LR O pt SR 446 b
FHERERETTI]. ZZ001 1,2023,56(4):22-27.

WU Songjin, TIAN Guannan, HE Hongrui, et al. Properties of
phosphorus nitrogen aluminum synergistic flame retardant low
smoke halogen-free polyolefin materials[J]. Insulating Materials,

2024,57(6):43-48.

(7]

[8]

9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

JUNG J, SODANO H A. High strength epoxy nanocomposites re-
inforced by epoxy functionalized aramid nanofibers[J]. Polymer,
2020,195:122438.
LIU L, WANG W, SHI Y Q, et al. Electrostatic-interaction-driven
assembly of binary hybrids towards fire-safe epoxy resin nano-
composites[J]. Polymers,2019,11(4):724-724.
GARRA P, GRAFF B, SCHRODJ G, et al. Ultrafast epoxy-amine
photopolyaddition[J]. Macromolecules,2018,51(24):10230-10236.
RS R R, A5 TR ELAA 7R T B S0 I BELARR B #A
RESZ R HLELRT E ], A bh bR 5 T R%,2022(11):107-113.
WANG Shuxia, CHEN Feng, YAO Lichao, et al. Study on the
influence mechanism of phosphorus-containing flame retardants
on the flame retardant and thermal properties of epoxy resin[J].
Composite Science and Engineering,2022(11):107-113.
CHUAN M, DANIEL S, TOHRU K. A comprehensive study on
the oxidative pyrolysis of epoxy resin from fiber/epoxy compo-
sites: product characteristics and kinetics[J]. Journal of Hazard-
ous Materials,2021,412:125329.
BT HTRE AR BT BAT 5T 5 R R BUR[CT/72011 4
PELAA 2 AR S 2 WR SCEE bRt A2 Tl A, 2011:18-21.
QIAN L J. Current research and development status of phospho-
rus based flame retardants[C]//Proceedings of the 2011 China
Flame Retardant Academic Annual Conference of the Chinese
Society of Flame Retardants. Beijing: Chemical Industry Press,
2011:18-21.
2D IR AR BELBA AR (0 IR B R e 35 0. A 2% Talk, 2006,
9:14-18,24.
JIANG Yugqi. Current situation and development of bromine re-
tardant worldwide[J]. Chemical Industry,2006,9:14-18,24.
LI X H, XIE Q N, LIN J Y, et al. A phosphorus/silicon-contain-
ing flame retardant based on eugenol for improving flame retar-
dancy and smoke suppression of epoxy resin[J]. Journal of
Applied Polymer Science,2023,140(39):54474.
TEREKHOV I V, CHISTYAKOV E M, FILATOV S N, et al.
Factors influencing the fire-resistance of epoxy compositions
modified with epoxy-containing phosphazenes[J]. Inorganic
Materials: Applied Research,2019,10:1429-1435.
WANG Wenduo, CAO Zhilin, WANG Zhengzhou. Investigation
on the flame retardancy, thermal and mechanical properties of
epoxy resin/cyanate ester composites based on mSiO,@ZrPB
and DOPO-HQ[J]. Polymers for Advanced Technologies,2023,
34(5):1540-1556.
LI PY, WANG J H, WANG C Z, et al. The flame retardant and
mechanical properties of the epoxy modified by an efficient
DOPO-based flame retardant[J]. Polymers,2024,16(5):631.
ZENG B R, ZHOU R R, ZHENG X H, et al. Polyhedral oligo-
meric silsesquioxane hybrided with DOPO and phenylboronic

acid for flame-retarded epoxy resin[J]. Polymers for Advanced



48 AR 2025,58(5)
Technologies,2021,32(6):2339-2351. mance[J]. Insulating Materials,2024,57(8):114-121.
[19] DAI Xueyan, LI Peihong, SUI Yanlong, et al. Thermal and [22] AR, 5K EF, BT, 5 G400 v B RS i 1 S A B L R
flame-retardant properties of intrinsic flame-retardant epoxy re- FHAREFE[D]. 462541 K1,2024,57(6):43-48.
sin containing biphenyl structures and phosphorus[J]. European ZO0U lJing, ZHANG Qin, WU Meng, et al. Synthesis and appli-
Polymer Journal,2021,147:110319. cation research of high phosphorus content epoxy resin with low
[20] ZHI Maoyong, YANG Xiong, FAN Rong, et al. A comprehen- dielectric loss[J]. Insulating Materials,2024,57(6):43-48.
sive review of reactive flame-retardant epoxy resin: fundamen-
tals, recent developments, and perspectives[J]. Polymer Degra- s HER:2024-07-10; 18 = HH#A:2024-08-21.
dation and Stability,2022,201:109976. EHE N
[21] 7L BR 25 Wil 38,56 L 23R M 40 1 45 0 22 S A e v FARM6(1999-) , (), Wl J iRA M+ 4, £ ZAF

REMIRZ MR [J]. 46 250 K1,2024,57(8): 114-121.
WANG Xia, CHEN Yuqi, CHEN Runbang, et al. Effect of mo-

lecular chain structure of polyethylene on itsdielectric perfor-

A~

TR A LR A6 AT R
WA B R (1968—) , B (k) , Wl & LA R

R, 2 ZRF A I YA AT



