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Integrated Design of Flame Retardancy and Toughening for Bismaleimide
Resins Based on Reactive Linear Polyphosphazene

ZHOU Yifan, ZANG Xinle, HAO Yuezhi, CHEN Lin
(College of Safety and Ocean Engineering, China University of Petroleum (Beijing), Beijing 102249, China)

Abstract: A maleimide-functional linear polyphosphazene (PHMP) was developed to address the challenge of achieving
simultaneous toughening and flame retardancy in bismaleimide (BMI) resins. PHMP was introduced into the diallyl bisphenol
A/ 4,4'-bismaleimidodiphenylmethane (DBA/BDM) resin system to achieve integrated regulation of flame retardancy, smoke
suppression, and toughening. Owing to its reactive side groups and phosphorus-nitrogen backbone, PHMP can participate in
the curing network while imparting flame retardancy. The results show that PHMP significantly improves the mechanical and
fire-safety performance of the resin while maintaining good heat resistance. With the addition of only 4% (mass fraction)
PHMP, the impact strength of the modified resin increases by 124.6% compared to that of DBA/BDM resin, while the total
heat release and total smoke production decrease by 41.0% and 32.1%, respectively. Moreover, the limiting oxygen index
reaches 35.5% and the material achieves a UL-94 V-0 rating. This study provides a new strategy for the multi-functional
integrated modification of BMI resins.
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LA 0 4 5 1 B L R T A 27 g P 031, BMIT A RS T 25 5 A S8 g B, i P 76, 31 el 5 58 Bt 0 i A 24,
VEAEMTZS LR . e M RE B A A 54 1 3 22 40 55 s i 7 FH 0 I 3 A5 B AR e 0 IR U g, R 0 i 5 1) g
FRTEM, SR, BMI 40T 4509 B = 38 6% B HAEAE KGRI D5 A, 76 T3> LR S i ARk 04 W] B, 3R 3 i
RO Wb, DT 7E — o A P B o) HC o B S Bl P 1 R - 00, S B i F v, R T ks BMIL A T 1 g
A E, 38 5 LA 4,400, ok BE WV e — 2 H ok (BDM) SRy B | 05 T 35 LY A(DBA) Ay sl 386 9] 551 > B 1
DBA/BDM M HRIAR R o %R R X B BB A B, H DBA (95| AR GEH 55 [ 16 X 48 B, 2
A AR 1) B 3 A B 7 U B ( Ty) 55 AR R T e, DT B IR 58 B P8R 4 2 4 43 B4 R, T Tl A sk %) ¢ 0 XL
AN, BMI H 3= & (4 05 B 25 M AE SR BRI 5 7 A KA 55 LA 280K, 7T BB iU ™ S i AR s 0, (R,
Sy Bk FLME M R 29 BMI 25 A M RE iE— 25 ST+ AN SCHE D 38, 1 & RE A [R) 25 S 304 4910 5 BELJR ) o P s
AfEEZ Y,

H AT, $27+ BMI B A5 B M B8 14y ik 32 S0 455 V4 Jin 280 5 52 7 78 LR vl i S ek (5110 e/ 4 2 BELA 791 PR L
AR L ARTE L TC a0 B e ROBELR S R o, B IA R R i R BELA R 1 E B AR R £ G S BRI R SR
Li Z020 & 1 T e 2L Bl A 15 BELIOR 2000 5 M5 TR 35 5 7 1 366 AT £ X (4- (s TR R 3 ) R 388 ) R JE i R 155 (APP), A T
BMI B g A BELAA BR M . 24 T80 B 5 20280 8% 1Y APP INF, B IS A9 3 R BRI I8 7] 35 UL-94 V-0 2%, {5 Hinhits
PIE T T 20.4%. DRI, o] 2 S PR 0 25 ELASR 154 ) Bt A 4 60 2 402 v b R A 000 2 BMEL A A P ) S e 0k
0%, S Y TR 5 TR A AP B E RS T 1) .

RBENE & — 2 M L BHAR A B8 ) 0 B D Re A ), S Al 38 1 — P=N— JL o ag, I 7 R 47
R - 28 D3 W) BELAA fi 1 03), [ I, SR Tl I W R K v g P— 1 e EL A 5 vy S 3% e, (8 LM R 25 40 5 T4, L
2 R 01 T e, DRI v P R LA 371 45008 J B R R s ), SISk, SR IR R SR B S A A= )
CL JF 4 8 BT BMIA g (0 BELR L 158 990 o 1, 5 A A1 28 B e A0 000 ) 18R J6 T T 2R B 1 — 7 AR o Zhou 45115
PL7S S =Wl I R0 = JRFUIATT A= 400 Sk DRk, 3 o 448 SR B Ny 1 T A B T 2% T R T IV B R A 1) 2R Bl G
BRo ALTIN TR BON 2% 59 BB skt il 8 DBA/BDM 4 JI 14 2 Fit e {1 PR il 8 238 1R AR B e 2 2 )
FEAIK 52.8% 1 30.8%, F I UL 5 AU BH AR FRME . S A IR AU SR B M o LA TCHILAORIE AEAE, 7ER AR B4 rh
Z8 5 S BUAS Y5 DT S B0 T AR 50 0 S I 5 B e, = B T 0y o 4 50 e 11 g B REL A, DT e A i
PUBEHA . 1 1) AT Bk BE A B R DR A0, ZevE RBEIEJE T80, B — @ st A R TR IR A R
RAEN JA% 3 5 e AERVE I, DT A bR 0710 W], L BS540 5 T o0 -1, wlad a5 A B A
AH VT iE B 5L A S 7 M 0 B BE 11 o B2 THAR 22 A28 P A2 B 20 v, IR I e BMI WIS LK 5 34 ) — 1A 1k 1531
T EL R AL

AR SCW T I A T — P Ik kW e 0 B A 2 M SR B IS (PHMP) , & £ 3 4 45 ¢ 15 T S0 R
DBA/BDM 4 ig BHA 5 34 B BB A P [T 42 T . 3 S5 ke 1k S0 B 19 M 65 55 DBA/BDM 14 3 B AT R 1) &5 ) D i
PE, #1153 PHMP AU RES 7L BB 1A Z v 52 BT 4 (149 2310, 38 T VR S0 Y20 53 2 5 AL I 48 ik . sk Ak
SO LA SRR AR TR A0 R, S 4 b kA I 45 B TR BbE . A, PHMP SRR B T B I 55 A
- SR DI R BELBR AR AR, AT 26 e I AR b aot o (2 B Jli e -t v i 2 AR 1 o TR, A - 17 B o A
A 22 v s Jon— b BELIA 700, T 2 3 ok S N v M L BEBR T g 551G B804 N T IR — R R o b, ok
DBA/BDM B fEZ5-&-PERE B9 B R UL AL AL 1 — i 9 7 T RS
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1.1 E#

BDM( w>96.0%) . DBA(w=85%) . 4-1h 3 Iif . f J& % Iy ( HPM, w=99.0%) . 7~ A& ¥ — 8% if (HCCP,
w=98.0%) | 1, 2, 4- =K (w=99%). ZILEEIR (7 Hral) . /KA GRRES (Fral) . i Rhr T 0 A PR A 75
DU S Pk IR (THF, w>99%) | 1E CL e (w>99% ) : [ 25 48 4k 2530 A BRA 7l o BT 5 700 #E (6 R R 38 200 70 1
PR LIS £ BR7K 78 . HCCP FEf AT TIEC b h 4T 1 3~4 IRE 45 4.
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1.2.1 £KWRE =2 (PDCP) ey & 2 ESCHR [20] #23H 19 7 2l % PDCP, & Bk &l 1 firs . Bk
BRUNE : 1% 40 g HCCP ¥ T 1, 2, 4- =GR, S A 0.4 g 23R (ML) A1 0.04 g /KA B RS (2
HEF), B R S R NR R o FERAR N, B R VR R ST 210 C A PN R 3.5~4.5h, MR RFE
TR A D A AR, G E RN . TR IR E B IR R B AE O e P T, 25 g
VA3 2] PDCP ML= o B2 KL= T U 0K IR, 2 8 S BRANE Y, JE AR IE e ide . idalifhad
FEE 2~3 IR, L5 F R A5 A BPE R PDCP, 4 Hs i T T8 pu S wemg b 45 H
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\ N/ N
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cr Jy

7\ 1, 2, 4-Trichlorobenzene
Cl CiI

HCCP PDCP | THF 7
P=N
A n ‘L "
0 ™N" O o o) Q

NaH N
— o
THF
N
@o
OH O~ Nat
HPM HPM-Na*t BMI/PHMP

El 1 PHMP (4 m#sLk
Fig. 1 Synthesis route of PHMP

122 B 443 X 7 (HPM™ Na®) 8941 & 3@ i HPM 5 Ak 8 19 56 4% BUIC S 0 1 46 HPM- Na* B %6, %
HPM T T8 DU 0k Rg , 26 000 T I 0 28 i et S0P B 10 DO S0k g v v, S s et By 1k R B R
Bl IS, K AR R BT 70 °C NAREEIRITRN 24 he RNV 4595 , 1 i i8R AR R 9 a2 i SR, e
JE BN}y HPM™ Na /& -

1.2.3 PHMP #4414 7R SART T, ¥ 45 40 HPM- Na* ¥ W 2% 18 3i% 11 25 PDCP Ry DU A Wk i iR b, %50
TR B R R R IHAE 70 °C, BRI N 24 h, DI E R BUC RN 584 . ROV S, FHiRA
WV H 2 2, A IE C e TP = U s b o SIS 2 R AR SO I SR B L, N A VS E R A R T
VO SR, BR AR, B RREAE S e 00, Meai b FE A 2~3 Ik, BJa, B AR - E T
70 °C HASHFE T, 155 H AR =4 PHMP,

124 Z &+ HE  FARE R0 PHMP %1 % BMUPHMP & 4 #HRHI )y
7% DBA/BDM HURYH, 1R . B, By FHE Table 1 Formulations of BMI/PHMP composites
Ak B WA 55 Ty il #5919 & A A B BRIC 8 BMI/ Sample m(DBA)/g m(BDM)/g m(PHMP)/g
PHMP. #% % & #f ¥} F PHMP, BDM A DBA ] B DBA/BDM 42 s 0
pSE=a]
BRI 1 BMI/PHMP 1.0 42 58 1
L BMI/PHMP 1.0 B il £ . 1 5%, # 1g
. . BMI/PHMP 2.0 42 58 2
PHMP 738 PR R 101 B K-E 5 IR A,
BMI/PHMP 3.0 42 58 3

2R ZNBEFEE RS e FL . KX FLI S 42 ¢ DBA
TE 135 C NIRA 2], e i 28 L Br 2 K FaE i BMI/PHMP 4.0 42 58 4

e, LIRS A 58 g BDM, 3T 140 °C F#;
SRl HRKRRFE TR RIS Mt f, RO BUERAE . Xz REE T B BA, 5HE
ToARM A . B JE, B AT A Y TSR AR B A TR ) R DU SR R L, R P (150 °CL 2h—180 C,
2 h—200 °C, 2 h—220 °C, 4 h—240 °C, 4 h) #HATHEETHERE Ak, 4595 BLE 15 2] BMI/PHMP 1.0 &4 # KL
1.3 X F0RAE

W 1 L 48 I 3% (NMR) = % 5+ A & 5 AV 400 28 3% 3% 1 (400 MHz) i H ] f& PDCP & H 45 7= #)
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PHMP 472509 FAE . DG 5 80 = AR 5 571, R4 "TH-NMR F13'P-NMR i K], 38 23 73 B A3 HLA
AT 5 B I AR A B 1 AR AR B8 TIE B U2 5 )

8 L I A5 2T A3 (FT-IR )« 5% 1 35 [ Nicolet 6700 16 1A 5 R i B9 FT-IR 3% 140, FH T e Ar sio e
e B 02 F 2546 o SR FHTRAR B i e, B b ZE AR AT 2o T 748 1 TR .

I 3T (TGA) : 2R HI 25 E TA Q5000 BYFAEE 43 #7 %, 76 A4 T LA 20 °C/min 19 3 28 D IR IN#A 2
800 °C, it TGA FIf A TE (DTG) HiZ- 40 Mt b4 KL FRAE 5 R B 77

2R E I (DSC) : R & E TA Instruments 22 75 4714 18 SV 98 HUR 90 00 [ 4047 R ER7E AR R
SR HEAT, LS, 10,15, 20 C/min B FHERHER, =R E 350 C.

A HHUARE BE: 38 58 sh A LA S T (DMA) MR FE 5 (19 340 # M RE, SR 92 TA DMA 850 #L43Hr X
= RAMIE AR, 7 1 Hz % T LA S C/min NEIRFHE 350 C,

$r 23 SR A [E Jobin Yvon 23 BIHOE WP 6B, B4 514.5 nm A9 2 T OGRS

it s . 2 IRIE ZbRME GB/T 1843—2008, K35 [ MTS ZBC1400 A w5 50 AL (BB & 4 1) I 3p1 At
1 ok e R

RELAA P B« 38 28 A BIR 42048 £5 (LOTL) 1 2 ELERBE M 25 & PPN 4 E Y BEBR R BB, 43 5K HE ASTM D2863 FiI
ASTM D3801 #5ifE, £ HC-2 AU 45 FUUR CFZ-2 AU BLRBEMNR A b5 . AR BRBEAT o B ok fes B
i 3 HEIE AU (TTech-GBT16172 B ) #4713, 4 HGE 50 35 kW/m?, i SR ARBERGH F (HRR) | B AR
(THR) . BEBEE (SPR) %5 KA S 40

Yk A 8% (FE-SEM) : 2% 1 H 75 H <7 SU8220 137 % 5 414 vt 4% WL 8¢ oo T T B % A 1) TR0V 350
G BT T I 5 0 S 454

X 548 L T BE 3% (XPS) : 5% 124 [E Thermo Scientific ESCALAB 250 Xi %I X 5 2% % oy, 7 RE 1% 4 0] 5% 7%
FM VAT IO R S0, FA AT P 2p AN 1s $U3H, LIS R PHMP (9 BHER/E FAALEE

Y % 7 5t e T 4055 (FE-TEM) : % H H S H 7 JEM-2 100 F 5937 % 565375 5 v 7 5 480485 W) i 8 v 4
TSR T SR, InsE i Rl 200 kV

2 GR5H®

2.1 PHMP By &HRAE

i [E] 44 PDCP & H #7574 PHMP [#3'P-NMR EAEL5 R WA 2(a) i~ . PDCP 7EAb“# 1 B —18.53 4b 2 BH
BRI fE S 0, I R R L R B Y R, SRR VR, S TSR E 1124, BN
HLIE 22 JIE ST P—ClLHEE 58 2550 P—O—C(Ar) Z544, L 3145 7 &5 D RE 1k 19 R B . "H-NMR 3% [&]
(J8 2(b) ) #2424 T MNAE 515 B AL 7 6.30~7.50 Kb Z B IE VTR T 5 AL, 6.28 Ak A1 s U xof
IVAESE QL 1 S o O e P i B TR I B g N 3 = R B DN A AR - B U 2.
MreEAl T PHMP 3RS E 1 (18 2(c. d)) . PHMP 7E 250~310 °C HE 1 A~ S AG 2 8 A B, 3520 T4
T S Pt SN0 i 5 A6 P R0 i o 25 16 R TR 5 T DBA/BDM B il A 2 iy i 50 3] £k 3L 181X 1], 55 B PHMP 7
WG 11k 3 8 AT AR R S5 B4 5E . LAh, PHMP 7E 800 °C R 3% 3k 23.4%, R BLAF R Spe i /1, i g H
FEG AR R AR BB 2S5 T Al .
2.2 PHMP 3t DBA/BDM #4 5 &£ 17 24 B9 22 I 2L 12

i T WF5E PHMP [l AXT DBA/BDM & R #4647 R (15200, 3 1% DBA/BDM A BMI/PHMP 4.0 T 5 {4k
177 DSC K (FHEEZ K 5 °C/min), Z5 K W& 3(a) i~ . DBA/BDM TR &) DSC #h<k A 3 AP 1Y
TG, WEAE IR B 43 DR 142.3. 180.5., 243.2 °C. X 3 /M43 X )i DBA/BDM B il 14 35 [ 4k, 1:F 7 v i) i 751
B B: 142.3 °C &b il A 3 2205 T8 0 T 3k 155 0 ST Ik S0 e U =2 18] 114) <4 Jin > 2 Rz 5 180.5 °C. Ak ) Tl e 3
5 rfE R it — 20 & A= Diels-Alder PR IAL SR SCAE IR 2N AT 55 243.2 °C Ab 1 e 0 R G D) 5 ) 286 &5 ey i —
AR R B AL K 95 B Ak /E HE SRR A DG . B A1, PHMP (95| A & I 28 O [ 4k 52 6 8 6 A 15 7%, BMI/PHMP
4.0 TR DSC MR [FIAE 7R 3 ASRRAE A, W {E 43 507 T 136.5. 181.9. 233.7 °C. 54l DBA/BDM {£&
ZARLL, 55 1 AN I s s v W i) AR IR 7 61 7 50, 28 W1 PHMP 5% |- % 15 S IR IV e 5L T ml R TR 5 2 5 0,
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() (b)
PHMP Hydrogen of the
PDCP maleimide ring
/
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I L L
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c
100 ©)

1.0 r (d)

80
60 +

40

Residual of mass/%

20t

100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
7/°C 7/C
K12 (a)PDCP 5 PHMP f9°'P-NMR j#[&]; PHMP [ (b) 'H-NMR 3[4, (c)TGA ik 5 (d)DTG ik
Fig.2 (a)'P-NMR spectra of PDCP and PHMP; (b) 'H-NMR spectrum, (c) TGA curve and (d) DTG curve of PHMP

a) "— DBA/BDM (b)
@ BMUPHMP 4.0 C-N

=]
&t
4 y
C-H Benzene ring
50 100 150 200 250 300 4000 3500 3000 2500 2000 1500 1000 500

T/°C Wave number/cm™!

%3 (a) DBA/BDM 5 BMI/PHMP 4.0 iR {411 DSC 1£k; (b) BMI/PHMP 4.0 /1 FT-IR #£[4]
Fig. 3 (a) DSC curves of DBA/BDM and BMI/PHMP 4.0 prepolymers; (b) FT-IR spectrum of BMI/PHMP 4.0

) TR UEFR ME T ; 28 2 4 Diels-Alder &2 WA B IEACRAL s 45 3 A~ HE S 16 IR IRy RS 9.5 C,
FB] PHMP (95| Al BB — R LRRAR T 05 B HEM B 22, A A T AEAR X BARTE B I g kM 4 . |
W5 R W], PHMP 4 Hh % 5 f B e 55 P O 2R A8 AL T 2R % , T2 B2 2 5 DBA/BDM 1A & i [ 4k 2 7,
FERT TR K Jim S 48 T Jlas B 7™ A 5

by it — 25 B UF PHMP 76 [ 4k 45 44 v 9 77 76 5 /6, %P BMI/PHMP 4.0 #4717 FT-IR Gt R AE, 45 2% an
K 3(b) fin. FES Y FT-IR 3% K& h A5 % T DBA/BDM 1A 2 [ 4 BIH-F I, i1 C=0 M4 #E3h . C—N 145
P53 K AR M I, 36 I T A JE T PHMP Hh — P=N— 8 (- AE 2 I, iF 52 PHMP 2 8% 5 | AL iA R p
(ELAS T R A A, i P b A A 0 1) BH I 119 C=C BB RRAIE W WAL 06, 3 2% B PHMIP 4 Bt I 11 T ol b I e L A £ 2
5T RS0 L2, #E— 25574 T PHMP 5 DBA/BDM HAA 2 [AJE i Ak 274 . e [ml #4238 6 R 4% R 4536 .
IR SR AL I, AR5 R A B A TR [ AR Y 55 T A I . Diels-Alder 52w F] i iR 5 HE MY 58 B R
DX [, REAE A S5C0K 3h 45 B B B BE I HEA T, 16 JE 20 g 1 2R 1) BT AR 75 KR
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23 AREMESNFEEEE

AR FATE R T 5 H v R IR A T T DL B BELA M 8 e BE AR DG4 SRy bt A9 1 Sl ik AR e BT A T
DBA/BDM # i§ &2 BMI/PHMP & & b1 BHW #4847 R, 25 R WA 4(a, b) iR . RS T, i S TE
400~ 550 °C i Bl P 247 H B o — () B R T B Bt (1] 4(a) ), 3% FE 2R PR R 4 g 5 16 0 245 v = i B 76 022 0L IX
B A . A TR B R X [E] AT, {2 DBA/BDM M JIE LA K2 BMI/PHMP 2 & 44K} 1) 2k 51 8l ) 24 K e &
AR B R

M DTG [t Zk (& 4(b) ) o] W, Ffi 75 PHMP J5i it 73509 35 i, BMI/PHMP & & 4 Bk e R 2k 0 3 3% 1
ik . DBA/BDM i I Y % Kk 2k H 3 %N 1.12%/°C, BMI/PHMP 4.0 f4 5% K 2k T 8 3 ) B 28 0.86%/°C., 26 1
PHMP 15| A\ REREFRARI i R sl i i Pk 246 . 5541, DBA/BDM #Jig LA & BMI/PHMP 5 & #4417 800 °C
YRR R 25 3 . DBA/BDM B IR 5% = SRAL N 24.7%, 1 BMI/PHMP 4.0 /5% 5 RN T2 41.2%. iX
— R TFF T BB 5 PHMP - 20 45 A0 7 2k o 8 vl 26 1803 Wl 07 26 0 O i 4 A Ak e > A G, JHE AT A g R
K . SSHR/ SRk, ITTE BE R . U k)2 . I, TGA 455 32 F:5<“PHMP Al {2 #f DBA/BDM {4 % #4
fif e A58

48T PHMP X} DBA/BDM #4 Jiig 1) Ml 4 LA K i #4119 52 W, ACBiF ¢ 38 18 DMA 753 T DBA/BDM 4 Jig LA
J BMUPHMP & & b4 b L A5 Ak B A B AR i (B) I To(IEl 4(c~e)) . 25K, B PHMP 78 it 1934 m,
HAME E 5 Ty ¥ 52 3 Se T 5 5 B i R spi A8 Ak, R ZE T ZEAR0R N &~ , PHMP 5% 2 Sk ik 7
J¥ie 5 A AT 2 5 [ A S g ORI 3k p 3% e, DN 42 v A RS IR B L IR BE Bz gh (22 W E & Ui ) .
BMI/PHMP 2.0 ) T, 5% 312 °C, 4 DBA/BDM B fig (295 C)$ T 17 °C, [Fi E WA R B K1, RIATE
T PHMP X Wil 00 265 445 # B B3R VR FH o SR 1T, BMI/PHMP 4.0 # T, 5 E ¥ 1 Bl/INIE T [, 1% n] B85 T 95
77 18 i R s — 2 3k PHMP 78 SR o kA Jmy 0 B2 sl T 3R, BN 8 S5 ) AN 3 — | BRI O R AR — 02
PHMP J& F 5 30 20 1, 2408 in 2 K mT BB = A — i < I 9B 200, PRLIE, K PHMIP 45 il 7638 B s n i
A BT e B TR AR T B 5 D 1 [ s 4k R 2 4 ) 38 S0 M S e k.

1£ $2 7 DBA/BDM # i 1) 14 J7 11, PHMP (9 5] A 30 H 5 o B g elos 2 it . &l 400 e, B
PHMP (1% 5 12t 538U\ 0 34 11 %2 4%, BMI/PHMP 52 & B4 8E) vl 5 B2 I 6.1 kI/m? 72242 7+ 2 13.7 kI/m?, 15 iR
IR 124.6%, 2 BB RHI i A5 204 R0k

a c
100 @) 1.2 ¢ 3000-()
[+
° a 2500
» 80 09 >
g = » 2000
= & _g
:5 60 - % 0.6 + g 1500
! Sie £ 1000
S 40+ DBA/BDM 3= 0.3 & =— DBA/BDM
4 ——— BMI/PHMP 1.0 S 500 | *—BMI/PHMP 1.0
& ——— BMI/PHMP 2.0 5 +— BMI/PHMP 2.0
——— BMIPHMP 3.0 = *— BMI/PHMP 3.0
20k BMI/PHMP 4.0 0 2] O [ +—BMI/PHMP 4.0
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800 100 150 200 250 300 350
7/°C T/°C 7/°C
5000 @ 375 © 2 ®
g B oyiPr L0 B oviPP Lo T B oviPrep Lo
E 4000 - BMIUPHMP 2.0 350 Bl BMIUPHMP 2.0 E 20r B BMUPHMP 2.0
S Bl BMIPHMP 3.0 Bl BMIPHMP 3.0 2 6h m BM[/PHMP}.O
% 3000 F Il BMI/PHMP 4.0 o 325 | Il BMI/PHMP 4.0 % Il BMI/PHMP 4.0 13.7
2 ~ &n 12+
=] &tm 5 9.4
£ 2000 300 =
[0 7] 8 F
& S
5 1000 275 g 4t
& £
0 250 0
Sample Sample Sample
4 DBA/BDM # I LA Bz BMI/PHMP & & #1 K19 (a) TGA 14k, (b) DTG £k, (o) f#RER - B i 4R, (d) 2 iR AERERL R,
(e)T, LI () shifia s

Fig. 4 (a) TGA curves, (b) DTG curves, (c) storage modulus-temperature curves, (d) room-temperature storage modulus, (e) 7, and (f) impact
strength of DBA/BDM resin and BMI/PHMP composites
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Fig. 5 SEM images of the impact fracture surfaces of DBA/BDM resin and BMI/PHMP composites
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Fig. 6 TEM images of ultrathin sections of DBA/BDM resin and BMI/PHMP composites
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Fig. 7 (a) HRR, (b) THR, (c) CO, RR, and (d) LOI of DBA/BDM resin and BMI/PHMP composites
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Fig. 8 (a) SPR curves, (b) TSP curves, (c) CO RR and (d) TCOP of DBA/BDM resin and BMI/PHMP composites
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Table 2 Relevant parameters of combustion characteristics for DBA/BDM resin and BMI/PHMP composites

Sample PHRR/(kW-m ?) THR/(MJ'm ™) TSP/m’ TCOP/g LOI (3.2 mm)/% UL-94 (3.2 mm) UL-94 (1.6 mm)
DBA/BDM 612.3 80.3 212 3.44 31.0 V-2 NR
BMI/PHMP 1.0 554.6 66.9 17.4 3.35 32.5 V-0 V-2
BMI/PHMP 2.0 601.5 64.0 16.3 2.61 34.5 V-0 V-2
BMI/PHMP 3.0 460.7 51.7 15.7 2.84 35.0 V-0 V-1
BMI/PHMP 4.0 453.6 47.4 14.4 3.37 35.5 V-0 V-0
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Fig. 9 Digital photographs of the residual char of DBA/BDM resin and BMI/PHMP composites after combustion
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Fig. 10  Structure and composition analysis of char residues from DBA/BDM and BMI/PHMP composites after combustion: FE-SEM images

of char residue of (a) DBA/BDM and (b) BMI/PHMP 4.0; (c, d) high-resolution XPS spectra of P 2p and N 1s; (e¢) Raman spectra;
(f) FT-IR spectra of gaseous pyrolysis products for BMI/PHMP 4.0 at 400 °C

£z L ik, PHMP & DBA/BDM B Jli w9 BELKA A1 1 10 T 558 SR A5 AR BRI AL - e 358 SR A oy, AR 7
YA ST UK . B0 B s AR B B v i PR AP 25 7 UM R, RO & B PR b 4% 1 o A K

RO, H TR BE SN o X PAPAILAR A4 B R A FH T BMI/PHMP 525 A4 BHL 57 B BH AR S5 4R P RE



%5 4 3 A, A5 TSN T P SR A P L A gt IV FHEew) i BELRA R o — A fk i i 329

3 & g

(1) At 5% XSU e P IV e AR gt i1 A a1 5 2 R P e A Wi Tl B A Pk A, 3 ok 23— 306 i T — O % 5 2
N B I i 5 AT P 4 Pk SR o A2 0O 00 P AR LT P I 2 5 A I S R M 4%, TE4RTH A G AR} T, B RIS, )
FH LR - B 2R T 1R 3 0 55 1 BELBR 5 00 0 e

(2)PHMP figf it 42 F+ DBA/BDM B g 25 &5 PEfE . BMI/PHMP 2.0 [ T, #H%T DBA/BDM # 5 £ 1
17 °C., B W AR ORAF i Tl #er 7 T B W S AL whf 9 B2t DBA/BDM 4 i5 1Y 6.1 kJ/m? £ % 2 BMI/PHMP
4.0 i 13.7 kJ/m?, B IE 3K 124.6%; [F) I LOT #2755 & 35.5%, T BBk 5 UL-94 V-0 4%, THR 5 TSP 43 %] %
fIK 41.0% F1 32.1%, B S O BHKA 55 410 KR4 RE

(3) PHMP 3 & “Jz b B 432 K 2 55 190 2% g +f 0 22 02 28 6 SR AH /<A BELA i B R AIL 0, S8 T
DBA/BDM M IR #4t: | 44 5 BRI RE ) Z 4L 4k .

S % 0Hk:

[1] ZHOUX,CHUF K, XU ZM, QIU S L, HU Y. Preparation of BMI monomers containing phosphate and phosphonate structure to
enhance the flame retardant and toughness of BMI [J]. Journal of Colloid and Interface Science, 2022, 625: 903-914.

[2] ZHOUY F, WANG L, DING L L, YANG W Y, ZHANG C W, LIU D L, HU W Z, HU Y. Innovative design and preparation of
hierarchical BP-OH@HAP structure: Study on flame retardancy and mechanical characteristics of UPR nanocomposites [J]. ACS
Materials Letters, 2023, 5(11): 2870-2876.

[3] NIEX,LONGLJ,XUT,LIB, SHAN CY, XIANG Y S, LIU Y, QIN S H, HE M, YU J. Combustion and pyrolysis behaviors of
flame retardant poly(lactic acid) composites containing phosphaphenanthrene and maleimide molecules [J]. Journal of Analytical and
Applied Pyrolysis, 2023, 174: 106143.

[4] LIS, YAN H X, FENG S'Y, LI X. Phosphorus-containing flame-retardant bismaleimide resin with high mechanical properties [J].
Polymer Bulletin, 2016, 73(12): 3547-3557.

[5] YANGCW,LIANG G Z, GU A J, YUAN L. Flame retardancy and mechanism of bismaleimide resins based on a unique inorganic-
organic hybridized intumescent flame retardant [J]. Industrial & Engineering Chemistry Research, 2013, 52(43): 15075-15087.

[6] ZHOUYF,WANGCL,QIUSL,HUW Z, HU Y, ZHANG L B. Multifunctional linear polyphosphazene with reactive side groups:
Achieving fire resistance and low dielectric bismaleimide [J]. Composites Part B: Engineering, 2025, 296: 112254,

[7] JIANGX,CHUFK,ZHOUX,LIXJ,JIAPF, LUO XY, HU Y, HU W Z. Construction of bismaleimide resin with enhanced flame
retardancy and mechanical properties based on a novel DOPO-derived bismaleimide monomer [J]. Journal of Colloid and Interface
Science, 2022, 614: 629-641.

[8] WANG D S XIONG X H, REN R, MA X H, HAN A C, CHEN P. Characterization and properties of high-temperature resistant
structure adhesive based on novel toughened bismaleimide resins [J]. High Performance Polymers, 2021, 33(5): 488-496.

[9] HANYJ,LIAOG X, XU YJ, YUG P, JIAN X G. Cure kinetics, phase behaviors, and fracture properties of bismaleimide resin
toughened by poly(phthalazinone ether ketone) [J]. Polymer Engineering & Science, 2009, 49(12): 2301-2308.

[10] ZOU Q, XIAO F, GU S, L1J, ZHANG D J, LIU Y F, CHEN X B. Toughening of bismaleimide resin based on the self-assembly of
flexible aliphatic side chains [J]. Industrial & Engineering Chemistry Research, 2019, 58(36): 16526-16531.

[11] ZHOU Y F, MA K, ZHANG L B. Polyphosphazene based core-shell structure using MXene as a hard template: Improving the
toughness and fire safety performance of UPR composites[J]. Polymer Degradation and Stability, 2025, 241: 111560.

[12] LIS, YAN H X, FENG S Y, NIU S. Synthesis and characterization of a phosphorus-containing flame retardant with double bonds and
its application in bismaleimide resins [J]. RSC Advances, 2015, 5(123): 101480-101486.

[13] ZHOU X, QIU S L, MU X W, ZHOU M T, CAI W, SONG L, XING W Y, HU Y. Polyphosphazenes-based flame retardants: A
review [J]. Composites Part B: Engineering, 2020, 202: 108397.

[14] JIANGH, XIE Y H, ZHU R, LUO Y, SHENG X X, XIE D L, MEI Y. Construction of polyphosphazene-functionalized TizC,Tx with
high efficient flame retardancy for epoxy and its synergetic mechanisms [J]. Chemical Engineering Journal, 2023, 456: 141049.

[15] ZHOU X, QIUS L, CHU F K, XU Z M, HU Y. An integrated intumescent flame retardant of bismaleimide from novel maleimide-
functionalized triazine-rich polyphosphazene microspheres [J]. Chemical Engineering Journal, 2022, 450: 138083.

[16] CHEN W H, SUN D X, ZHANG D Y, QI X D, YANG J H, WANG L, WANG Y. Synchronously enhanced flame retardancy and


https://doi.org/10.1016/j.jcis.2022.06.083
https://doi.org/10.1021/acsmaterialslett.3c00865
https://doi.org/10.1021/acsmaterialslett.3c00865
https://doi.org/10.1016/j.jaap.2023.106143
https://doi.org/10.1016/j.jaap.2023.106143
https://doi.org/10.1007/s00289-016-1692-5
https://doi.org/10.1021/ie402047v
https://doi.org/10.1016/j.compositesb.2025.112254
https://doi.org/10.1016/j.jcis.2022.01.152
https://doi.org/10.1016/j.jcis.2022.01.152
https://doi.org/10.1177/0954008320970271
https://doi.org/10.1002/pen.21453
https://doi.org/10.1021/acs.iecr.9b01822
https://doi.org/10.1039/C5RA15946F
https://doi.org/10.1016/j.compositesb.2020.108397
https://doi.org/10.1016/j.cej.2022.141049
https://doi.org/10.1016/j.cej.2022.138083

330

ST R S S -

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

mechanical properties of polylactic acid via in-situ assembly of polyphosphazene nanoparticles on ammonium polyphosphate [J].
Chemical Engineering Journal, 2024, 499: 156361.

BAI Z C, HUANG T, SHEN J H, XIE D, XU J J, ZHU J H, CHEN F Q, ZHANG W B, DAI J F, SONG P A. Molecularly engineered
polyphosphazene-derived for advanced polylactide biocomposites with robust toughness, flame retardancy, and UV resistance [J].
Chemical Engineering Journal, 2024, 482: 148964.

CHEN P, WU Z, GUO T, ZHOU Y, LIUM L, XIA X F, SUNJ W, LU L D, OUYANG X P, WANG X, FU Y S, ZHU J W. Strong
chemical interaction between lithium polysulfides and flame-retardant polyphosphazene for lithium-sulfur batteries with enhanced
safety and electrochemical performance [J]. Advanced Materials, 2021, 33(9): 2007549.

ZHAO L, ZHAO C X, GUOC Y, LI YT, LI SL, SUN L Y, LI H, XIANG D. Polybenzoxazine resins with polyphosphazene
microspheres: Synthesis, flame retardancy, mechanisms, and applications [J]. ACS Omega, 2019, 4(23): 20275-20284.

XUERTE, 225, AR, 22577, IR, XU, A7 M 4. SVESAaHUBRNG A5 S CHERAE (1], HORBRHE, 2019, 35(10): 77-81.
LIUSZ LIDH, HUIDF,LIY F, WU L X, LIU S H, YANG S J. Synthesis and characterization of linear polyorganophosphazenes
[J]. Gansu Science and Technology, 2019, 35(10): 77-81.

FENG Y, LID D, HE W W, ZHANG L F, CHENG Z P. Efficient polyphosphazene covalent triazine flame retardants for epoxy resin:
Double-faced role of benzene ring and flame-retardant mechanism [J]. Polymer Degradation and Stability, 2025, 241: 111530.

ZOU W Q, LUO K Q, XU J, QIU M N, TIAN J, WU Z P, GUO B H. Preparation and properties of toughened/flame-retardant
PAG6/glass-fiber composites reinforced by linear polyphosphazene elastomers [J]. Polymer Composites, 2024, 45(13): 12273-12288.
HUO S Q, WANG J, YANG S, WANG J P, ZHANG B, ZHANG B, CHEN X, TANG Y S. Synthesis of a novel phosphorus-nitrogen
type flame retardant composed of maleimide, triazine-trione, and phosphaphenanthrene and its flame retardant effect on epoxy resin
[J]. Polymer Degradation and Stability, 2016, 131: 106-113.

LONG L J, NIE X, WANG X, SHAN C Y, QIN S H, GONG W, HAI F, YU J. Properties and mechanism of flame retardant
poly (lactic acid) composites containing phosphaphenanthrene-hydroxyl phenyl maleimide derivative [J]. Journal of Polymer Science,
2025, 63(7): 1695-1706.

JIANG Z J, YUAN L, LIANG G Z, GU A J. Unique liquid multi-maleimide terminated branched polysiloxane and its flame retarding
bismaleimide resin with outstanding thermal and mechanical properties [J]. Polymer Degradation and Stability, 2015, 121: 30-41.
VOB, TR, VIBIRIE, SO, T4, MR, KT . IR SRUE U R AL A R W S Al pek T 8 e P BELR 5 Bl P R A S
(7). rRERs 73 FF41%, 2026, 39(2): 139-149.

SHA R Q, SUY Z, XUL Q, YE W J, HAN J, YANG C W, ZHAO Y Q. Effect of polyborosiloxane synergy with platinum
compounds on flame retardancy and fire resistance of ceramifiable silicone sealant [J]. Journal of Functional Polymers, 2026, 39(2):
139-149.

ZRUNZ, ARt 2. DRI B TR R X 2 3 78 MH/LLDPE BHAA S & 4R T B 28 e Rena e (1] ZRe s 73 F2#4R, 2026, 39(1):
24-33.

LIR J, XU S A. Interfacial and flow properties of imidazolium-based ionic liquid modified highly filled MH/LLDPE flame retardant
composites [J]. Journal of Functional Polymers, 2026, 39(1): 24-33.

ZHANG TM, XIEH Y, XIE S, HU A J, LIU J, KANG J, HOU J, HAO Q, LIU H, JI H X. A superior two-dimensional phosphorus
flame retardant: Few-layer black phosphorus [J]. Molecules, 2023, 28(13): 5062.

QIN C L, CHEN J, RUAN S S, LIU F Y, ZHANG L D. Theoretical study on the effect of oxidation states of phosphorus flame
retardants on their mode of action [J]. Polymer Degradation and Stability, 2024, 223: 110735.

(FrHEthst: %l BHF)


https://doi.org/10.1016/j.cej.2024.156361
https://doi.org/10.1016/j.cej.2024.148964
https://doi.org/10.1002/adma.202007549
https://doi.org/10.1021/acsomega.9b02752
https://doi.org/10.1016/j.polymdegradstab.2025.111530
https://doi.org/10.1002/pc.28635
https://doi.org/10.1016/j.polymdegradstab.2016.07.013
https://doi.org/10.1002/pol.20241098
https://doi.org/10.1016/j.polymdegradstab.2015.08.005
https://doi.org/10.3390/molecules28135062
https://doi.org/10.1016/j.polymdegradstab.2024.110735

	1 实验部分
	1.1 原料
	1.2 实验步骤
	1.2.1 线性聚二氯磷腈（PDCP）的制备
	1.2.2 酚钠亲核试剂（HPM− Na+）的制备
	1.2.3 PHMP的制备
	1.2.4 复合材料的制备

	1.3 测试和表征

	2 结果与讨论
	2.1 PHMP的结构表征
	2.2 PHMP对DBA/BDM树脂固化行为的影响规律
	2.3 热稳定性与力学性能
	2.4 阻燃性能
	2.5 阻燃机理分析

	3 结　论
	参考文献

