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Synergistic Flame-retardant Epoxy Resin Using Quaternary
Phosphate Naphthalene Sulfonate Ionic Liquid and
Dimethyl Methylphosphonate
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Abstract A novel room temperature ionic liquid of quaternary phosphate naphthalene sulfonate ([TBP]NS) was
synthesized. The structure of [TBP]NS was determined by Fourier transform infrared spectroscopy (FTIR) and
nuclear magnetic resonance spectroscopy ('"H NMR and *P NMR). [TBP] NS was combined with dimethyl
methylphosphonate (DMMP) to prepare flame-retardant epoxy resin. The flame-retardant results showed that when
6% (mass fraction) of [TBP]NS and 4% (mass fraction) of DMMP were added into epoxy resin (EP) , the limiting
oxygen index of the flame-retardant EP reached 31.2%, and EP/6% [ TBP ] NS/4%DMMP passed the UL-94 vertical
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combustion V-0 level. Compared with pure EP, the EP/6% [TBP ] NS/4%DMMP showed a 59% reduction in peak

heat release rate (PHRR) , a 43% reduction in total heat release rate (THR) , a 41% reduction in peak carbon
monoxide release rate (PCOP), and a 97% increase in char yield. [TBPINS and DMMP showed excellent synergistic
flame retardancy in both the gaseous phase and the condensed phase, and good charring ability and heat reduction

effect. In terms of mechanical properties, the tensile strength, elongation at break and bending strength of the
EP/6%| TBP INS/4%DMMP were all improved compared with those of the EP with DMMP alone.

Keywords Epoxy resin; Liquid flame retardant; lonic liquid; Dimethyl methylphosphonate

WA AR (EP) S —F L& Z i FREY , v LA 50 % Az S B SN, % Ak A 44 o 1 9k
FAT LS MBI BB AT AL 24 . SR, EP 25 5 ke HAEBABe R Rt v S B0 R AR AR, ASF]
F AR L Tlb A2 MR S50 BHAR P B EER A m  s i . HLR, & DL EP BRI 160 & L 5
R AFR &R S AR B RIARIfE = TR 2 N EARIEA, ERIE L 2
Gtk , B R L2 Bl B R TR e A8 T2 0 s BELBR £ Ak 1t oA S8 i 2 5 MR B 5 3 ZE R iR
WA TE , S TRERE. UL, TR R —F e R AR BRI X EP & AR 1 HAG
BE .

HRT, 5P B BEAR R 32 B2l 2R B8 B i il R BRI, iR — (B- 56 g . MR — T FiR &%
HH LR — W BRSES7. 9, 10-&-9-504%-10-f4E-10-24k 4 (DOPO ) S LA A= Wt & — 258 Rl &R
BT, FLRHIARCR =, (HAl AR B0, HLAR S iR e st KR B B C 1 i, PRIl % S5 UGl e
S B TR B A HLBH B T FICHLEA B T4 s i i k. AR B9 N HA BHR PR BE L (H i T3
MURFA R AR TP BT RAZERT L PHESFrh gl AP, N A& SEEBHMA TR s PR BT, NI 3> 25
TIRARBHIAYERE . Ou S G AL T —Fh 3k F — RS 1Y 2 W AR B AL 7] (TPP-PF,) , WF9E T EP/TPP-PF,
SEA MRS TR FNBELIAME: , e BRANAS I 53 5253 %8 2% 1Y) TPP-PF 5 AT LU EP/TPP-PF &5 #4 K ik
UL-94 T FMRKE V-0 254% , 1A PRI H 2 (PHRR, kW/m?) B T 36. 3%. Xiao 252580 33 P A5 WA i
T RS RR AR LB TR 1- L FE-3- (S SER TG ) - DRI YRAL ), R WA I ot 438K 4% 197285 T
KB EP & A AR T 5 UL-94 3 ELABE V-0 55 4% , H% PR 445 £ (LOD) 7t = & 34. 9%. Shi %3 i
N-FPRE K s S5 Rk i ZE B A S i e T — i i DOPO s 038 5045 W JC 140 5 YA ([ Dmim ] Tos )
S5 LRI Dmim | Tos AUHE S T EP SRS B, i8035 T EP PLPELE, HAEUS N #5340 4%
[ Dmim ] Tos Ji7 , EP & &A1 R UL-94 T EHRBEIA S V-0 4%, PHRR FRAK T 37%. 545 T FR AR R 110
TR BEAFAE P/S DMFIRLNE , 17 U T JRE Rl BH g -l B e v, ORI BERSSCR AT 5

AR SCHESEDY T HE R BH 25 T A 2SR I 25 74 il T R 2R = W 2 TR ([ TBPINS) , Hxf Hiah
FHEAT T FRAE . SR, BB AP REGACR , BRI IR i N8 . RIL, ASSORE[TBPINS
BT S DMMP & Be il & T FHEA EP &2 & 60k, WF58 T SR ) B il AL TBP JNS I DMMP Xf EP & &
PAAIBEAA M RE RN RE A S I, 4878 T [ TBP INS A1 DMMP iRl SHARHLEE .

1 SEIGEH

1.1 XK 58

XU A 45 7K H b Bt TR SR (05 CYD-128, FREE 0. 51 mol/100 ), Tl &, oAk T4
ELBR A AL T A BRA ] 5 4,47 - &3 IR L (DDM) , 84l B & (R ) LR Tl & R A BR
ANEly ARG, arbral, I ARHBHE AT IR E] s HOREERR W R (DMMP) , Aral, )M R E
W TABR ] PO T 3R AR ([TBP | Br) F1 2-Z8 M B4 (NSS ), A4 ali, b ifg Bl ik 3 B R A BR A w

Alpha %I B 254021 AN REAYL (FTIR) , f8 Bruker 23 7] 5 AV500 B % HE4R 3% (L (NMR ), F
[ Bruker 22 w], "H NMR F1°'P NMR Wi BT 15 AR 2 DMSO-d,, #44 Ji iy 10~15 mg; TA STD
Q600 7 HhH 43 7 fL (TGA) , 3 [E TA Instruments /A 7], BASA, THEH K 10 C/min, & E X 0] A
25~800 C, 4B A 5~10 mg; DMTA VAIZE J7 2253 H1{L (DMA) , 3E[E Rheometric Scientific 23 F]
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FESLRSE 30 mmx10 mmx1 mm, THEHEZS C/min, IR XA 25~250 C, MRS 1 Hz; HC-2C 45
o 2 AL (LOD) , w5t _E e/ B AN #5 A B A, PR #E ASTM D2863, A4 5 130 mmx6. 5 mmx
3.2 mm; JL-CZF-5 B F ARG (UL-94) , Jb st &V 0 B RHE A R R, MihRifE ATSM D3801,
FEARSE 130 mmx13 mmx3. 2 mm; Ieone BYHEJE 1 AL (CCT) , HE[E Fire Testing Technology Limited 23
w), MR AR ME 1SO 5660-1, K5 R SF 100 mmx100 mmx3 mm, %8 5138 5 50 kW/m?; XL-30ESEM-FEG 7
Y % 5t 1 7 2 508E (SEM) , €8 FEI S A 5 Vario EL T H fE§% 4% (EDS) , 7 [# Elementar 23 7]
Agilent 5975/CDS 1500 #Y i <A 43 - BB EE 43 B (Py-GC/MS) , 36 FEILHERRHEARA ], AR
A0, MR BE 500 °C 5 INSTRON 1121-10 kN AU -7 REIAIG AL, Wi FRiE ASTM D638-14, i i %
5 mm/min.

1.2 LIeiE

1.2.1 [TBPINS ¥ Fil Aty % & [TBPINS &I 5 B 2k UL Scheme 1. #4 13. 6 (0. 04 mol)
[TBP]BrA19. 3 ¢(0. 04 mol )NSS 43 5l¥% T 50 mL K 5§ 7K, BidE 2= 52 0, K [ TBP ] Br /K& I
NSSKIEWIRA , il FHEFES h. SOV G A 140 mL S xR S /KB R T30, AT
IR ZE BORHA TR SR e 78 2, 1100 "CILZS T 12 h, 1S8R (S IR, 7% 59%.
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Scheme 1 Synthetic route of [TBP]NS

122 MR EM 5 th & % RAEP RMIERHNE, DDM A E L], [TBPINS A DMMP ABEIAF], {f4E
EP 5 DDM HJiT it LA 100:26. 4 4% (5253550 A9 [ TBP INS F1 6% (JiT 5t 43450 () DMMP il A Z EP 1,
HLAEAE £ 30 min. DDM FIIFAELE 120 CF A SRR, SR IMA SIS0 £ 10 EPIR A, #L
MR FE S TR S AE 125 MU B 10 min, Fefe Bl S A R EL A . F 100 “CF k2 h, 160 °C
T2 h. B BRE b Ay 44 0 EP/4%[ TBP INS/6%DMMP. % FH [FIFRERY )5 24 4 T EP, EP/6%[ TBP]
NS/4%DMMP, EP/10%DMMP F1 EP/10%[ TBP]NS.

2 GRS

2.1 [TBPINS HIZEH#IRAE

K 1254 T [TBPIBr, NSSHI[TBPINS A FTIR & . & 1 5[ TBP INS £ 904 cm™ Ab AW I fy P—C
FIPLAPPR BN, 2959 F1 1465 cm™ A ARSI 53 ) A B L 5% C—H BRI R 3 Fl—CH,— 1y 25 il IR 2h i
IR PU T FE R PH 2515 3056 em™ Ab IS I SRy Z8 3R i C—H iR g, 1194 F11031 em™ b AR
W UG 43 531 R S=0 A A Xt Bk RN A B A Bk 2
W3 55 NSS f 5% 1 WSO A — 3K, FTIR &5
W [TBP ] Br FINSS & AE T B 132 o o g -
FE 8T BAPH B 14546 . FTIR 45 R E e &
T [TBP]NS.

K12 (A)F1(B) 43 5 4 [TBPNS B 'H NMR
7% & LA & [TBP] NS #1 [TBP] Br (1°'P NMR %
K. 7EEI2(A) H, 8 0.90~0. 96 Ab it W i g

3600 3200 2800 1600 1200 800 400

(U6 ) U J& F DU T 35 i BH 5 - &5 44 vp i H i B lem-!
(—CH,), 8 1. 36~1. 49 &b /W e i (W4 b) 1 )& Fig.1 FTIR spectra of [TBPINS(a), NSS(b) and
FWHHF(—CH,—), 8 2. 14~2. 20 &b 1) W Y i [TBPIBr(c)

Chem. J. Chinese Universities, 2024, 45(4), 20230467 20230467(3/10)



Jd B 5K wy g R
Eu CHEMICAL JOURNAL OF CHINESE UNIVERSITIES
(U ) T @ T 5 W AR AR ) 7 FF 5 (P—CH,) ; ZRIRHp i & 3 (—CH=) 7£ 6 7. 50~7. 54, 7.90~7. 98,
8. 15F17.71~7. T3 AL W e (5 d, e, f, g) BAE TR, JF HAR IR R/ 1 AR HL 55 0 &0 54 ke
EAEXTN . ZELTBPINS #9°'P NMR IS EI [ & 2(B) JF AT LUA IR, H1 [ TBP]Bri% 48 [TBP NS J& , BTk
SN INGS 33. TT R8N F 6 33. 721, DU &5 B h & 8 T [ TBPINS.
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Fig. 2 'H NMR spectra of [TBPINS(A) and *'P NMR spectra of [TBP]Br and [TBP]NS(B)

22 PR EMIERIRIRE M

] 3 0 BB IR M HE7E N, SR T B TG A DTG 4k, 78 N,V T AR 5% I IR (T, C),
T KA R R (T, "C)FI800 “C N [ 5R s K M E 4 41 F 3 1. i I8 3(A) AT UL, BHIR IR0 g
TEN, KGR — B . T DMMP (945 & F1 o il A IR, 54 EP A EL, A DMMP () BRI R
ARARHY Ty, ¥ TR . Bl [TBPINS RN, BHERFREM BRI T, 03 LT, EP/6% [ TBP INS/4%DMMP
1) T, & EP/10%DMMP 5 15 °C, 3 W] EP/6% [ TBP] NS/4%DMMP f) # fa & 1 1t T EP/109%DMMP.
EP/6% [ TBP]NS/4%DMMP 7E N, <4 F 19 T, 5 46 EP M HL AR T 10 °C, 284k IFA K. 76800 'CF,
EP/6%( TBP INS/4%DMMP [)5%55¢% 4 21. 2% (T HE/340) , 55 A [ TBP INS 5 DMMP 4 BH AR 0
JEAA ELERA B B i TH s . I E A [A] 545 DMMP AT [ TBP NS (1) BRI S04 8 22 i B st sk 17 EP 64>
fi, hRMESE T EP SR A% .

(A) —-=—EP 25 ® —=—EP
100 - EP/10%DMMP ' - EP/10%DMMP
—— EP/10%|TBP|NS —+— EP/10%|TBP|NS

< sob —— EP/4%| TBP|NS/ 20 F —— EP/4%| TBP|NS/
< 6%DMMP N 6%DMMP
g —— EP/6%|TBPINS/ € sk —— EP/6%[TBPINS/
g our 4%DMMP s 4%DMMP
& s
2 A 3
% 40 =
= =

20 |

0 1 1 1 |
0 200 400 600 800 0 200 400 600 800

Temperature/°C Temperature/°C

Fig.3 TG(A) and DTG(B) curves of the cured epoxy resins under nitrogen atmosphere

Table 1 TG and DTG data of the cured epoxy resins under nitrogen atmosphere

Sample Ty, /°C T./C Mass fraction at 800 ‘C(%)
EP 351 383 135
EP/10%DMMP 261 361 20.4
EP/10%[ TBP]NS 319 385 14.9
EP/4%[ TBP INS/69%DMMP 283 366 21.8
EP/6%[ TBP INS/4%DMMP 276 373 212
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2.3 PEHBAINEBI RS A BEER AR

K H UL-94 3 FABEIR G A1 LOTIREE AR ST T [ TBP NS F1 DMMP Xif BEARER U s BELIA 1 E B 5205
R NR 2 7R . EP B9 LOL A 26. 5%, UL-94 3 EL AR B 06 A 5598 . AT 24341 10% () DMMP
J& o BEARPR S I (19 LOL 48 = 31 43. 9%, T HMABE IR B UL-94 V-1 4% ; in AAH[R] 51 5t 73 %49 [ TBP NS
Ja . BRI SRR E LOTHE = 21 37. 1%, e EALE IR S| UL-94 V-04%, B[ TBP INS X} EP HAT B & H
JEAER . % DMMP 5 [ TBP INS & it J& & B, DMMP A1 [ TBP INS 2 478 UL-94 1 LOT il iz 2 3 4y fn i
BV, EP/6%] TBP INS/4%DMMP () UL-94 i AT LUK 3] V-0 4%, LOI AT LLIAE 38. 7%, RS L R4

Table 2 Detailed UL-94 and LOI data of EP and its composites

UL-94
Sample LOI1(%) . .

tl/s tz/s Drip Rating
EP 26.5 >60 — No NR
EP/10%DMMP 43.9 15.2 10.4 No V-1
EP/10%[ TBPINS 37.1 7.2 1.3 No V-0
EP/4%| TBP INS/6%DMMP 40.1 6.1 252 No NR
EP/6%| TBP INS/4%DMMP 38.7 3.6 45 No V-0

2.4 BERRIREBI A BORA GRS IE

SR HEIE 5 #RC (CCT) 2k — 25 PEAL T BHRA PR R IR B BRBe ek, 0 ity 2 R0 854l 0 301 S /R 7
Kl 4 F13% 3 . BHBRIA S G A9 SR B[] (TTI, s) FEAS AR 32 DMMP 55200, {H[ TBP NS A 2
TTIFEAR . R 4(A)FZE 3 0] %0, EPAY PHRR 4 1282 kW/m?, A 78 Al i 4 23 % 10% 1 [ TBP NS &,
DMMP F 4% i PHRR 4351 T B T 429% F154%. 5[ TBP INS I DMMP & FCist EP () PHRR i — A2 FEAIK .
EP/6% [ TBP NS/4%DMMP f) PHRR [&/f% 2 530 kW/m?, 5 EP #H FLF#AK T 59%. & 4(B) o] LIF H
EP () 3 #UB i (THR, MJ/m?) Jy 88 MJ/m?, 1M [TBP NS 1 DMMP B & fdf F] B 2 [ ik 7 EP %) THR.
EP/6% [ TBP | NS/4%DMMP f#) THR F# 1k 2 50 MJ/m?, 5 EP #H LMK T 43%, 1% —45 28 [TBP NS
FT DMMP Xt s 2D B AR 24 S0 g 1 ORIl LA AP B R RO0E . 77 R e 2 kR e N BB ) 32 48
KZ—. HE4(C)F(D) A, EP B UEE LA B H 2% (PSPR, m/s) ALV A= il it (TSP, m*) 43518

(A) ——EP 100 |- (B) 000 © g
1200 - —e—EP/10%DMMP —— EP/10%DMMP
——EP/10%[TBP]NS 80 L 0.45 — EP/I0%[TBPNS
a . ——EP/A%[TBPINS/6%DMMP| &~ A5+ v EPAY[TBPINS/
= 900 —59%| | \~—EP/6%[TBPINS/4%DMMP| ' = 6%DMMP
5 - 60 c; —+— EP/6%[TBP]NS/
E 600 é L] é 0.30
5 i 2 40f E
o 2 kP “ 0s
300 L 20 - EP/10%DMMP :
-+ EP/10%[TBP]NS
- EP/4%[TBP]NS/6%DMMP
0 N 9essmssssemate 0 |~ EP/6%[TBPINS/4%DMMP 0 J
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
Time/s Time/s Time/s
L (D pa st S oessasaagany 0.06 (E -=-EP F —=—EP
40+ o B - EP/10%DMMP 100 { \ \ —o— EP/10%DMMP
i 0051 —419%| [\ ~ EP/10%[TBPINS —— EP/10%[TBPINS
Y -+ EP/A%[ TBP]NS/6%DMMP W —— EP/4%[TBPINS/6%DMMP
30 = 0.04 —+— EP/6%[ TBP]NS/4%DMMP 80 | —— EP/6%[TBP]NS/4%DMMP
= 20F 2 0.03 < 60
Z 5 s
S 0.02 40 -
10 —e—EP/10%DMMP
——EP/10%[TBPINS
—+— EP/4%[TBP]NS/6%DMMP 0.01 20+
0 —+— EP/6%[ TBP]NS/4%DMMP
| | I | 0 I I | | 0 | | | I
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
Time/s Time/s Time/s

Fig.4 HRR(A), THR(B), SPR(C), TSP(D), COP(E) and mass loss(F) curves of EP and EP composites from CCT
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Table 3 CCT data of EP and EP composites(50 kW/m?)

Sample TTl/s  PHRR/(kW-:m™) THR/(MJ-m™@)  PSPR/(m*-s)  TSP/m*> PCOP/(g-s™) CR'(%)
EP 63 1281 86 0.430 39.8 0.058 9.7
EP/10%DMMP 62 586 49 0.550 41.0 0.045 17.2
EP/10%[ TBP]NS 55 738 48 0.448 42.0 0.033 12.4
EP/4%[ TBP INS/6%DMMP 58 569 55 0.339 37.0 0.04 15.8
EP/6%[ TBP INS/4%DMMP 60 530 50 0.380 39.0 0.033 19.1

* Char residue, mass fraction.

0. 430 m*s F139. 8 m>. BN T /350 10% £ TBP INS 5 DMMP AL 5 PSPR A TSP X3, ix i
HHT 3 VR i BELASA 300 38 B — o I SO BELA R T . 2 [W] B i AL TBP ] NS 1 DMMP I, EP/6% [ TBP INS/
4%DMMP (£ PSPR F1 TSP 43 5 F& A 2 0. 38 m*s 139 m*, 5 EP AH b 43 5 F F& T 12% #1 2%, i W]
[ TBP NS #l DMMP [ tHHA — & (AR PERE . — LIk (CO) & EP SR be 1t FE o R il i) e ML AU 1 45
SR, BRI A S5 23 % A fd B s BB , KR CO AR AR 2 S B AR T B 6T [ TBP INS FI
DMMP (A I CO Bl 2 (PCOP, g/s) Wi T [, EP/6%[ TBP INS/4%DMMP ] PCOP R#AIX T
41% , FWI[TBP NS Fl DMMP () & FL7E FEAA PR AR AR A be it 2 v A DL S i B/ E T . i B 4(F) Y
Frifie g n] WL, 5 EPAHLL, BRIAS AR IR R ik 250 42 55, EP/6%[ TBP INS/4%DMMP f5% 1k %5
AT LA 19. 1% (T80, S4EEP AT HE S 1T 97%, X iE B [ TBP NS F1 DMMP {p[a] o] U #F EP f)
B, 33Xt BRI SR g ) AR B BV rry 2 2 i [
2.5 PEBRIRSEBE R BEIANL IR

15 kg BHAR I A i 28 CCT I 5% o R AR I | IRFRRIET . SEM B i EDS K i 70 28 43 A [
H S AT, EPARE S RN i ik H oA IEZORAE, WU 1.3 em, SEM R SR R)ZRTTA
VFZ LB, X A5 FLE ARG Lk beid FE v = A= R AT R 5T . EP/10%DMMP () /¢ )2 B2 I =0 FE 2R

4 (5) er I

w(P): 0 E wP): 1.78% | w(P): 1.71% - w(P): 2.06% = w(P): 2.50%
w(S): 0 = w(S): 0 : w(S): 0.30% = w(S): 0.26% : w(S): 0.17%

Fig. 5 TOP(A,—D,) and side(A,—D,) digital photographs, SEM images(A,—D,) and EDS analysis(A,—D,) of
char residues from EP(A), EP/10%DMMP(B), EP/10%[TBPINS(C), EP/4%[TBPINS/6%DMMP(D) and
EP/6%[TBPINS/4%DMMP(E) after cone calorimeter test

Chem. J. Chinese Universities, 2024, 45(4), 20230467 20230467(6/10)
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2.2 cm, RIZGINZAL, ZHALFRE 0] RER A bed B b i RIS R . EP/10%DMMP 5% 75 11 EDS
MR R BTG R M IR 40N 1. 78% , DMMP ZE NI 432577 AL R S KA A9 , Ak EP AR K
RS, EP/10%[ TBP NS B3 2K BE LI R 1. 4 em, IR MIESAER 2%, SECY PR RN 85
SEM M8 J- R 5% A 25 I B A RFLAIZLLL . EP/10%[ TBP NS % 3¢ ) EDS i 4% 5 B /R 5% o Hh i e oG
RIREDEON 1. 71%, Fioc R a0 0. 30%, & TR B30 S b G P 38T B & P—C 5
P—O—C MY, REREIEHE ik TE AL . BERRth 2 PR B AEBE R A, X S IS5 A —3k .
FRECE MG R & BA%, N e S S 0 SRS, 5P L%
BHAEAVE R, 3t 2 2 1WA A T ELR B I b F AR PR i 1 SR 2 L IR . 24 W] B in AL [ TBP INS 1 DMMP
IF, o 2 N K s B A T T s EL3E Sk B4, EP/6% [ TBP] NS/4%DMMP 1 5% J2 i g Ik v ik 3] 1
2.9 cm, FRAREMEEDIR, WIS T )2 PR EERE™. SEM B 5 B0 A e J2 R a2k H otk ,
GG/ . EDS MRZE AT LB H, EP/6%[ TBP INS/4%DMMP (17 70 2 2850k 2. 50% , Bt
TR AN 0. 17% , W2 AFTE STHE A Y FNGER , 7E5ERAHEBAVER . EP HRIES i A [ TBP INS il
DMMP j&, w20 FEOCRAM I CHOFEAEHC, 0, PHIS, XEIC KL e w2, KW
[TBP NS FI DMMP #1251 5 HITE A .

FL6(A)FI(B) 45 H T BHARFR A G Py-GC/MS MR A AR GRS R . EP BV =) = 255 R B 2
(Mg, 2,3, 4F5) WA E6HN10) , Bk (E7, F19) | WA (W12, 13 F114/17) FIZ IR
(ME11/16 F115)5 525 . HE 6(A)FI(B) A UL, A [TBPINSE DMMP J5 , “AH IS K H 3l T — 2858
ARG, INALTBPINS JG 7= T = T 3B b E . — T 3B £ a2 B (15 8, 9 FN15), A
DMMP Ji5 HH 30 T H L e — F B g 0 (05 7)), X6 BB R 35 B Ak 54 T BB o0 ik A LA 3 KA P A
FeE A JE Y, 2k [ i SR R

@ 12 on 3 on 4 on (B) 10 land16 @ ¢ 12
Q X0 Tyl T OO
5 on 6 70 8 9 13 14and 17 ° 15 o
n / H H/O an
—p=0 2
FOHO S R e oa oW
EP/6%|TBP|NS/4%DMMP § 9 11
7 EP/6%|TBP|NS/4%DM 15 17
EP/I0%[TBPINS , \ ~ — § \ o] EP/10%|TBPINS
EP/10%DMMP
o~ ~ EP/10%DMMP  f10 |¢
13 14
12
EP | 23 456 EP
| I | 1 1 | I | | |
5 10 15 20 25 235 240 245 250 255 260 265
Retention time/min Retention time/min

Fig. 6 GC patterns of the degradation products of EP and EP composites from Py-GC/MS at 500 °C
Retention time: (A) 3—28 min; (B) 23. 5—26. 5 min.
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Fig.7 Main categories and contents of degradation products from EP and its composites by Py-GC/MS
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Fig. 8 Plots for storage modulus(A) and tand(B) versus temperature of EP and its composites

Table 4 DMA data of EP and EP composites

Sample Storage modulus at 30 ‘C/MPa v /(mol-m™) T/ C

EP 1630 3496 176
EP/10%DMMP 2480 3107 143
EP/10%[ TBP INS 2530 2714 147
EP/4%|[ TBP INS/6%DMMP 2710 2617 134
EP/6%| TBP INS/4%DMMP 2500 2635 137
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Fig. 9 Tensile strength, tensile modulus and elongation at break(A) and flexural strength and modulus(B)
of EP and its composites
a. EP; b. EP/10%DMMP; c. EP/10%|TBPINS; d. EP/4%| TBPINS/6%DMMP; e. EP/6%|TBPINS/4%DMMP.
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