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Properties of Methylamine-Based Benzoxazine Modified Epoxy Resin
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(1. College of Polymer Science and Engineering, State Key Laboratory of Advanced Polymer Materials, Sichuan University,
Chengdu 610065, China; 2. College of Electrical Engineering, Sichuan University, Chengdu 610065, China)

Abstract: To meet the growing demand for high-temperature-resistant, low-dielectric-constant resins in electrical insulation
applications, an alicyclic epoxy resin (EP) was selected as the matrix. Exploiting the copolymerization reactivity between
benzoxazine and epoxy resin, a methylamine-based benzoxazine resin (BA) was used to modify EP. A series of PEP/BA were
prepared via melt blending followed by stepwise curing. EP/anhydride was used as a reference. The curing behavior and
thermal properties of the resins were investigated by differential scanning calorimetry (DSC), dynamic mechanical analysis
(DMA), and thermogravimetric analysis (TGA). In parallel, dielectric properties, breakdown strength, water absorption, and
flexural properties were evaluated. Results show that the incorporation of BA decreases the onset curing temperature of the
modified resins. The curing proceeds through sequential reactions: ring-opening self-polymerization of benzoxazine, followed

by copolymerization between benzoxazine and epoxy, leading to a synergistic benzoxazine-epoxy cross-linked network. With
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increasing BA content, the glass transition temperature (7,) increased and reached a maximum of 249.6 °C, which is higher
than that of neat epoxy resin. The dielectric constant decreased to a minimum of 2.75, the breakdown strength peaked at
58.01 kV/mm, the 30 d water absorption decreased to 1.42%, and the flexural strength reached 91.9 MPa. Overall, the
properties of the PEP/BA are superior to those of PEP/anhydride. This modified epoxy resin combines excellent thermal
stability and electrical insulation performance, offers controllable costs, and can be readily prepared, showing promising
potential for insulation applications.

Key words: epoxy resin; benzoxazine; low dielectric constant; thermal resistance; insulation
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MR IENE R SRR ARG B R 70730 BF, LW T, 353 218 °C. 2R AU 2R IERERE AN A 20% (5
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IR % 5 °C/min, Y7 {5 F 40~295 C.
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75 [l 50~800 C.

FaAAT LGS : #5[E Novocontrol 23 ] Concept 80 Y 55 i /i Hi 31543, A1 [l 1 Hz~ 1 MHz, # {5,
e FLA2 20 mm, ££ 5 EE 1 mm,

g TPATETR A F] DDI-100 kV A R o 280004, BR-BREE (B2 R 20 mm, ANEFEH), BRI &
MR 2 kV/s, IR T 25#728 il i, J2 2 (1.0£0.05) mm,

WK R (Rw): 8 GB/T 1034—2008, K [F 4k 5 1A (50 mmx50 mmx 1 mm) F 50 °C H25 44 2 16 & (i
IR mo), BT (23+2) C KB F/KH, 30 d 5B, FHUEAUR T2 fi/K 43 57 BIFR BT 2 (my) , Rw=(m1—myo)/
mox100%, B 5 A FATHE 35 {H

5 il MEfE: 92 [ Instron 23 H) 5967 BUHL 77 BRI AL, B4 5 kN 2R 12 284, 50FE R SF 80 mmx10 mmx
4 mm, 5 64 mm, N7 H R 2 mm/min, B A SEEARAN DT 74, WEARFEHHE.

1.3 XHRITE

2, ¥ BA Fil EP 2 FEOR[A) i & L (3 1)1 100 °C FHLBRIEFE 1 h, (R R I8 8344035 B 9 0 AR5, #
VW) A TR ) B8 R E b, FE 120 °C #EAT B A B, #7228 140 °C, 2 h—160 °C, 2 h—180 °C,
2h—200 °C, 2 h P47 [ 4k, $l75 4 WE 0 P 3R E R s (PEP/BA). 73 4b, [n] EP A il A S5 FR 40 2 & 19 HE S
SURIT, DL T2 BT, SRR T A0 2R AR (PEP/aa). PEP/BA Mgyl & T 2 WA ANl 1 s,

F 1 REMEIHRAC

Table | Blend formulation of samples

Sample m (EP)/g m (BA)/g m (MHHPA)/g
PEP/aa 22.72 0 25.58
PEP/BA-1 34.30 15.70 0
PEP/BA-2 29.75 20.25 0
PEP/BA-3 21.85 28.15 0
PEP/BA-4 14.70 35.30 0
PEP/BA-5 11.90 38.10 0
PBA 0 50.00 0

Mechanical *
stirring _/_/_/_
100 C, 1 h — | I
= L |- e

Ope =

oo aaparent
1p‘ Preheated Oven—140 °C,2 h—160 °C,2 h
solution aluminum mold 5180 °C, 2 h—200 °C, 2 h

O
OO OO

Kl 1 PEP/BA MR # T 2L
Fig. 1 Preparation process of PEP/BA resin
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fifiFH DSC X} EP/BA 5 EP/aa #4 JI§ () [E A AT A AT T I, 45 R anl&l 2 FI5R 2 i/ . EP/aa IRGERR IFiF 4T
[E A, AL 46 1R B ( Tonsen) B0 FAUAE B3R BE ( Tpear) 23301 1 BRAE 209 °C 1 260 °C 22473 BA Y Thear 4 208.7 C,
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JE ) e A e pl B A WA 2 R SRy v I 2 S0 51, ML/\
EP/BA-2 1 225~230 °C 1 265~273 C iX 2 X [H] EPBA-2 PEPBA-L
PR BT RO U, T ST T BA B SRR t EpBA3 PEPBAZ

H R, A R B3k, N5 & 2N IR AW IR S 2 5‘ cpBag  PEPBAS

BB B . HoH, EP/BA 5 2 Toea 1 T opas  PEPBA4

EP/a 1] Tyeuc, 2601175 HEXY SR S0 K 0 4 e P . e
59 TREF 0 EILVER . BiE BA &893, 55 1 PBA

AU Tonser 12 W 17 (IR 7% 35, X6 07 19 4GS 38 ¥ 44 50 00 150 200 250 300
i, X R BA WA T 8E, H A B Tonsed 12 e

154.1 C, 24 BA 5 H B0, 455 1030 M A 4344 22, X 12 FRARISHERTIS 1) DSC 2k

EYQL{ Eﬂ WFT /E:g 1 /l\ﬁi fb‘l@ [1[% T % BA M EALE|E Fig. 2 DSC curves of samples before and after curing

[l s, 4540 A 1 B R i (AR RS 38 J5 08U 17 0, EP/BA-3 1 AH iy, 3 J2: H T I SRR iR 5 4 - s
221 B G 3RS T AR X SN S A3, A A SIS R SN SRR E o A, X AR S BRI A R AR B (Hremaining)
HEAT TN, I i eI T AR R o A IR G 0T R SR I B0 [ AV A S e B B TR I A B
i, TELSCHEAR R 1 11 AL B2 23 ) 96% LA b, BEASSZ B AL

# 2 FEMIY DSC B
Table 2 DSC data of samples

Sample Tonset! C Tpear/ C AH/(Jg™) Heemaining/ (J ) Degree of curing/%
EP/aa 209.6 259.8 40.3 0.65 98.4
EP/BA-1 194.7 230.7,268.5 101.3 3.52 96.5
EP/BA-2 197.2 228.5,272.5 171.8 6.21 96.4
EP/BA-3 187.3 225.8,266.8 204.1 8.02 96.1
EP/BA-4 178.3 223.0,265.8 162.1 2.69 98.3
EP/BA-5 165.5 216.3,264.0 134.5 2.24 98.3
BA 154.1 208.7 120.4 4.18 96.5

2.2 ke
PEP/BA 1) #f& & PRI &5 S an 18] 3 A 3 Jir

. W B R L B EP, 3K B RRE (B o

3.00 GPa, T, 2 215.7 °C; 1) PBA KR B J 0 £E AL, £ 1000}
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BA-1 11y E'Fl T, K BE N B, X £ T A g olop — PEP/BA-S

PRIF R b, TR SR AR I B R S e % —— PEP/BA-3

R, TGtk 5 RSP 5 50 52 1, 5 B AL 19 52 S i
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S 5 B 4R IS R 2 AL, 200 N, S5 R SO0 100 180 200 250300

HEE B L4 T, E' 5 T, B 1 F+, PEP/BA-3 (1 T,
IK# 234.8 °C, B T PEP/aa, 7 WAL B W 25 TF 16 &
PRI . E— 4R BA &, 75 & 45 L)
s, T2 = 1 85 BN 5 5CHR % 2, PEP/BA-4 1 T, ik B i R (249.6 °C) o RZEHIIN BA & 4, T, )i &
W, X J2 K EP & i il b, MZ8 4540 56 4l BA 3 3 M 4% 325, 5 00 28 114 Blp [) 0007 ik 555 , A f B 4
PBA. X — 45 HAH LR 38 S 07 3RGE AR B (245 Ty A 152 °C, 13 T, F1134 °C) ow H Sk S5 A i $ud:
ZE b, 58 BA 5 EP AYILIR SR, R LA K i R S0 A R A5E  5 Tid p

K3 FEahfY) DMA HiZk
Fig. 3 DMA curves of samples
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PEP/BA ¥ #ufa e M4 S n & 4 135 3 fin . &l 4(a) @7, PEP/aa fl PBA 78 R AT h A7/ B &
FE5E L FIER Ty, 50 4 338.1 °C, 800 °C 3R (Y) N 0.53%, JLT-JoH 2 5% B 5 1 & th T 58 2R - M g o
TEAE KR5S C—N 8, SR Ty, s, B, 10 248.3 °C, ER i r [7] Ak 716 A KR 28 A 45 4 A 1 T PR 8 7
AR AR, BUE AR R R A 32.05%. 7E PEP/BA H1, /D i BA I R R AR 1G TEA L, SBOF A
FEA AL R ARAR, SR 28 K B A8 B 0115 To 5o W3 FFE. BEE BA TGN, Ty, so e 1 0 2 302.8 C,
R % R A = N & 20.66%. LA EZEHE R, BA A5 A B S fE— 2 FE R LR g B4 4h 20 iR, H 8 it
J7 Z A LR AL R BE 4 = 1 AR R

£ 3 FESBD) DMA. TGA ¥
Table 3 DMA and TGA data for samples

Sample E'/GPa T/C T4, 5%/ C Y%
PEP/aa 3.00 215.7 338.1 053
PEP/BA-1 226 125.1 217.7 5.08
PEP/BA-2 3.28 189.0 302.8 7.50
PEP/BA-3 3.52 234.8 302.4 13.07
PEP/BA-4 3.75 249.6 290.2 18.81
PEP/BA-5 3.90 232.9 282.7 20.66
PBA 4.97 210.1 2483 32.05
(@) (b)
100 e 10
5F
80 | .
£ 60} = 5t W
£ —— PBA = —— PBA
s —— PEP/BA-5 e 10t —— PEP/BA-5
£ 40| —— PEP/BA-4 £l= 15} — PEP/BA-4
Z — PEP/BA-3 S| — PEP/BA-3
& — PEP/BA-2 20} — PEP/BA-2
20 - PEP/BA-1 — PEP/BA-1
PEP/aa 25 PEP/aa
0 -30

100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
7/°C 7/°C

4 RSN (a) TGA 5 (b) DTG ik
Fig. 4 (a) TGA and (b) DTG curves of samples

DTG M t— L 56AF T iR 4515 . PEP/aa 7E 350~400 °C & /ERIZ1JC 5, 1 PBA RUME#AT N E LT
TE 266 °C 1 427 °C T, {H %A 3 R 0 A% T PEP/aa. PEP/BA HY A 34 i BLAE 290~ 500 °C, K% BA &
SEIE N, R OB IEAG . 7RI R Y 0 S R A R v, W 3R R AR DR R R R SR RS R P C— N HE Y
A, e A S R T 2 SR T B I ) ) e, S 0 R B B AT R T B O A A A 0 i — 2L R R e A HE
2.3 JrERiERE

PEP/BA f A HLPERE A A 45 SR AN &l 5 f 3 4 BT /s . 1 MHz N, PEP/aa ) Dy 5 Dr 4351l 24 3.30 F1 0.0267,
TR A7 R 5 I Ak A B A B A Ak 325 . PBA PRI 2 W R AR G, 52 EBR ) 4 25 4 17 R ek B D 55
TR F IR RO, AR Dy Ry 2.95, Dyl 0.0069, 1T IREMAR o 33X R HR A 45 W R AF ] RE AR BRLAE
LR . X PEP/BA-1, A TFNEMR W28 4544 (U AAAE 559 4k 1 40 FHEM vk, B B m 5 S Ak [ 2032 40,
#H I PEP/aa, H D 1 D 43 BIFE 2 3.02 F1 0.0083, PEP/BA-2 Y Dy [ Z A (2.75) . #E— 10 BA 195 &,
LG 1) D 5 D BB IN, 7T RE S 3216 9 2 T A AR PR 25 4 43 A AN X S 800 o AR SR IR A FL Rk S
Li 25081 (RIFSE 45 5 (1 MHz T, Di=2.72, D=0.0108, T,=162.3 C) L, 7505 I RS 1L A4 [R] i, JR B0 1 o 5
() Too IXFRPEREVHTXT T2 VERELE S MR EE 2
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KI5 R (2) S HUH R (b) A HLAFE

Fig. 5 (a) Dielectric constant and (b) dielectric loss of samples

F 4 FEELTE 1 MHz 94 S
Table 4 Dielectric data for samples at | MHz

Sample Dy Dy
PEP/aa 3.30 0.0267
PEP/BA-1 3.02 0.0083
PEP/BA-2 2.75 0.0091
PEP/BA-3 2.92 0.0096
PEP/BA-4 3.06 0.0122
PEP/BA-5 3.17 0.0214
PBA 2.95 0.0069

HE— 25 VT B A B RR AT (D<0.01) AR S 2R 47 o 27 5 K, 45 5% ULl 6. PEP/aa (1938 BXH]
BR A, 2530, A ARV, R R [ R AR, TR S R o, By 50, 153 58.56 kV/mm,
BA )R YR KABE BB AL . A mIRBIR, — BRI R, B T5 5 58 L% aE 5] ki d &,
Ey BIK, {H 42.12 kV/mm. #R1i] PEP/BA Y Ey, A 51~58 kV/mm, £ B T4l EP, (BA4ER 1R 48 2K F .
24 RN

BB I K S S S N ] 7 Fr7R o PEP/aa 4% 6 & R JE 5 72 0k, S5 M &5, 5 Btk 43+, 30 d )5
(7K FE R A 2.58%. PBA B M M W 6 5, {HL2: I 4% v A7 76 R et 01 D9 U R 0 ) e e, ok 4 S R o
THEEBGZE S, W T B A, AT S W R S D, K S HE LIS ), KRR 0.74%. 24 BA N
AERING G, B 5T SR | ok U 0531 IR 05, T AR 1T B S Wl IROK AR 67 050, B AR PE R 1% Bl
BA & 30, W epl 4 0 SR L T R, R S SR K SR AT /D, TR K 2 B PEP/BA-1 119 2.18% [ &

= 70 - sss6 3.0 — PEP/aa
g . 58.01 ~— PEP/BA-1
B 00r s 20 . 25| — PEP/BA=2
> 50l i S — PEP/BA-3
$ 42.12 2 — PEP/BA-4
£ 40| = 201 . PEP/BA-5
5 £ — PBA
£ 30 E1s
a @

L e
% 20 10t
=z 10 - 2
g 0 05

> 7 >
SR s s,
< QS Q? {(3 0 5 10 15 20 25 30
A A R t/d
Fl6 FER 7R k%

Fig. 6 Breakdown strength for samples Fig. 7 Water absorption rate for samples
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PEP/BA-5 11 1.42%. FHILAT UL, BA 9 I A W] A5 8RR IR S8 ARG A R 3 1
2.5 LiERE

B g 1 25 P e X 25 SR an 18] 8 JIr 7R o PEP/aa 19725 1 55 & Oy 83.2 MPa, 25 il #5524 3.0 GPa, PBA &4
W55 R 4t 4, JHL S B A 5 3K 4.4 GPa; [, P 0 6 6T A A0 SUREE VR A BE R RE A o, (80 T A2 B, 25
i 5 B2 7K 5] 108.0 MPa, PEP/BA 9725 i M fig A8 fb M B o 5 2% i A b it BA B, A S 58 s 3L R W 4%
> SRR E K, PEP/BA-1 (1725 58 (AT 70.6 MPa, R 51 A T KIP:EE B, {8 H: b 98 R A (R A0 KU, 25
i A /N B T3 3.1 GPa; #2755 BA & &, MA-B R S IL R N 5 BA A R IE BUECN 34— W 4%, 22
P B 17 T 200 B4, WIS 22 B 8 CPH 2017 1433, PEP/BA-3 1925 iy s 5 58 & | 7+ % 91.9 MPa 1 4.2 GPa; i
— LN BA 7 i, PEP/BA-4 Fl1 PEP/BA-5 N W PEAH & 48, TR S0 5 AE etk BA B i A= Jf- Dl 4 e, S5ofdi
A SR T B RIS P O AR A Bk s g, I iR BT e nT D, SR S 1 e <EP 2
HAERHEEIE " 5 BA RIE B 2R S AN B2 25 2k (W] e, Horp PEP/BA-3 FET#4 . A FiL L IR 5 ) 27 Pk g 15k
T A

N Flexural strength
120 43 1080 ,, 5
I Flexural modulus : 4.4
91.9 42 43

100 |~
< 832 862 7 817 87.0 .
5 ] I I o
s 80 H 30 70.6 3.1 j|: g
2 2
B I E
= 60 £
g 5
B 40 1 B
= =

20

0
PEP/aa PEP/BA-1 PEP/BA-2 PEP/BA-3 PEP/BA-4 PEP/BA-5 PBA
8 R A Rl
Fig. 8 Flexural strength and flexural modulus for samples
LS
3 4 it

(1) BA Jin A EP J&, Ak AR 4R I B 10 25 R [, S8 )5 & AR R WEWE 1 I IR [ 4k S g DA R A S0 i 5 2801
WEWE A IR N . BRI T, B BA £ 559 OInG 34 i, PEP/BA-3. PEP/BA-4, PEP/BA-5 ] % T PEP/aa,
PEP/BA-4 I T, ik % 249.6 °C, 5% 5 %K 18.81%, %% PEP/aa 435325 33.9 °C Fl 18.28%.

(2)PEP/BA (¥4 Hi PEBE 41 T PEP/aa, Hotf' PEP/BA-3 1Y Dy Fl Dy 43 %114 2.92 F1 0.009 6, % PEP/aa 43 4
FEAR T 12% 1 64%. PEP/BA 1Yl 5% & 4 K F 50 kV/mm, H: o PEP/BA-3 114 iff 27 4 & 14 %] 58.01 kV/mm.,

(3)PEP/BA 1 /K # 1 PEP/aa 1) 2.58% [# ik 2 PEP/BA-5 1) 1.42%. PEP/BA-3 (1) 725 i 58 B2 A5 il A 5
4351124 91.9 MPa Fil 4.2 GPa, % PEP/aa 73 SI42TH T 10% Hl 41%.

SE ik
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