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Molecular dynamics analysis on effect of PEGDGE on mechanical and
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Abstract: To investigate the influence law and mechanism of polyethylene glycol diglycidyl ether (PEGDGE) on the
mechanical and thermal properties of epoxy materials for insulated pull rods, molecular dynamics simulations were used to
calculate and analyze the macroscopic properties and microscopic structural parameters of epoxy resin cross-linked systems
with PEGDGE mass fractions of 0, 5%, 10%, 15%, and 20% (percentage of epoxy resin mass), respectively. The effect of
PEGDGE content on the mechanical and thermal properties of epoxy materials for insulated pull rods was summarized, the
influence mechanism was elucidated from the perspective of system structure, and the calculation results were verified
through experiments. The results show that with the introduction of PEGDGE, the glass transition temperature, tensile
strength, and bending strength of epoxy resin, as well as the viscosity of castable decrease, while the impact strength of
epoxy resin increases. When the mass fraction of PEGDGE is 5%, the material shows the best comprehensive performance.
PEGDGE molecules with high flexibility increases the free volume fraction, mean square displacement, and the ratio of bulk
modulus to shear modulus (K/G) of the epoxy resin system, which enhances the mobility of molecular segments, and leads
to the increase of toughness and the decrease of rigidity of the epoxy resin material.

Key words: polyethylene glycol diglycidyl ether; epoxy resin; molecular dynamics; insulated pull rod

0 35lF FH T 3% F2 B AE WU R AR 1) O B 5B A, e o 4 %%
i i R SRR X (IS g DR TP TSR 2 GIS I s L Ao i A7
BB —AN R =02, H AT, % I GIS K% 2%
HLTE: B2 M A RA AT B (5500202258489A.  THAAGRIAT JLF 4 fR A BAT o B i IR
2-0-KJ). [ A VAL i R R A PR 3 S8 AT T A R ) A T el 41




28 AR

2024,57(12)

N T AE A G AT A 0 R (AL B it
PR RERIE G RE, — RAE B S INEE F A4
R T IR g AT R e oAb B . 7RI AR
H, BESR IR SR AR DR 5 5 v 1098 0 M R T 45 A 1 DA
3 3] d A IR R S O R R N AR B AR T BRSO
Jig b DL AR B i 0 28 B, (E , B T AR RR 7 5 30
W 53 45 WA AE 22 R 1, T e 2 5 B0 I A B
D ERNEZ W R NP N FRACE A B Y AP B =
PR TR 0 25 S A5 1 R 7= 2B 2] 5 AT 5 i) g 24 11
I 0 28 2 A R 1AM R R A R SR

IR T4 R R o) BA S i AR 0 2 PR B L B
BE M4k T2 Msem, Har ARG, H—
SOV ST 3 M R R T A A K e Tk ) o ko
ISR R JE 20 R R SR RE RS2, R BT SR 4 K H
T TR BE A O = PR A T (U B M LI A R
TSI, M R 0 PR T . R EON
15% BF , BRS0 B I 14070 46 4 A8 il B35 7T 42 757 18.9%
WANG L B Z 5 A [F] i & 1 2 A 12~ 14 3R T
Kt 1 4 /K H I B CAGE) 5 320 g (B-51D) 347
B 2%, MR A [F) A4 ) 44 J5 1 86 5 F0 ) 24 M e, R
24 AGE Jii & 50 BN 20%~30% I, E-51 %6 FE B
% AGE Jii 5 43 B0 38 hn i SRR B OF BLE k=
P hsm g 2P KA. BRrRER T B
Pk 22 5 55 Bk i ( PEKC-C) AH X6 43 1 J53 88 %) 501 34 S5 b
JIE S R R By s, 45 SRR B, 7E — € YE BBl N , PEK-
C [RIARXE 2~ Jo S RS I B K, 38400 0 R ey, 3L
i B 2 B 15% A X 43 7 i O 810 ) PEK-
C UM A IR B i 1 1 R RE, S o
RV T 2R e K 28 A R o5 AR R 43 R T 68% Al
121% , s W01 e o e A R AR T T 99%

B AR I X R 7R S B SR IR 0 RN kA
BB PR 52 e A 5 23 B 9, H 32 AR v T S 5 Wt
JZ T 5 A DA N7 R 43 AT R SR ROU 45 4G 5 AR B
] R SRR OR R o

B2 T 45K H Bk (PEGDGE) 4 145 1)
P A A B S0 5 R0 AT 1 2% ) Tk B o e 4 A, By
THE N B A = F2 P 0 1 7 1 K B, AR S e 7R T
DB ARG 2R S0 i 0 P52 17 (] B 3 ) DA v B S 0
(P (ELIX 2 A5 IR S0 i NI 26 5508, AT 5
M) £ 25 1 FF FH R SR 09 0 2% S #s P g™ it
FCAN TRl PEGDGE s I 5 X6 26 2% 37 47 F 36 586 kL 7
5 R E R 2, Gl gy 7 B A E
%, M AN A PEGDGE ¥ I &2 N B3R E i 28 B A

B SR R BB AL AR IR BE L ) R A
FIIAT ]S4, UL B AR E 3 7 A A
W 45 7 2 50, SR 5 i S50 6 1F R 45 AT IR
ilE , B 23K 15 PEGDGE ¥ JIN &8 0 46 2% 1 4T FH 3 40
BEIY 75 Je 8 PR RS2 R , DL R A AR 2R 1) 2%
MRV 55 10 25 4 2 TB) PR DR BB O 3R, D fe s PR REAH
X} 5 AE Y PEGDGE/EP it /5 & Rt —E 1S %,
1 SFEIAFEEREBTE
1.1 REAFRRBESFRE

K H 9 F 8) 1 8L A (Materials Studio,
M) ) 3 AZ B SRR 4y A A, B 1 o . BT LR
SR I R A TR IR (DGEBAD , [ 46 751 9 H
FONAAR T — HEREF (MeHHPA) , R INF AR 2 —
B — 45 K H i Bk (PEGDGE) . 38 i Forcite 4 5 %if
£ M AR 23 T 33EAT 5 000 ps B LA S5 R A4, T T
T BR F RN Ry, BASR A g5 S B ) g e Y
FRAI2
12 RBRAERERITE

¥ O &M U 19 3 Fl 22 B 4 T AR 7E MS 1)
Amorphous Cell &+ % 37 3D Jo @ 8 73 1A A
DGEBA % ¥ & 5 20, PEGDGE % 373 7 % B K
0.2.3.6.8, 5 5FR¥N N2 AHXT B, MeHHPA 2% %%
H N DGEBA #1 PEGDGE 4% ¥z I 5 155 , K
JE A 5 120 5 2% A DAV B 3 RO . B E WD R
M 0.6 glem®, 7 5 A 600 Ko 7E 8 I 45 74 B 46 1
TN BLARHEAT 200 ps BT, DLTHBR > T AR
N 7. B G 4k 83647 200 ps (1T LIRS 25 FE 7
AN ARZBTG ER pFAA . SEF P K
BIRE A s, RN 1 MR RE, 1 BN
COMPASS 11 , % 75 ¥%:K FH Andersen , 4% K72 /7 %
H Berendsen™!

AR5 P4 S IR 5 198 I (3] 4 751 10 A8 106 e 0 Ji 3
G i) B T Perl i 5 128 BEFE 7 DA DL 52 30 A8 Bk
U, BB YRR R RN 3.5 AL i KB R
R..HN10 A, 5K K05 A, s il FE 13 B N 600 K.
16 BUAZ B B DR 85% I AC IR &5 4y , F 3k B v i £ o
I 16 JUART &5 44 JEAT AR AL S 552 2445 31 5 Bl AS [R] PEG-
DGE Jii 73 1 (0.5% 10% 15%+20% , 17 44 b
flE DGEBA Jii f2: [ 1 43 ELO A AR R B, 2
PEGDGE Jii & 4 $UN 15% I (28 B AR R AL .
A AR ZRBE RS THIE & 500 K, I 0 AR AL 3 47 300~
500 K “I8 K7 Rb R T B R B 1 B N 25 K, &R



B %% . PEGDGE X 48 G i AT I3RS B 70 5 S A S T S

ALl RV ) 29

CH,
CH~CH-CH5-O O O O—CH5-CH-CH,
\O/ CH, \/

O
(a) M A BIA M G (DGEBA)

C

CHs—CH— CH,—0—CH,— CH,—0— CH,—CH—CH,
o]

(b) % 2 B 47K H i ¥ (PEGDGE)

[
>
\\
(c) S E R BT (MeHHPA)
Bl REBRESFIER

Fig.1 Molecular models of cross-linked monomer

'-1.!-\. e -:"'"
PR -4

”ﬁ! t‘?’ av ‘?‘"‘ ;‘23 ..,\.j

-

e '3»\

2 PEGDGE U2 53 89 15% B B 32 BX 0 45 5 44 5]
Fig.2 Cross-linked network structure diagram with PEGDGE

mass fraction of 15%

I T8 Jy RN T S ] 1 E N 200 ps, 153 2]
ARG, DU T 384T 5 SR R M e 2

SO 25 g 2 50 1 g ose
2 X

2.1 B

U A 73R A i (DGEBA) , 31 4815 M 0.535
mol/100 g; H¥ I /N A AF 28 — H1 R IF (MeHHPA) , AH
X0 T RN 168.19, 730 M4l 5 5 4 —BE 45 /K Hr
fit (PEGDGE) , 43 # 41 s {2 3t 7y N,N- — F 3L =% Jii
(BDMA) , 73 #fr gt . il a3 0 F L ifg R bz T A=
R A G RRAF .
22 ZWHE

F 3R 1 R JEORH T S G LU AE = 0 R N S
N Uy A T RS R R 2 N AL AR 7 R I L 3R
O KR Tk L E 80°C 1 LA 45 R RS

PP T SE AR A 5], i i PEGDGE i & 43 A
5] (VR BHA 22 o AR 5 K TR BB 51 80°C T # b 7

AR L A, il B TR B2 T R b 3 AT 3 n AT
¥, E 4k 26484 80°C /4 h+140°C/12 h, 75 %] PEGDGE
RN 0.5% 10% 15%- 20% [¥) PEGDGE/EP

K%, 43 WAy 4 N P-1.P-2.P-3.P-4.P-5.
#z1 EMRREERCEE
Table 1 Mass ratio of raw materials
g
(i3S DGEBA MeHHPA PEGDGE BDMA
P-1 100 89.97 0 0.6
P-2 100 92.30 5 0.6
P-3 100 94.63 10 0.6
P-4 100 96.97 15 0.6
P-5 100 99.30 20 0.6

¥ : PEGDGE [ )i & 4> #  PEGDGE Jii & /i DGEBA Jii &[]
b, SRR A
2.3 MRMEREMIR

CO BRI e il P

K FH 55 [ TA {X 2% A 7] (1) DMA 800 %4 ) 25 #44L
T AT A B S B ORE A i (1) 3¢ 3 Ak 3 AR IR R
(T Walik FH A B, M 1 He, i KPR TR
N1 um, FKENAS F18 1N, R FE N 40~200°C
FH i E 2208 2°C/min, A 3R 15 0 SR T R
FE 45 FE A7 1E VI (tand) Bl it B2 19 78 A0t 28, 9% H
tand A AR PR 30 S8 R IR ) T,

(2725 ity 5 5 A4 A 5 B

R GB/T 2567—2021 € B i 8 73 4 M g X 56
T Y, R IR = BRI A R A R



30 A2 R

2024,57(12)

UTM4104 24 B3 75 g il B AL il &2 KR 10 25 it o 2
AV SR o W52 B A A 56 A 10 mm/min, 3
56 A 2 mm/min, B FRERE I S 0, 25 AL
FEIE

(3 phi o

R PE GB/T 2571—1995, K H 5 m H i & il 56
ML 3 A FR 2 7] 1 ZLCFD-5.5 4 & & v 7 3 56 HL
X FA SRR I o i P R AT A, R U 5
W85 RECEYIME .

(DOFHRE

4 GB/T 22314—2008 , fifi Fil I3 77 )= FR 61X
PR A R 2 ) 1 NDI-8S B Jig 5 6 & 11 0 & 340 48
W AR Be ARk 1 2 B, K IE B2 2 80°C , F 5 min id 3%
— A .

3 HERE59H

3.1 BUMEESH
3.1.1 PO AR T

T, /2 SR A M RH S e R 1) B E S, 2
o8 B R AN LA BB A Ry 38O 1 36 A2
3 U B TR, 2 0 SRS R A4 ) mT BLAE Y IR
R UIEM R RIR AT T, I i, L e 3
AR NI IF B ARV 5T 2 kA B 8 (AR
oo ASHIE ST HR IS A R R IR B R I R ith 2k
HHEAT 73 Be R A A, P BB 2R 1) 22 st BT Rt 92 4 i
FEED A 7,7, P& 3 4 PEGDGE Jii & 4 $h 15% i
PEGDGE/EP 14 % (P-4) [1) % FE -l FE# & it 45, mT A
G P-4 4K R T,4 49380 K.

1.15F

L14f
113t
PRREIE
o
&1L
X
S 110

300 350 400 450 500
K
3 PAFEMZEE-BREMESHE

Fig.3 Density-temperature fitting curve of P-4 system
#% PEGDGE/EP 1A & 1) 7 15 1 % T, i 545 2R

i 4 fros . AWK 4R LUK EL, BE% PEGDGE Jit &
Ir B 1K, PEGDGE/EP JE VR A8 B A R 1) T, 1% i

FEAIS, % W PEGDGE H IS 15 58 A4 &= 1 #v e
AEIZ M T %, H 24 PEGDGE Jii 7 20 B L 5% i, L
L BR K 5 39 109 1 B A 0 B 1 A B S T 5 3
INE AT AR 2 (1T 41 e 1 — 20 AR

440
420+
409.46
404.36
4§x 400} 7] 3035
382.5
== 350 7 381.40
B
P
5 3601
=
& 3401
320t
300
0 5 10 15 20
PEGDGEJF =5 50/%

B4 T[EPEGDGE/EP & RHI T, 545
Fig.4 Simulation results of 7, for different
PEGDGE/EP systems

3.1.2  EA IR

Xt 43 F Bl 77 2 AL Fp R A A AR R e 0 /s B
735 A8 ILAE R 7 B AR B R P A2 AR, AT T 5 A2 Bk
T R G5 I T (V) ) A 5, DU A RL ¥ 77 5 4
Ao THEI J0 58 2 28 R FA S IR T A0 R 2% 1 [ 4
PRS2 AR SCHEEL T % AN A8 B 45 M AR B AE 300 K
TR S 38 T A FR X AR R e 8 R AT I
Al LLAS 2R R W AE BE (CO FI 1 S 50w, 11
HAWR D~ QPR LIRS R B A R
AR B B (KO VB DI B (G) W R & (B , i 5
KRG FIR,

A+ 2u A A 0 0 O
A A+ 2u A 0 0 O
A A A+2u 0 0 O
c,- (D
0 0 u 0 0
0 0 0 u O
| 0 0 0 0 g
1
l:g(clz"'C13+C21+C23+C31+C32)
1 (2)
,u=§(C44+C55+C66)
2
=)+ =
K=1 31
G=u 3
34+ 2u
=u T



B %%F . PEGDGE X 48 G i1 H ¥0 S8R0 2 [ B A PR RE RS WAL () 7 13 )1 24 0t 31

N EITEER WK 2R, NK27LLE
i, b % PEGDGE ¥ il & 13K, 7 R AR &
BYPIRE E B IREL & 2 BT R [, H PEGDGE Jiii &
BB IS 5% B FREE R . 2 Ml N, PEGDGE (1)
oy T BRI B A R P ZRIYE , I Hoor 1 450 g
1A A7 AE A A A4 R AE HR BT R 7 I 7 A AR )
B8R, T B IG5 Tk & A 1) A, {44 &
(1) 7 2 A B RN 5 5 W b I 46 5 R AT FH A S
REAT R R L 25 5 R ek /)

%2 A EIPEGDGE/EP{FRMhFHEE

Table 2 Mechanical modulus of different

PEGDGE/EP systems
hE HRBRE) HUIREG)  WREE(®E) KIG
/GPa /GPa /GPa
P-1 4.81 2.48 6.28 1.94
P-2 4.65 2.13 5.63 2.18
P-3 4.45 1.43 5.37 3.11
P-4 3.85 1.12 3.48 3.44
P-5 3.52 0.96 2.92 3.67

=T R AR M AT e AR AR R KRB
DIt & G A (K/G) AT RAE . K5 G 1) HLAE R
K MR ) P B 5, B RHIR BT A1 7 i 1 RE )
5, 7 Wb FRAE 9 28 2 i AT A S0 i AR o i
MR . MR 2 AT LUE H, PEGDGE [ {43
K/GEE K AR R $E . 3X 52 28 PEGDGE
TR A ERE, ASHRE R BREE A KE R
A ERIER Re I IR EMIBE , 38 K 7 SR 45 45 44
Z B ik BB TR RE T G 5R T R BAR R
Ik
3.2 MEEHIFHE
32,1 HHEMAE A

o F R BB AR B A BT 5 i R
W TR R HERURES . B AR (R
JE AR} B B AOUL 45 AE) S B, i ST AT TR R B
B 7 U B R R A M R B ) B AR AR
P B DA A T A R[] 5 0 o ) A R B R D
J8C, — 43 A& B O 1B AR BAER AR 1 (SEBR A A
F o — 8B40 2 R A I AR V. CH B ARFD,
BT A A R A R &R RN, 51N B B AR FR &
e RIES: , Hov Mk R 00 E AR S SRR Bt AE
FH AR R S A R AR o [ E AR AR 1 AR G N,
HERER =N DR,

_ "
ﬂ_m+n

A K F MS H ) Atom Volumes & Surface 15
Heit 5 7 AN [ PEGDGE/EP £ & 1) 22 B A% 2 7 300
KR (10 R i R 3R 1T B 5 R P-4 4k R 11 H B ARAR 5 b
BAY, B i X 7 AR B AR . A 2
ANIA] PEGDGE/EP £ % () H AR, & L an 2 3 i
No M3 W4, BE% PEGDGE Jii &40 B K, 44
I H HARR S R 2 K. X 2 KA PEGDGE
(1) 53 F- 45 R AE A5 28 BRAA 8 R 23 7 1) SR I 2 7t
oy FHE B IIE B AN 5 2 BIBHAG , A3k R KT
AhJ1 T AR BB T FEAG AT R AE W 1 7 27 14 R
EVA GO D8 A NS B = WSS RN A WLl A s RN
F 0 R A B A U P SR A M e S B AR — 8
PIsZIA . EHARAR 7 bR, A R 11 A2 I 5 ) e
Fa s BRAE S T8 BCE 2 10 B R S A 4 L2 B g
W5, AR B T, SR R B 2R 5 A
ST AN HEREIR , 22 00 R BN AR 3 3 AL B AR IR
P& B AR, AN R T 48 2 b AT AE = I PR 5 5% 1 R

S

x 100% 4

Fig.5 Free volume ratio model of P-4 systems

%3 A [EPEGDGE/EP &R B HAFE Lt

Table 3  The proportion of free volume in different

PEGDGE/EP systems
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P-1 16 355.41 3286.24 16.73
P-2 17 596.88 3597.62 16.97
P-3 18 693.56 3921.11 17.34
P-4 19 911.56 4203.55 17.43
P-5 20 591.16 4389.64 17.57
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