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STRUCTURE OF EPOXY RESIN MODELS
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Masaomi NISHIMURA and Masamune NAKATA

In order to discuss the relationship between crosslinked structure and deformation be-
havior of epoxy resin, we have performed tensile simulation on epoxy resin models with
different conversion degree by the molecular dynamics method. Epoxy resin models are
made by crosslinking reaction simulation, in which new bonds are formed between epoxy
radicals in DGEBF as a base resin and amines in DETDA as a curing agent. Atomic
models with only straight-chains without tertiary amines are also created by control on
bonding changes in the crosslinking reaction simulation. Stress responses in the late stage
of tensile deformation were different due to crosslinked structure. Stress rises were ob-
served in high conversion models in which more than half of the total molecular was
contained in a molecular chain network. Tensile deformation continued at constant flow
stresses in low conversion models with only straight-chains. Stress drops were caused
by growth of voids during deformation in other models. Then we evaluated non-affine
displacement and stress change of molecular chains. Monomers showed lower non-affine
displacements than other molecular chains. Crosslinked chains that connect molecular
chains played a prominent role in stress rises.
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Fig.1 Crosslink in DGEBF and DETDA.
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Fig.2 Process of crosslinking reaction.
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Fig. 3 Conversion degree in crosslinking reaction simula-

tion.
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Fig.4 Relationship between density and conversion degree.
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Fig.5 Fraction of molecular chains.

JEIS 2301273 X 512 10ps DSR2 Ef L 7. 52
B H Cud, BT 2 AL HIE L TR ERIEIS AT 0127
% X 512 20ps DEERME EMEL 7=, 5 3 BFEH T, 5l
EHEKMESS ST E 0 ISHIME L 722 £ % 20ps 20 0 T HIlHNR B
% 500K 205 1K WA 872, F4EBEBEEHTIEX, SEEIG
1% 0 & HIEEE 1K Z#5F L 72 % £ 200ps D&%
MEATo7. 2B, SEME TR ESRMAT v 7% 0.1fs
LT, 4EBMBEIMEETOMN T 725 O THRDKMA T v
T s CAEBE LU THEML /-

Figd TKRETNVORBERIGE ¢ L BEE p OBFRETRT.
HBYOHITRLZ ¢ =0% & ¢ = 25% EF LTI, FIHH
5 10nm® ML D BRI K =27 R A4 RANEBICEE L T\,
RA FOFEFEICED, DT T AN TSNS HEENET
L7zeEZoND. —Ff, RERKA FBFELEDP-ZZ
DD EFAICTOVTIZ, 1.14g/cm® BEDE YL Ko7z, 4
WBRIGZHIRL7ZEF LTI ¢ OIS WEE S B L
TW2 XSICRZ 25, IR L TWARWEFILTIXEERIG
Ry BEOMBEEDRV. 2E LAY I 2L —>a Y TR,
EFIULERFIKIRICHEIREZ T Tn 3291, BEK
B EDER LRy bV — 7 HEEIC & o TR FHE o IE

R200————————7—"——T7———T——T——7130
I /4 —— Largest( left axis)
1000 —¢: o \\ --- Average( right axis) —25
» R $=75% - ) 2
5 g0 4 S oo | 420 73
8 L h A stress rise R
< \ o flow stress =}
g 600 AN —15 &€
N (9]
7 - &
2 400 d10 8
b); <
- 9=58% ®
200 e N 45
L v s J
M I R R i
0 50 100 150 200 250 300 350 408
Number of molecular groups
(a)
100 T T T 10
— Largest( left axis)
S0k --=Average( right axis) _| 8
$=49% "
» 2
= $=49% =
o 60 (without tertiary amines) 6 3
2 v \ 9=25% S
= L (without tertiary amines) J g
g V- ___ °
Ll Sor | s
5 Ly pmd2y — >
~ (without tertiary amines) o <
20 =2
| 4 V\\D\D
A 1 A
%00 250 308
Number of molecular groups
(b)

Fig.6 Connectivity number in molecular groups.

HHIRENZ e EZ LN, BEOBVHFEEDENVITRL
ZLTHETOMELIZD LRRZATRENELDZ. —F, &
BRIGZERIRL7ZEF LT, BECE2Fy PV — I8
BRI NRNOT, BEICEBRICES ER T 213801
MDBEICIHETZ 7012 ¢ & p L BHEIHEZFH >0
FrEZoh3. B, IAOHIIOWTIE, BISRTIIER
P2l —YarToOIhUTAMBBOEFEEIICA SIS
HBRDEWTHHILTWS. ABISHBEER LT,
VHRBHMBEBET LT, ORE—EIS I TEEHHE
TLEETL, THHLUBKRDETFTLOENEHGNIR TS
BIHAVWEZ DT 3.

BREBED R Y P 7 —2122o0WT, HFHOEVWE L 5
DA W2 U dso T L 72 D25 Fig.s TH 2. HAGH
BREoTIMTIVERZINEFEEBHSL L, 216
RIGLTWARWERIFOZRFED L IZELHIFD 1 H
7IVEHBME LTEZXLEGA, HRE—BH®HMS, BB
WH—ZERE N, B0 W O E IR S T8I
FIFBIEHNARETHD. Zhoon Tz, zhehd
H$H (Free chain), & >~ 2V ¥ Z7'$4 (Dangling chain), Z24&
$H (Crosslinked chain) & L THRIF 2 Z 22 ko T, 77F#
2 P =7 OBEDEVEFMEL TS, By b —

- 102 —



ZIZBWT, BEHEI D TFHRATLEBIESTH, X7
VY HEPHEEORMICMBET 2. BHEE Y PV -2
BIREEFhRWVHEMOBESHTH 5. Figh THOLNZRENK
JEEDENC & ) FRIEEOHIAZIE, Li b ofE (1
LIFE-HLUTEBY, AHKETH LN EBEHED MD AT
Bon s —RNEHEL RoTW2 LK TE 2. Li 50t
£ OD Tk, HrEaER ST WAL R ELH S
HHEIZED TWED, RIFKETE, ZhoEHBE—3T2 L
THTCRHMEiL T, BHHHEEZDEL CHMT 2235,
7B, BENICEFIRLEZET LTI, 3T I VHFEEL
BOVDT, BEMICENBRLZ->TOVTHINTHHBEL L
THESH, B—0TFoHEEHBLARZVEE 2 IEIF—HL
TW/=DT Figh RS TICEHKT 3.

Figs T, 37 I v 2mme LT F#HAY by —2
FESIRICHP L 2T 2 Z e THEEEZAEL TV, 2
LNBETLIEoThy MY —JHEEREEINET 2 Z 21
L RoTWS., 22T, EEFMEOBNIERED, —
BT HARATEB L TWA D FHE—DDRy F VU —2
LT, ZOBEIMLZMEEE Fig.6 IS/RT. Fig.6(a) I
X, TRTOF—ZBEETNTED, (a) PO ERTOHFE
WOWTRRRAT — V2 ZEZ TR LS D% Fig.6(b) IZ
RT. B, 2o THOMERLTED, Tl E b
D5 TR A 2 DL LS L Tw 3 0 T EEORBUS G T
5. M OWTIE, D TFHOF TR D Z L o F S EE
LTW2 b0 RS FEMGEE LTE (/) RL,
ST EER O R G (R R d. BERIGE ¢ B K
FARBIENT, DTOHEMENIZ KRBT, ik L
TODTHOEP/NEL 2 LFAFIC, =203y h T —2
CEENDZDTHMEBIEZL R bhr 5B, ¢ 5 T5%LL
LT ERD FEERD 1000 22 TE D, TEM EosF
HOEDRRI LS FHAYy PV —2ZIBLTWS IR 5., —
HT, ¢ D 2% T TIEE KA 20 % TE 2 72 LAY
Iy b= REENZLSTBMLTVWE IR bR5b. £,
¢ =42% ¥ ¢ =25% T, TTHOBIPIZLALEDLLTIC
SEEGERS B A TWE Z s, BEBRIERIIBWT
3, FILORBRBIC X 2HFEON TFHOIRPETH D,
BRI & B30 FRALOEBIIDR N e RBINh S, £
7o, MBEEZTRLESHT I UVBABEELRVETF LTI,
BREIC X 2 EHODIENTFE LRV &5, Figs Tl
BIXBEEETT A ERELLELEDLLRVHDD, 2RO THOD
Bz ikotz. MlEXY, B5%ULEDEFT LTI, 2KD
TELU LR EDZ2 =200 F#HAY bV — I PMEREEX
L TWBDIxn LT, BERINNE LR 2 Ml vg 78
OHHEBGBIEBREICRZDDEEZILNS.

4. 5|8 Zal—>3y

4.1. RITEH
RETHEONET A E MR LT, Hl5IEY I a1 —

TavEEMLUEZ. 2 BAAICO T AERED 107/s IRET

% K512, MD B R 7 v T HIC 2R FEBE L 5% T

400
300
<
a9
=
8" 200
g
)
100
0
Strain, &,
(a) Models of ¢ = 0% ~ 81%.
400 —
—— ¢= 49% (without tertiary amines)
I ——— ¢= 42% (without tertiary amines)
———— ¢= 25% (without tertiary amines) 49%
300 -
<
Ay
=
8200
s
7]
100
| ' | ' |

0 05 1 5 2
Strain, &,

(b) Models of ¢ = 25% ~ 49% without tertiary amines.

Fig.7 Stress-strain curves.
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Fig.8 Young’s modulus.
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Fig.9 Volume change of the largest void.
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Fig. 10 Atomic structure colored with connectivity number in molecular groups.
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Fig.11 Non-affine displacement of molecular chains.
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Fig. 12 Stresses on molecular chains.
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