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ABSTRACT:

The chemical state of cure in a thermosetting resin was used to predict the resin’s equilibrium modulus. High
performance liquid chromatography analyses of the sol fraction yielded molar dynamics for monomeric,
oligomeric, and polymeric molecules. Their population density distributions were compared with theoretical
predictions based on a chain-growth polymerization mechanism. The resulting chemical estimates of the state
of cure were integrated into calculations yielding concentrations of network structures within the gel that
contribute to the density of elastically active strands and junctions. The theory of rubber elasticity was then
used to predict the equilibrium modulus. Measurements incorporated dynamic mechanical analysis. A
comprehensive understanding of the polymerization mechanism and cure history are required for accurate
simulations of contributions from branch nodes and chain links. Deterministic models based solely on
chemical reaction analysis were used to estimate chain connectivity with the gel. Results were interpreted
using stochastic-based reasoning.

10.1021/ma0492925 © 2004 American Chemical Society Published on Web 09/17/2004
© 2004 American Chemical Society

IAEAEAEAH
|
LADAE A]i:".AH
E TAEAEAH

IALCALL
Pyq

Fizure 1. Fepressimtative melecale P [or the pesin [DHCERAS

HNABDNM A,




Wei Chian and Delmar C. Timm, Macromolecules; 2004; 37(21); 8098-8109. Copyright © 2004 American Chemical Society

o
[ ]
.k
04 SN A
-
-
k'
=14
=
=
.E*M
E_ -1
4
1.2 "
g
1.4 [ ]
-1.E
1 gl b E 0 A0k SO Rilaf)
Tira {min]
Fivvae 20 Decas s e s of vpone aroups ol 80 °C (k. o=
). o — 20
0y
& I .
W -
|
_‘. I .‘} u
= ‘ 2
& i u
] u
1
& [ ]
i a &
= ]
= a
el -
[ 3
-
n
—_— [
1 : - ! e
§ 1 af gpany RICUDE
Eoan 1insi i | n 1
21 LN Y - il -

© 2004 American Chemical Society



Wei Chian and Delmar C. Timm, Macromolecules; 2004; 37(21); 8098-8109. Copyright © 2004 American Chemical Society

© 2004 American Chemical Society

e YRS I e

© 2004 American Chemical Society



Wei Chian and Delmar C. Timm, Macromolecules; 2004; 37(21); 8098-8109. Copyright © 2004 American Chemical Society

Vamight Frazhon
o
w5

a 5000 10200 15000 2Ha 25700
a iAge THEE

cA g
5 Lanslosalelt”
B ¢ 500 T 1500 2H0a L]

Ml mEs
Figure 5. MMoleculor sodstl distioatloen of DEREARAA
B LA, o) ittt THCERA pario L0, GO pilrn a1 B0 °C [
eped buwotal, Qwcrelical i o= 20k Big = 130 (0o =
1720 indlliwtor TUSEB A rato 2001, 1000 i at 89 °C [
Tmﬂrlmﬂnml: Theeretical (W) o= Lelr, "&b g = 20 ) =

© 2004 American Chemical Society



Wei Chian and Delmar C. Timm, Macromolecules; 2004; 37(21); 8098-8109. Copyright © 2004 American Chemical Society

[ T ——
e e S el
—_—

e |

Dlegeime:s | .\
e —— = i o T
e T p i
Ll I i L N
1 1 __‘. 1 1 1 1 i —_—
" = i
A

© 2004 American Chemical Society



Wei Chian and Delmar C. Timm, Macromolecules; 2004; 37(21); 8098-8109. Copyright © 2004 American Chemical Society

o i
20). Figure 9. Theoretical growth of elastically active junctions
PR (&, =200 W, « = 20).
0.168 LY 0.8
[}
0.14 & [
g 4 0.7 a %
% 012 i ™ E
2 S os
-§ 0.1 B
> 008 = 2 o5
% 0.06 e " E 2
o 0.4 - = 04
o w . § A
0.02 | A ] S 03 =
0 LA - ; .
0.1 0.2 03 0.4 05 06 g 02 . =
Canversion of epoxy groups [
Figure 8. Theoretical growth of elastically active strands (4, ol i . ™
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Figure 7. Cross-linking dynamics at 80 °C (&, = 200; ®, o
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Figure 10. Prediction of entanglement trapping factor (&, o

= 200: | ¢« = 20).
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Figure 11. Experimental—theoretical comparison of rubber
equilibrium modulus {assuming an affine networlk).
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