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Table 1 Chemical structures and characteristics of the components employed in the experiments
Compound Supplier Chemical structure and characteristics
CHj, CHj;
Q_ ‘ Q
. . . H,C-HC-H,C—0 O O CHz-CH-CH50 O O “CH-CH—CH;
Wauxi synthetic resins N | n N
DGEBA 0 CH, OH CH, O
Co. or Ciba-Geigy B
My=357~645
DDM i thir C 155 O
Shanghai third LN C NH, M=198
DDS reagent factory
|
HZN@—ﬁONHZ M=2483
O
cH, S
MTHPA Ciba-Geigy O
e} M=167
/CH3
BDMA Sigma @N\cm M=122
CH,4
Huifeng Tech |
CE NCO@—CH@—OCN
& Trade Co. M=222
Q 0 0 O
Leg AVAVA SRR,
PEL-1 Fudan University d % "
[7]=0.413 dL/g
b OO
| a s
PEI-2 General Electric {N;E@ N R
o O Ultem1000
1.2 80C 24 h. /
/TP TP 140°C
TP DDS 90°C DDM 60°C
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MTHPA 1% BDMA E, ps E, ps
TP TP
B TP E, ps
/TP TP _ TP
TS TS/TP
40°C 24 h )
500 % 10° I 2% 2.1.1 /| [PEI /
. UCST 6 DGEBA/
ES6 E54 E51 F44 F39  E31 DDM PEI
0.56 0.54 0.51 0.44 0.39 0.31 E, ps PEI
mol 100 g DGEBA 1 o) )
TP 2 E51/DDM/PEI-1
100 15 Tp. 80 ~ 180°C E51/DDM/PEI-2
1.3 E, ps =50.6 kJ/mol. PEI-1
E51/DDM E, ps
oM
13 0.5 pm 10 mm 9.0
+0.2°C 250°C | OE51/DDS/PEI-1
- ’ 8.0L OE51/DDS/PEI-2
% E51/DDM/PEI-2
0.5 mm . 701
. 3 . 60T
+39%. 5 5ot
13
40F
1.4
3.0
Perkin- L . . !
2.0 22 24 26 2.8
Elmer Pyris-1 T x10° K
2 . 1 Effect of PEIs structure on the relation of Int, versus 1/ T for
E51/DDM/PEI and ES1/DDS/PEI systems
2.1 TP E, ps
TP

Table 2 Values of E, ps for ESI/DDM/PEI and E51/DDS/PEI systems by OM

E51/DDM/PEI-2 E51/DDS/PEI-2

TP type *E, ps bE&, E, ps E,
R¢ R R R
kJ mol ! kJ mol~! kJ mol ! kJ mol !
PEI-1 no ps / 51.6 0.999 61.2 0.999 62.8 0.999
PEI-2 50.6 0.999 51.0 0.999 78.6 0.999 62.5 0.999

“Indicator of phase separation activation energy  Indicator of cure activation energy °R correlation parameter

20 25 K/min

DDM/PEI-2
4 15
2

13 E, ps E - Rx dln ,@{ITIZ) 4
510 15 dT,
E51/DDM/PEI-1  ES1/ E, R B
Kissinger T,
E, 2 ES1/DDM/PEL-1  ES51/
DDM/PEL-2 E,
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e\ R4 e V89 V12 /24 DDS PEL-2. ES1/DDS/PEL-1
4.09415. V=3.6442770 x "€ + E51/DDS/PEI-2
9.798697 x & — 8.542819 x ' £ + 21.693912 x ' & E, ps
+0.978655 x Ny N E ~ Table 3 B values for varies components in the blends of epoxy/
0882.5 x'€ +358.7x 6 X Nyu +5 x N goup crosslinker/PEI systems
Noonic N goup Vv B}  E51/ E51/ E51/ )
DDM MTHPA DDS CE
E em™3 DDM DDS  MTHPA
E., o= _VOh =21.8 J"/ PEL1  3.13 0.89 4.03 1.68 0012 472 5.67
PEI-2  5.61 0.12 6.80 3.60 0.50 2.48 3.17
o™
6,6 s /6 2.1.2 / / /
3:?/ \79/93\62 Z\Ts/2\ﬁfﬁ4\2;4 BDMA
12 9 6
24\2/63\93<36 36\2/53?4\53 /
1 ¢ 13 /TP
a b c
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Fig. 2 a Hydrogen suppressed graph obtained by omitting the PEI / 3
hydrogen atoms and connecting all of the remaining atoms vertices
of the grapy with bond edges of the graph b the assignment of 4 .
4 ES1/MTHPA/PEI-1

the simple atomic indices of vertices and simple bond indices of
edge ¢ the assignment of second atomic indices of vertices and

the corresponding bond indices of edge

E, ps =72.6 J/mol  ES51/MTHPA/PEI-

2 E, ps =59.7 J/mol
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10.0 MTHPA PEI-1/E51/MTHPA
O E51/MTHPA/PEI-1
9.0\ O ESI/MTHPA/PEI-2 E, ps
g0k 2.1.3 /
7ol CE
-—:1 6.0 L
<o CE  PEI UCST o
" PEI-1  PEL2  CE E, ps PEI
40K
20 4 .
24 2.5 2.6 2.7 2.8 29 3.0 CE/PEI-2 E, ps = 47.9 kJ/mol CE/
3 -1
VT X107 (K PEI-1 90 ~ 180C
- 3 Effect of PEIs structure on the relation of Inz versus 1/T for Ea ps
E51/MTHPA/PEI systems E . 3 B
B PEI Begpp, =5.67 J/em’ Begppn =3.17 J/ent®
) ; PEI-1 PEI-2
90 ~ 180°C PEI-1/CE
Besiympwees = 4.03 )/ em’
Bisi smmpapes = 6.80]/ ent’ PEI-1 E51/
Table 4 Values of E, ps for ESI/MTHAP/PEI and CE/PEI systems
P E51/MTHPA/PEI systems CE/PEI systems
E, ps E, E, ps E,
type R R R R
k} mol~'  OM k} mol ! k} mol ! k} mol !
PEI-1 72.6 0.999 52.7 0.999 Immiscible — 60.9 0.999
PEI-2 59.7 0.999 51.6 0.999 47.9 0.999 61.2 0.999
2.2 E51/DDM/PEI-2 k44 E39
A DGEBA E, ps E51 44
TP E39 E51/DDM/PEI-2
‘ E, ps . E31
DGEBA PEI-2 E31/DDM/PEI-2 E, ps
TP DDM E, ps
5
. . . o 5 E
able 5 Values of E, ps for epoxy/DDM/PEI-2 systems with different
€poxy monomers E,
Epoxy E, ps R E, R 1 /DDM
type kJ mol ! kJ mol ! 3 B . 6
E56 54.7 0.999 51.4 0.999
E54 52.6 0.999 — — PEIL-2 B
E51 52.4 0.999 51.6 0.999
F44 4.3 0.999 — — Bonnaud 6
E39 40.3 0.999 51.2 0.99
ESUEM 1:1° 487 099  — — PEI-2
E51/E39 1:1 40.1 0.999 — —
ES1/E31 4:1 36.2 0.999 52.1 0.999

Table 6 Values of B for PEI-2 with various cured epoxy/DDM

# mass ratio

B} ES6/ E54/ E51/ E44/ E39/ E31/

5 em”3 DDM DDM DDM DDM DDM DDM
PEI-2 5.53 5.56 5.61 5.74 5.83 10.71
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B 5 E, ps B, K B 5b
4 a Bolizmann 0.99 B, 5.68
5 B E, ps wha

E, (ps) (kI-mol™)

B ——]

1 y

6 10 1
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-0.25 1 I | 1 |
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B(Jom™)

l 4 B variations of E, ps a and K b for DGEBA/DDM/
PEI-2 system

DGEBA/DDM/PEI-2
E, ps B. dB 56.2
0.995.

E, ps

min

0.08191

max

36.2 5.71

PES DGEBA/DDM E, ps v E. P i

max a

B, dB 32.37 64.45 16.79 0.1284
0.999.
Eu PS max — Eu ps
k= dB % In Ea ps - Ea PS  win =B~

Intps

E51/DDM(DDS)/PEI-2

25 3.0
1T x103 (@ ™

oo o
i T T
o
—_——-
TR=%"

2r E51/MTHPA/PEI-2

2.4 26 28 3.0
T x103(K™h

- 5 Linear correlations of It versus 1/ T for the systems of E51/
DDM/PEI-2 ES51/DDS/PEI-2 a and E51/MTHPA/PEI-2 b with

different r respectively

2.3

r

r E51/DDM/PEI-2 r<l1
r>1
r

ES1/MTHPA/

ES1/DDM/PEI-2  E51/DDS/PEI-2
PEI-2 r
5 7 .
5 a ES1/DDM/PEI-2  E51/DDS/
PEI-2 r
r .
r=0.51.01.5 E51/DDM  160°C
874 275 190 s
DDM
E51/DDS
r . 5b ES1/MHTPA/PE-2
r=1.5 1.0

r=0.5 r=0.51.01.5 ES1/
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MTHPA 110°C 1797 1473
1440 s r=1.0 r E, ps
=1.5 - B » TGDDM/DDS/PEL-2
r=0.5 E, r=0.6~2.0 r<0.6
. E, r
7 E51/DDM/
PEI-2 E51/DDS/PEI-2 E, ps r 21 E,
. E51/DDM/PEI-2 gel 13 7 E, gel E, gel
E, ps r r=1.5 ;
E51/DDS/ PEI-2 E, ps r=0.5 E, ps
Table 7 Values of E, ps for systems with different r
ES1/DDM/PEI-2 E51/DDS/PEI-2 ES1/MTHPA/PEI-2
' E,ps klmol™" E, gel ®* kJ mol™" E, ps k} mol™' E, gel kJmol™' E, ps klmol' E, gel kJ mol”
0.5 43.8 46.3 no ps 61.1 56.3 51.2
1.0 50.6 44.6 78.6 58.1 56.2 51.6
1.5 no ps 44.7 62.2 59.7 59.70 51.7
“ gelation activation energy
3 B E51/DDM/PEI-2 TS
Bpgroypon = 3.60 J/ e’ Bopgryesypon = 5.61 1/
e’ PEI-2  DDM E, ps
ES1/DDM Bonnaud E, ps TP
DDM PEI/DGEBA
E, ps . TP E, ps
E51/DDS/PEI-2 Bpgoms = 2.48  J/em® B
Bograsions = 0.12 J/em’ DDS E, ps . DGEBA/DDM/
. DDS PEI- PEI E, ps B
2/DGEBA 62 E, ps Boltzmann .
DDS . UCST
E51/MTHPA/PEI-2 Bpgommea = 0.50 J/ /
cm’ Bgiomsiymes = 6.80 1/ cm’ PEI-2
MTHPA ES1/MTHPA B
E, ps r ES1/ LCST
DDM/PEL-2  E51/DDS/PEI-2 LCST
E, ps r
8
UCST

Flory-Huggins
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THE EFFECT OF CHEMICAL STRUCTURE ON THE PHASE
SEPARATION TIME/TEMPERATURE DEPENDENCIES IN
SOME THERMOPLASTICS MODIFIED THERMOSET SYSTEMS

ZHANG Xiujuan' YI Xiaosu” XU Yuanze'
' The Key Laboratory of Molecular Engineering of Polymers ~Ministry of Education Department of Macromolecular Science
Fudan University ~ Shanghai 200433
2 Institute Aeronautic Materials ~Beijing 100095

Abstract The analysis of the cure induced phase separation time/temperature dependence of thermoplastics TP

modified thermosetting TS systems is necessary in the cure routine design process so as to optimize the final
material mechanical properties. We found the cure induced phase separation time/temperature can well be described
with the Arrhenius equation the phase separation activation energy E, ps generated from Arrhenius equation is
not affected by the TP content TP molecular weight cure rate or phase separation detection means and the chemical
environments is presumed to play a vital role on £, ps .How the chemical environment will affect the miscibility
between TP and TS species and further the phase separation activation energy E, ps there is no theoretical or
experimental work on such problems. In this paper we make a detail analysis on the question how the chemical
environments changes along the TP or TS chemical structure and how the E, ps 1is related to the chemical
environments. As part of our serious work our main focus here is on some TP/TS systems which show upper critical

solution temperature UCST type phase behavior. The component chemical structures of thermoplastics thermosets
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crosslink agent and stoichiometric ratio efc. were changed in certain way the corresponding cure induced phase
separation activation energy were determined in a wide time-temperature window. The TP and TS species employed
here are poly ether imide epoxy cyanate ester diamine and anhydride. The study is carried out by means of
transmission optical microscopy and differential scanning calorimetry. The results indicate that the phase separation
activation energy E, ps varied with the structures of thermoplastics thermosetting monomers and crosslink agent
and also changed with the stoichiometric ratio. E, ps decreases with the increase of EEW epoxy equivalent
weight of DGEBA monomers. The structure of thermoplastic PEI also shows a remarkable effect on E, ps the
systems with PEI bearing large stereo obstacle groups favoring miscibility of the TP and TS present higher E, ps
At the same time E, ps increases with the content of crosslink agent of DDM and MTHPA while decrease with the
content of DDS. The change of E, ps with the chemical structure of the component can be explained in view of the
interaction energy density theory which based on the Hildebrand-Scatchard regular solution theory. By calculation of
the interaction activation energy density with the solubility parameter it was found that the factors unfavoring
miscibility between TP and TS species will decrease the value of E, ps while those factors favoring miscibility of
the systems will increase the value of E, ps some systems with very small value of interaction energy density
parameter will not show phase separation throughout the cure reaction. The phase separation diagram of
thermoplastics with thermosetting oligomers can verify the interaction energy density approach in understanding the
change of E, ps with chemical structure of the components.

Keywords  Polymerization induced phase separation Interaction energy density Time and temperature

dependency Structure factors Phase separation activation energy





