Korea Polymer Journal

Volume 3, Number 2 October 31, 1995
© Copyright 1995 by The Polymer Society of Korea

New Isoconversion and Isoviscosity Time-Temperature-
Transformation Cure Diagrams of Tetrafunctional Epoxy
Resin/Poly(ether sulfone) Blend

Bong Sup Kim

R&D Center, Sunkyong Industries Lid,
Jungje 1-Dong, Changan-Ku, Suwon, Kyungki 440-745, Korea

Received February 13, 1995

ABSTRACT: For the cure process of a tetrafunctional epoxy resin/poly(ether sulfone)/dicy-
andiamide, we established new isoconversion and isoviscosity TTT(time-temperature-transforma-
tion) cure formulae. The transformation here involves isoconversion and isoviscosity contours be-
sides gelation, vitrification and phase separation. The conversion was characterized by d.s.c., the
viscosity was by viscoelastic measurement and the phase separation process was by light scattering
and scanning electron microscopy. The phase separation took place at lower conversions and corre-
sponding lower viscosities. Two-phase structure is established via spinodal decomposition mode
and the phase-separated structure is nearly fixed by a gelation. The gelation occured at a conver-
sion of ca. 45~50% and a viscosity of 10* poise over the entire cure temperatures. The periodic
distance, Am, in the phase-separated structure changed; the lower the cure temperature, the short-
er the periodic distance. When the cure temperature was high, a bicontinuous two-phase structure
was obtained. For a low temperature cure system, the spherical domain structure is realized.

Introduction

Curing of epoxy resin involves chain extension,
branching and crosslinking. The chemical reaction
usually causes a change in physical state, from a
viscous liquid to a gel and to vitrified material. Ge-
lation occurs due to crosslinking. Vitrification oc-
curs due to the increase of the glass transition tem-
perature (7)), i.e. the system vitrifies when T, re-
aches cure temperature. To characterize the change
in physical state during curing, Gillham and Babay-
evky'? proposed the time-temperature-transforma-
tion (TTT) cure diagram on the basis of torsional
braid analysis. The TTT cure diagram describes
the transformations (gelation and vitrification) as
functions of cure time and temperature.

In a previous paper,® we established a new TTT
cure diagram of epoxy resin/poly(ether sulfone) sys-

tem. Here, the cure formula involves various trans-
formations: the sol-gel transition, the liquid-liquid
phase transition from single-phase to two-phase sys-
tem and the vitrifcation by the increase of the T,
with the increase of molecular weight in the epoxy
resin. On the basis of the new TTT cure diagram,
we became aware of the structure development
during cure in the epoxy/PES mixture. That is, in
the early stage of curing, the system was at a sin-
gle-phase regime. After the induction period,
phase separation started by the spinodal decompo-
sition mode, the the domain spacing increased with
time 1.e. the structure grew self-similarly. When the
system was gelled, the spacing simultaneously cea-
sed to increase. Even after that, the invariant still
continued to increase, implying further growth in
concentration fluctuation. The invariant then level-
ed off and finally the whole system was vitrified
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by the increased T, of the epoxy-rich phase.

In this paper, we deal with an epoxy resin/PES
blend, investigate the conversion by d.s.c., the va-
riation of viscosity by viscoelastic measurement and
the phase separation process by light scattering and
SEM which establishes a new isoconversion and
isoviscosity TTT cure diagrams. Here, we focus on
the reaction kinetics and rheological point of view
to understand the structure development during
cure in the epoxy/PES mixture.

Experimental

A tetrafunctional epoxy resin, tetraglycidyl 4,4'-
diaminodiphenylmethane, was supplied by Yuka-
Shell Epoxy Co. (Epikote 604). The curing agent
was dicyandiamide (DICY). Poly(ether sulfone)
(PES) was supplied by Mitsui Toatsu Co. (ICI Vict-
rex 4100P; Mn=17.7X10%. The structure formulae
are shown below.

Epikote 604
/
CH}—CH--CH, CH, —CH—CH,
O on O
CH,—CH—CH, CH,—CH-CH,
picy NH
il
H,N-C—N—C=N
PES

The epoxy and PES were dissolved at 10 wt%
of total polymer in methylenechloride. The solution
was cast onto a cover glass (for microscopy). The
cast film was further dried under a vacuum of 10 *
mmHg for 12 h. The film on the cover glass was
inserted into a heating chamber for the heating
stage (Linkam TH 600 heating cooling stage) prog-
rammed to provide a linear rise in temperature
at two different rates: 5 and 10 C min ' During
the linear temperature rise, w2 observed the onset
of phase separation under the light microscope. Ba-
sed on this observation, we obtained the phase dia-
gram of the epoxy/PES mixture.

We also prepared solution-cast film of the mix-
ture loaded with DICY in the same way. The ter-
nary mixture (epoxy/PES/DICY) on the cover glass
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Figure 1. Light scattering photometer equipped with
a 46 photodiode array for time-resolved measurement
of the angular dependence of the scattered light inten-
sity.

was annealed in the hot chamber set horizontally
on the light scattering stage, as shown in Figure
1. Radiation of wavelength 632.8 nm from a He-Ne
gas laser was applied vertically to the film. The
intensity of scattered light from the film was mea-
sured under an optical alignment with parallel polar-
ization. The angular distribution of scattered light
intensity was detected by a one-dimensional photo-
meter with a 46 photodiode array (HASC Co. Ltd.).
The scattering profiles in a time of 1/30 s were
recorded at appropriate intervals during isothermal
annealing (curing) and were stored in a Forth Eng-
yne computer for further analysis. The scattering
angle @ within the sample is related to the observed
scattering angle, 0., by

7 8in0 = SinB,

where # is the refractive index of the sample. The
intensity of scattered light was corrected by multi-
plying by C,:

C,=n? cosB/(1—n® §)*

A light scattering pattern was also observed by
using a photographic technique similar to that of
Stein and Rhodes.*

SEM observation was carried out by the backsca-
ttered electrons from a microtomed (flat) surface
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Figure 2. Phase diagram of tetrafunctional epoxy/PES
mixture.

The microtoming was carried out by ultramicro-
tome (Ultracut N, Reichert-Nissei) equipped with
cryostat (FA 4E, Reichert-Nissei).

The cure reaction kinetics was followed by d.s.c.
(Du Pont, model 910). The conversion (degree of
reaction) of the epoxy/PES mixture was estimated
by the area of exotherm peak (temperature range
100~350 C) evolving from the reaction during the
d.s.c. heating run at 10 C min "

The complex viscosity, n* was measured by a
Rheometrics Dynamic Spectrometer (model RDS-
7700) fitted with a parallel-plate test cell (plate ra-
dius 12.5 mm, gap 1.0 mm) as a function of cure
time at various temperatures.

The gelation and vitrification points were obtain-
ed as discussed in the previous paper.’

Results and Discussion

Phase Diagram of Epoxy/PES Mixture. The
solution-cast film of the binary mixture of epoxy
and PES was transparent and homogeneous under
the light microscope. During the linear temperature
rise in the binary mixture, the onset of phase se-
paration was oberved under the light microscope
when the temperature reached a certain value, T..
Plotting 7. versus heating rate, we obtained an in-
tercept of 7, at which the heating rate was zero.
The intercept temperature may correspond to the
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Figure 3. Light scattering pattern and optical microg-

rph. The scattering profile of this ring pattern is shown
in Figure 4 (curve of 2000 s).

binodal temperature (the binodal points thus esti-
mated are shown by triangles in Figure 2), indicat-
ing lower critical solution temperature (LCST)-type
phase behavior. Figure 2 also shows the 7, curve,
estimated by the Fox equation using the d.s.c. data
of epoxy and PES.

On the basis of current understanding of poly-
mer-polymer miscibility, the LCST in Figure 2 is
expected to decrease, and the two-phase regime
would prevail in the phase diagram as the molecu-
lar weight of epoxy increases with curing. The T,
of the mixture would be elevated when the molecu-
lar weight increases. These situations are demonst-
rated schematically in Figure 2. Figure 2 implies
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Figure 4. Change in the light scattering profile with
curing: tetrafunctional epoxy/PES/DICY (100/25/5) cu-
red at 190 C. The numbers shown are the cure times.
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Figure 5. Time variation of periodic distance Am du-
ring curing at various cure temperatures; tetrafunction-

al epoxy/PES/DICY (100/25/5).

that the mixture of composition ¢ is initially at a
single-phase regime at 7,,.; however, the system
will be thrust into a two-phase regime as the curing
reaction proceeds. Hence, the spinodal decomposi-
tion is expected to take place in the curing process.

Structure Development by Light Scattering
and SEM. An epoxy/PES mixrure loaded by DICY
(epoxy/PES/DICY=100/25/5) was also a single-
phase system at the curing temperature and no ap-
preciable light scattering was detected from the mix-
ture in the early stages of curing. After the induc-
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Figure 6. Time variation of invariant € during curing
at various cure temperatures; tetrafunctional epoxy/
PES/DICY (100/25/5).

tion period, a ring pattern of light scattering appear-
ed. The ring pattern implies the development of
regular phase-separated structure. The ring pattern
became brighter and its diameter decreased with
curing time. Figure 3 shows a light scattering pat-
tern and a typical optical micrograph of the cured
resin at 190C. The micrograph clearly shows the
uniform interdomain spacing and uniform domain
size. It is consistent with the ring pattern. This
situation is demonstrated by the change in the light
scattering profile with cure time in Figure 4. The
characteristic change in scattering profile is the
hallmark of spinodal decomposition.

One can estimate the periodic distance, Am, in
the phase-separated structure as Bragg spacing
from the peak angle, 6m, of the scattering profile
in Figure 4.

Am=2n/q,q=(4n/\)sin(Om/2)

Therefore,
Am=A[2sin(O@m/2)] !

where ¢ is the scattering vector A is the wavelength
of light in the medium. The time variations of Am
of various curing temperatures are shown in Figure
5. All of the cure temperatures show that Am in-
creases with time and eventually levels off, suggest-
ing that further growth of the structure is suppres-
sed by gelation. We denote the levelling off point
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Figure 7. Time variation of periodic distance Am and
invariant @ during curing tetrafunctional epoxy/PES/
DICY (100/25/5) at 220 C.

as the time of geometry fixation, ¢

It is more difficult to explain the onset of phase
separation from the time variation of the scattering
profile itself. To discuss the onset, it is convenient
to employ the integrated scattering intensity, i.e.
the invariant @ defined by

0=[10) ¢ 4

where ¢ is the scattering vactor and I{g) is the inten-
sity of the scattered light at g. Since the invariant
@ from an optically isotropic system with concent-
ration fluctuation is ascribed to the mean-square
concentration fluctuation® it is a more appropriate
and more sensitive quantity for the degree of phase
separation than the profile itself. The time varia-
tions of @ of various curing temperatures are
shown in Figure 6. The @ increases with time and
eventually levels off, suggesting that phase separa-
tion ceases. We denote the levelling off point as
the end of phase separation, .. From the results
of Figure 5 and 6, the time variations of Am and
Q in cured resin at 220 C are plotted in Figure
7. From the plot one can determine the onset time
of phase separation, ., and also the time at which
phase separation ends f.. As shown in the diagram,
t. is larger than t, le. even after the geometry
fixation, the phase separation proceeds further, su-
ggesting the further increase in the composition
difference between PES-rich and epoxy-rich re-
gions. Figure 7 also shows the time-conversion
scale, the gelation time ¢, and the vitrification time
t. (by viscoelastic measurements) for reference.
Figure 8 shows the scanning electron microgra-
phs of cured resin. The micrographs are the com-
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Figure 8. SEM micrographs of cured resin at (a) 160
C: (b) 250 C: (¢) magnified view of (b).
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position images using backscattered electrons from
a flat-microtomed surface. The dark region is
ascribed to the epoxy-rich phase with a lower atom-
ic number, while the bright region is to the PES-
rich phase. For a cured resin at 160 C (Figure 8a),
epoxy-rich globules with uniform diameter of a few
micrometers are dispersed in a PES-rich matrix.
Note that the periodic distance between the glob-
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Figure 9. Time-conversion curves at various cure te-
mperatures.

ules in SEM exactly corresponds to that obtained
by light scattering in Figure 5. On the other hand,
for a cured resin at 250 C (Figure 8b), one can
see the different morphology from that of 160 .
A continuous structure with 50 um periodic dis-
tance is seen. At higher magnification, combinded
structure is observed; the small domain (ca. 1 pm)
of the secondary phase-separated PES globules dis-
persed in the epoxy phase and the small domain
(0.3 pm) of the secondary phase-separated epoxy
globules dispersed in the PES phase. This was form-
ed by the secondary phase separation in the rich
phase of each due to the changing of a composition
induced by the increase of the quench depth, the
temperature difference between the LCST and the
cure temperature.

Cure Reaction Kinetics. Figure 9 shows the
time-conversion curves of epoxy/PES/DICY mixture
at various cure temperatures. The conversions were
estimated by the area of exotherm peak evolving
from the reaction. The higher the cure temperature,
the faster the cure reaction. The gel point is indica-
ted by arrows for reference. In all of the cure tem-
peratures, range of gelation occurs at a conversion
of ca. 40% conversion over the entire cure temper-
atures. According to the Flory gelation theory,” the
critical extent of reaction at the gel point (X))
is

XKA" = I:f:'pux) - 1) (gdu;r - 1):1 2
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Figure 10. Tiem variation of complex viscosity n* at
various cure temperatures.
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Figure 11. Complex viscosity n* and invariant @ as
a function of conversion.

where f,., and g4, are functionality of the epoxy
resin and DICY, respectively. Hence, the theoretical
conversion at gelation for this system, X,,=0.33.
The discrepancy between the experimental (ca. 0.
45~0.50) and theoretical (0.33) values for X,, may
be attributed to the inter or intra-cyclization reac-
tions and unequal reactivity of the primary and sec-
ondary amines.

Rheological Behavior Determined by RDS.
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Figure 12. A new TTT cure diagram of isoconversion
contours.
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Figure 13. A new TTT cure diagram of isoviscosity
contours.

Dynamic storage modulus G’, loss modulus G” and
complex viscosity n* were obtained from oscillatory
shear measurements (RDS). From the RDS meas-
urement, one can calulate the complex viscosity n*:

n* - (G'2+ G”Z)I/Z/w

where o is the oscillating frequency. The calculated
results are plotted as a function of cure time in
Figure 10. The higher the cure temperature, the
faster the increase of viscosity. Gelation occurs at
the viscosity of 45~50%. The above results are
also plotted as a function of conversion in Figure
11, where light scattering invariant € is also plot-
ted. Phase separation starts in the liquid state with
very low viscosity and gelation takes place at a vis-
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Figure 14. A new TTT cure cure diagram (LS, light
scattering; RDS, Rheometrics dynamic spectrometer;
TBA, torsional braid analysis).
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Figure 15. Morphology map of structure development
during cure process.

cosity on the order of 10* poise. A dramatic change
in viscosity (four decades) is seen with cure reac-
tion.

New Isoconversion and Isoviscosity TTT
Cure Diagrams. Summarizing the results of d.s.c,,
dynamic viscoelastic analysis, light scattering and
SEM, one can establish a new isoconversion and
new isoviscosity TTT cure diagrams as shown in
Figure 12~14. Here, on the conventional TTT cure
diagram associated with gelation and vitrification
and the new TTT cure diagram that we developed
previously (associated with the onset of phase sepa-
ration, the fixation of the dimensions of phase-sepa-
rated structure and the end of phase separation)
other transformation characteristics of the multicom-
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ponent thermoset system are described in terms
of the isoconversion and isoviscosity contours. Fig-
ure 12 shows the TTT cure diagram as isoconver-
sion contours. The onset and the end of phase sep-
aration, gelation and vitrification points are also
plotted as described in our previous paper. The
diagram shows that gelation occurs at a conversion
of ca. 45~50% over the entire cure temperatures
and vitrification takes place at a conversion of ca.
70~80%. Figure 13 shows the TTT cure diagram
as isoviscosity contours. The onset and end of
phase separation, gelation and vitrification are also
plotted. The cure diagram shows that phase separa-
tion starts in liquid state with very low viscosity
over the entire cure temperature range and gelation
takes place at a viscosity on the order of 10* poise.
Figure 14 shows a new TTT cure diagram as de-
scribed in our previous paper. The diagram shows
that the various transformations: (1) onset of phase
separation, (2) the sol-gel transition, (3) fixation of
the phase-separated structure, (4) end of phase sep-
aration and (5) vitrification. On the basis of the
above results, the morphology map of structure de-
velopment during cure is schematically described
in Figure 15. The morphology is obtained by optical
microscopy. As can be seen in the diagram the sys-
tem was at a single-phase regime. After the induc-
tion period, phase separation started by the spino-
dal decomposition mode, then the domain spacing
increased with time, ie. the phase-separated struc-
ture grew self-similarly. When the system was gel-
led, the spacing simultaneously ceased to increase.
The gelation and the structure fixation take place
almost simultaneously, the completion of phase sep-
aration follows, and finally the system is vitrified.

Conclusions

We established new isoconversion and isovisco-
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sity TTT(time-temperature-transformation) cure
diagrams of a tetrafunctional epoxy resin/poly(ether
sulfone) mixture. The transformation here involves
isoconversion and isoviscosity contours besides ge-
lation, vitrification and phase separation. The phase
separation took place at lower conversions and cor-
responding lower viscosities. Two-phase structure
is established via the spinodal decomposition mode
and the phase-separated structure is nearly fixed
by gelation. The gelation occured at a conversion
of ca. 45~50% and a viscosity of 10 poise over
the entire range of cure temperatures. The periodic
distance, Am, in the phase-separated structure cha-
nged; the lower the cure temperature, the shorter
the periodic distance. When the cure temperature
was high, a bicontinuous two-phase structure was
obtained. In contrast, for a low temperature cure
system, the spherical domain structure is realized.
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