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ABSTRACT

The effect of surface energy on the phase separation of polyetherimide modified epoxy
systems is studied by time-resolved light scattering (TRLS), differential scanning
calorimeter (DSC), scanning electron microscopy (SEM), and rheometer. Scanning
electron microscopy shows that phase separation of F-blend system goes further and
finally, smaller epoxy-rich particles and thicker polyetherimide (PEI)-rich layers
are generated. Differential scanning calorimeter and TRLS experiments indicate that
the F-PIP/Epoxy blend has a lower curing rate and phase separation rate than the
P-PIP/Epoxy blend. Rheological behavior displays that the viscosity of F-PIP/Epoxy
blend is lower than that of P-PIP/Epoxy blend. By studying the properties of different
PIP surface the F-PIP and P-PIP give different surface energy and it could be concluded
that kinetics is a control factor in the phase separation of the two blends due to their
difference of surface energy of PEI chain.
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INTRODUCTION

Epoxy resins are currently used for many important applications such as adhesives,
encapsulates, and advanced composite matrixes. However, the further use of epoxies is
limited because of their inherent brittleness. For blending of polymers is an effective way
to obtain materials with specific properties, in recent years, the feasibility of toughening
highly crosslinked networks with high modulus and high 7, thermoplastics has been
investigated. Results of thermoplastic toughening of epoxy resins, such as polysulfone
(PSF),!"4 polyethersulfone (PES),*! poly(ether ether ketone) (PEEK),!® polyimide
(P1),”"% and polyetherimide (PEI),”'?! show that the improvement in fracture toughness
is achieved without the expense of modulus at elevated temperature. It is also of special
interest to scientists for theoretical importance in reaction-induced phase separation
processes..'* ¥ In our previous work, a series of novel PEI was synthesized and used
to modify thermosetting resin, the modified resin displays toughening effect without
sacrificing other important properties.!'* 2!

One of the advantages of using the reaction-induced phase separation procedure is
that a variety of morphologies can be obtained by changing the composition, molecular
weight of the polymer, curing temperature, curing agent, and interfacial tension. Among
these structures, bicontinuous or phase inverted structure can greatly increase the
mechanical properties of the blends. It is reported that the interfacial tension can
influence the composition range for full co-continuity and the stability of the bicon-
tinuous structure.”?) Much work has been done to study the influence of interfacial
tension on morphologies,m*zs] and block copolymers are often used to change the
interfacial tension between two components in these studies. But most of these studies
are based on blends of two component thermal-induced separation blend systems, not in
reaction-induced phase separation ones. Interfacial tension influence on phase separation
has been studied in rubber-modified epoxy systems,'**"! and recently, it is reported
that phase inversion are obtained by the low free surface energy of thermoplastic
(30% of 12F-PEK).[*®

In recent years, many of studies have been done on fluorocarbon-modified polymers
because under certain conditions these polymers have the inclination to self-assemble or self-
stratify.?*=! In many occasions, fluorocarbon chain with certain lengths can enrich at the
surface or the interface of the polymers, and so change the surface energy of system
significantly. To study the effect of surface energy on reaction-induced phase separation, a
kind of fluorocarbon chain terminated PEI was synthesized and used as a modifier of epoxy
resin, and some tentative explanations are provided based on the experimental results.

EXPERIMENTAL
Materials

The epoxy oligomer used in the study was diglycidyl ether of bisphenol A, Dow
331 (epoxy equivalent 182—-192g/eq). Perfluorooctanoic acid, PCls, and aluminum
chloride were purchased commercially and used as received. The cure agent 4,4-
diaminodiphenyl sulfone (DDS) (Shanghai Third Reagent Factory) was used without
further purification.
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Synthesis

Perfluorooctanoyl chloride was prepared as mentioned in the literature.”*! p-Amino-
perfluorooctanophenone was synthesized from perfluorooctanoyl chloride and acetanilide
through Friedel-Crafts reaction under the catalysis of aluminum chloride in nitromethane.
Fifteen gram (0.036 mol) and 30 mL of nitromethane are placed in a 150 mL two-necked
flask equipped with a mechanical stirrer, and 12.3 g (0.087 mol) of aluminum chloride was
added from the open neck. Then, the acetanilide solution (3 g, 0.029 mol, acetanilide
dissolved in 40 mL of nitromethane) was dropped into the above mixture with stirring in
30 min. The mixture was then heated at reflux temperature and stirring was continued for
3h. The red—brown mixture was poured into 200g of ice and 20mL of concentrated
hydrochloric acid was added. After the hydrolysis of the aluminum chloride, it was
extracted with diethyl ether; the extract solution was washed by a 10% NaOH solution and
deionized water. After removing the solvent, the crystal was refluxed in a solution of 10%
NaOH for half an hour and extracted again by diethyl ether. It was then washed by
deionized water and dried overnight in the presence of MgSO,. The white product
obtained after removing the solvent was then recrystallized in ethanol and the yield was
about 38%. (m.p. 101-102°C). FTIR (KBr): 1701 cm™'(s, C=0), 1395, 1335, 1200, and
1146 cm™" (vs, C—F), 3064 cm™" (w, aromatic C—H), 3364cm™' (s, NH,). NMR 'H
(CDCly): 6 8.21 ppm (d, 2H) 7.42 ppm (d, 2H), 3.56 ppm (s, 3H).

The PEI was synthesized in one step from bisphenol-A dianhydride (BISA-DA) and
4,4'-[1,4-phenylenebis(1-methylethylidene)]bisaniline (BISP) at a stoichiometric ratio of
1:0.985 in m-cresol at 200°C, after that, aniline or p-aminoperfluorooctanophenone were
added to terminate the PEI and the products were assigned as P-PIP for phenyl-terminated
PIP and F-PIP for fluorocarbon chain terminated PIP, respectively.

The PIP structure is depicted below:

ORI OO Tl OO+ O T O T s

R= H P-PIP
CO(CF,)CF;  F-PIP

The inherent viscosity of PIP was 0.69dL g™ ' and its T, g was 220°C.

Techniques

The inherent viscosity of PIP was obtained in the concentration 0.5 gdL ™" at 30°C in
N-methyl-2-pyrrolidone as solvent.

An epoxy blend containing 20 phr (per hundred ratio) of phenyl-terminated PIP was
prepared by dissolving PIP in epoxy resins at 150°C. After a homogeneous, clear solution
was obtained, the blend was then cooled to 130°C, 31 phr of DDS were added while the
mixture was stirred. After the curing agent was dissolved, the blend was rapidly cooled to
room temperature in order to maintain the curing reaction at a lower extent, as was the
epoxy and fluorocarbon-terminated PIP specimen. The two blend systems were assigned as
P-blend for epoxy/PIP and F-blend for epoxy-F-PIP, respectively.
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The glass transition temperatures (7,) of PEI were determined by DSC (SETARAM
DSC 92) from room temperature to 300°C at a heating rate of 10°C min~". Study of
conversion of the two blends was also carried out on DSC.

Scanning electron microscopy was carried out on a Philip XL.39 SEM instrument. The
phase separation process during curing reaction was observed at real time and in situ on
the self-made TRLS with a controllable hot chamber. The films were prepared by melt
pressing: a grain of the blend was sandwiched between two pieces of slide glass and heated
on a heat stage at the preset curing temperature for 30 s and then quickly pressed to thin
films of about 5 pm. The change of the light scattering profiles was recorded at appropriate
time intervals during isothermal curing.

The rheological behavior of the blends during curing were recorded on an Ares-4A
rheometer: About 1 g of the blend was sandwiched between two round fixtures and the
temperature was quickly raised to the curing temperature. The two blends were tested
under a parallel plate mode with a controlled strain of 1%. The testing frequency was
selected at 1 Hz.

To show the different surfaces properties, the contact angles were measured by
syringing deionized water on a 50 pm-thick F-PIP or P-PIP films on a NRL Contact Angle
Goniometer (RH Imaging 2001, Ramé-Hart, Inc). The difference between both sides of
three drops of deionized water was normally within 2°, and the results were averaged.

RESULTS AND DISCUSSION
Conversion and Rate of Curing Reaction

An aluminum pan containing samples was put into the DSC while the instrument
reached the preset temperature of 150°C, the isothermal reaction was considered complete
when there was no change on the exothermal curve. The total area under the isothermal
curve was used to calculate the isothermal curing heat, AH,;,. After that, the sample
was cooled to 30°C. To determine the residual reaction heat, AH,.,, the sample after
isothermal curing was heated at a heating rate of 10°Cmin~"' from 50°C to 400°C.
The sum of both isothermal heat (AH,s,) and residual heat (AH,.) of the reaction was
taken to represent the total heat of cure (AH,). The isothermal conversion at time ¢ was
defined as

AH iso(t)
f) = —=2
(0 ="25
The calculated conversion (x) via time curves are shown in Fig. 1. Obviously the
curves of the F-blend and P-blend differ from each other already at the beginning.
Compared with the system of P-blend the curing reaction of F-blend is shifted to longer
curing time and slower curing rate.

Phase Separation Observed by Light Scattering

Time resolving of light scattering was used to run after the process of phase
separation. The peak scattering fact, corresponding to the wave number of concentration
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Figure 1. Conversion of F-blend and P-blend cured at 150°C.

fluctuation, is defined by g,, = (41/2)sin(0,,/2),1'*>*) where 7 and 0,, are the wavelength
of scattering light in the sample and the peak scattering angle, respectively. The reciprocal
of the scattering vector ¢ is assigned to the periodic distance of the dispersed particles. The
smaller the characteristic wave number g¢,,, the larger the periodic distance A,, of the
pinned structure (A,, =2n/q,,).

Figure 2 shows the scattering profiles of F-blend and P-blend with curing time at
150°C. The blends were single-phase systems and showed no appreciable light scattering
in the early stages of curing, indicating a miscibility at the wavelength scale. After a certain
time lag, scattering light appeared due to the development of a phase-separation structure.
Figure 2a shows that the changes in the light scattering profiles of the P-blend. After about
12 min, a scattering peak appeared and the intensity increased, showing that the phase
separation was initiated by the curing reaction. The scattering intensity of the peak stopped
increasing after about 19 min and then began to decrease slightly before it finally became
invariant, which may result from the decrease in the difference of the reflection indices of
the two phases.”) The peak vector g,, was about 0.69 um ™" at last (Fig. 2a), while the
blends of F-blend gave a peak at 15 min and finally the peak vector was about 0.91 pm™" at
a time lag of 25 min (Fig. 2b), indicating that at first the coarsening of PIP particles took
place and then the morphology was fixed.

The profiles of P-blend and F-blend both exhibit one sharp peak and correspond
to different scattering vectors. The intensity of the peaks of the two systems both give a
rapid increase shifting to a small scattering angle at the early stage of the curing reaction
and finally slow down. Based on the above observation, one can estimate that the
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Figure 2. Change of lighting-scattering profile of blends cured at 150°C. (a) P-blend, (b) F-blend.
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Table 1. Rate of phase separation and peak
scattering vector g, of F-blend and P-Tr blend.

Average rate of phase
1

separation in s~ (T
F-blend 3.06 x 1073 0.91
P-blend 3.96 x 1073 0.69

phase separation of the two blend systems both follows a spinodal decomposition
mechanism.

The phase separation rate can be characterized as the slope of linear variation of
(g, ?) at the initial stage of phase separation.!'®**! The phase separation rate of P-blend is
a little faster than that of the F-blend (Table 1).

To estimate the morphology fixation time (#5,), the peak scattering vector ¢,, was plot
as a function of curing time (Fig. 3). In the P-blend and F-blend, ¢,, decreased with time
and the point at which ¢,, became invariant was recorded as #5, because the morphology
was then pinned up.!-%]

Rheological Behavior of Blend Systems During Curing Process

Rheology is a signature of connectivity. Figure 4 shows the melt viscosity variations
of the two blends with curing time at 150°C. The viscosity increases a little at the early

1.5+
; —o0— F-blend
1.4 q —m— P-blend
a
J . L
1.3 .
1.2 \
a
- ] =4
g 1.1 |
5
o ] Rl
] R
4 D\
0.94 \. o 0—0 o u]
! -
0.8+ "
=
] .
0.74 u-m u ]
T T T T T T T T
0 20 40 60 80

Time s

Figure 3. Time dependence of the peak scattering vector ¢,, during spinodal decomposition of
F-blend and P-blend.
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Figure 4. Viscosity variation of (a) F-blend and P-blend cured at 150°C, G’ and G” of (b) F-blend,
(c) P-blend upon curing at 150°C.

stage of curing. Then the viscosity increases abruptly because gel points are reached and
three dimensional epoxy networks are formed. The gel point time 7y, is obtained by the
intersection point of G" and G”. It can also be found that the F-blend displays a lower
viscosity than that of the P-blend during the phase separation process with the curing
reaction.

Morphology of Blend Systems

To study the compatibility between the PIP and the epoxy resins, the unreacted epoxy
resin containing 31 phr DDS was poured onto a 1 mm-thick PEI film and then was cured at
150°C under pressure. The morphologies of the fracture surface of the samples were
observed by SEM (Fig. 5).

MaRrceL DEkKER, INc.
270 Madison Avenue, New York, New York 10016



11: 34 24 January 2011

Downl oaded At:

spot Magn Dot WD Exp —————— sopm
200kVEE S00x SE B9 78 XL30 DOTIS{Fudan University]

Figure 5. Scanning electron microscopy of interfacial structure between Epoxy and PIP cured at
150°C, (a) F-blend, (b) P-blend, (c) magnification of interfacial structure of (b).

The morphology of the interfaces on two types of PIP sheet are evidently different. In
the case of the Epoxy/F-PIP/DDS system, the interface is very thin and there is no
distinct morphology. However, in the Epoxy/P-PIP/DDS sample, an interface about
60 um thick is created with dispersed epoxy-rich particles in the P-PIP matrix and a
typical phase inverted morphology in the epoxy matrix. Moreover, the morphologies of
the epoxy resins blend with DDS and different PIP were also studied. For SEM
observation the blends are cured at 150°C for 4h to ensure that the morphologies are
fully fixed. Figures 6 and 7 show the SEM photos of fracture surfaces for the F-blend and
P-blend.

There is an obvious co-continues phase in SEM of both cured blends, moreover
at the surface of F-blend, the enrichment of F-PIP was found (Fig. 7c¢) but no
signals of such phenomena were found close to the surface of P-blend, and in bulk, it
can be seen that the volume fraction of PIP in F-blend is higher than that of the
P-blend. Thus, it suggests that the extent of phase separation is higher in the F-blend
than that in the P-blend. This is accordance with the following fact: the lower
viscosity will lead to a further extent of phase separation and the higher the viscosity,
the lower the mobility of the two components and the earlier the morphologies be
pinned up.
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(b)

Figure 6. Scanning electron micrographs of P-blend cured at 150°C for 3 h. (a) Fracture surface,
(b) magnification of the bright region.

Another notable fact shown in SEM is that the sizes of the dispersed epoxy particles
of the two blends are different. The dispersed particles of epoxy in the F-PIP-rich phase
are smaller than those in the P-PIP-rich phase, in accordance with the results observed
by TRLS. These facts clearly suggest that the varieties on the morphology of F-blend
systems are caused by the special property of the fluorocarbon-terminated group.

Figure 7. Scanning electron micrographs of F-blend cured at 150°C for 3 h. (a) fracture surface, (b)
magnification of the bright region of (a), (c) surface structure of (a), magnification of the bright
region of (c).
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Table 2. Contact angles of deionized
water on P-PIP and F-PIP films.

F-PIP P-PIP

Contact angle 74.00 68.20

The contact angle measurements gave the information for the top surface, such as
wettability. Data of the contact angle for the films based on the cured F-blend and P-blend
are shown in Table 2, the data of pure F-PIP and P-PIP films are also listed.

Based on the results mentioned above, there exists a different curing reaction and
phase separation behavior in the P-blend and F-blend. Compared with the P-blend, the F-
blend has a slower curing rate which leads to the slower phase separation rate, and finally, a
time lag in the phase separation induced by the curing reaction of the F-blend system.
Since the components of the blends are similar, the only difference is the terminate group.
The fluorocarbon chain terminated groups reduce the curing rate and the phase separation
rate. The groups also lead to a lower complex viscosity which may be caused by the
reducing of molecules interaction due to the existence of the fluorocarbon chain during the
process of phase separation.

Furthermore, the #,. obtained by rheological study and fs, obtained by TRLS
(Table 3) show that in both blends s, appears earlier than f,., suggesting that the
morphologies are pinned up by the low mobility of the two components rather than by
gelation.

The results of SEM show obvious co-continues phases in the SEM of both blends. The
surface structure of the blends are evidently different, the F-blend gives a phase-inverted
structure at the surface, while the P-blend has no distinctive structure, indicating there is a
higher PIP concentration at the surface of the F-blend. It can also be seen from SEM that
the volume fraction of the F-blend is higher than that of the P-blend. Though TRLS results
suggest that the phase separation of the two blends both follow spinodal decomposition
mechanism, the lower viscosity and slower curing rate of the F-blend should lead the
phase separation to advance in the PEIl-rich phase of the blend. Logically, the higher
phase separation extent would lead to the bigger particle size. However, the effect of low
surface energy of F-PIP has the trend to keep a larger interface between the two phases,
i.e., the reason the size of epoxy-rich particles in the F-blend matrix is smaller than that in
the P-blend matrix. Meanwhile, the F-PIP enriches at the surface and appears as a phase
inversion due to the same reason. Therefore, it is reasonable to attribute the variant
morphologies to the difference of surface energy of the PIP in these two blends and it can
be learned that kinetics is a control factor in the phase separation of the two blends.

Table 3. t., obtained by TRLS and
rheology and #4).

P-PIP F-PIP
lep 780 930
Thix 1,140s 1,500s
Lael 3,900 s 4,190s
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However, there are still questions that require further investigations, the most crucial
one is how the surface energy affects the behavior of phase separation of the blend
systems.

CONCLUSION

This preliminary study on the effect of surface energy on reaction-induced phase
separation displays a very interesting finding that the fluorocarbon-terminated group on the
PEI chain would cause such a change in both the curing reaction and phase separation.
The effect of low surface energy of F-PIP has the trend to keep a larger interface between
the two phases. The size of the epoxy-rich particles in the F-blend matrix is smaller than
that in the P-blend matrix, meanwhile, the F-PIP enriches at the surface and appears as a
phase inversion. By studying the properties of different PIP surfaces, the F-PIP and P-PIP
give a different surface energy and it could be concluded that kinetics is a control factor in
the phase separation of the two blends due to their difference of surface energy of the
PEI chain.
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