Amorphous Phenolphthalein-Based Poly (arylene ether)-
Modified Cyanate Ester Networks: Effect of Thermal Cure
Cycle on Morphology and Toughenability

S. A. SRINIVASAN, J. E. McGRATH

Department of Chemistry and National Science Foundation Science and Technology Center: High Performance Polymeric
Adhesives and Composites, Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061-0344

Received 6 March 1996; accepted 15 July 1996

ABSTRACT: Reactive functional thermoplastic poly(arylene ether) toughness modifiers
were demonstrated to enhance toughness of brittle thermosetting cyanate ester net-
works and also allowed retention of a highly desirable stability to solvent stress cracking
and a moderately high modulus. Careful control of the heterophase morphological struc-
ture was necessary to achieve significant toughening. In contrast to the well-defined
morphologies of the reactive thermoplastic-modified networks, the use of nonreactive
simple physical blend modifiers of the same molecular weight and backbone chemistry
produced a macrophase separation and no apparent control over the sizes of the phase-
separated domains. Macrophase-separated morphologies are inherently process-sensi-
tive and less desirable from the point of performance control and prediction. Generation
of controlled microphase-separated morphologies can be achieved by systematically
varying thermal cure cycles in the case of the reactive thermoplastic-modified systems.
Such a cure cycle dependence of the morphology was particularly demonstrated for the
case of the 25 wt % 15,000 (M,) (15K) phenolphthalein-based hydroxy-functionalized
poly(arylene ether sulfone) (PPH-PSF-OH)-modified networks. Morphologies that
exhibit finer textures of the phase separated domains usually result in lower fracture

toughness values. © 1997 John Wiley & Sons, Inc. J Appl Polym Sci 64: 167178, 1997

INTRODUCTION

Cyanate ester networks are receiving consider-
able attention as low dielectric, low moisture ab-
sorbtion candidates for high-temperature adhe-
sives and composite applications such as in
printed circuit boards.'~® Low toughness is a ma-
jor drawback with most crosslinked thermoset-
ting materials, including the cyanate ester net-
works. Attempts have been made at improving
the toughness of cyanate ester networks and their
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fiber-reinforced composites (based on cyanate es-
ter as the matrix resin). These include modifica-
tions with siloxanes,* other rubbers,” and engi-
neering thermoplastics.’~® Considerable attention
has been devoted to the aspect of toughening such
brittle networks in our laboratories, which has
sought to further advance this general study by
focusing on modifications of a specific cyanate es-
ter network system based on bisphenol A (AroCy
B-10) with thermoplastic modifiers of tailored
backbone chemistry, molecular weight, and end-
group functionality. We have investigated and re-
ported the use of controlled molecular weight-
functionalized amorphous bisphenol-A-based pol-
ysulfones (T, ~ 175°C) and poly(ether ketones)
(T, ~ 155°C) as potential toughness modifiers.’
Careful control of the heterophase morphological
structure is necessary to achieve significant
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toughening. The solubility parameters of the com-
ponents'® and the kinetics of phase separation
largely determine the phase behavior, which, in
turn, strongly influences mechanical perfor-
mance. We had earlier demonstrated that reactive
functional thermoplastic toughness modifiers not
only enhance toughness but also permit highly
desirable stability to solvent stress cracking with-
out seriously affecting the moderately high modu-
lus. Moreover, careful control of the heterophase
morphological structure was shown to be neces-
sary to achieve significant toughening. In par-
ticular, hydroxyl-functionalized phenolphthalein-
based amorphous poly(arylene ether sulfone)s
(T, ~ 265°C) were successfully utilized to toughen
the cyanate ester networks (T, ~ 265-270°C).""'
This was significant, since toughened multiphase
networks had been generated without a sacrifice
in either the T, or the moderately high modulus
of the unmodified cyanate ester networks.'>*? The
toughenability of the networks was shown to be
strongly influenced by the backbone chemistry of
the thermoplastic modifier and the formation of
microphase-separated morphologies. The network
morphology is important from the mechanical per-
formance viewpoint. Research in our laboratories
has also focused on studying the cure and morpho-
logical developments by the combined use of in
situ dielectric and Fourier transform near-infra-
red fiber optic sensors.'® Tapered or gradient mor-
phologies have also been generated.'* The phase
separation and physical aging processes have
been monitored by dynamic mechanical and di-
electric techniques.'®'®

The main objective of this study was to primar-
ily ascertain the effects of systematically varying
cure cycles on the end morphologies of the thermo-
plastic-modified fully cured networks. It was an-
ticipated that results obtained therein would com-
plement efforts to further understand the kinetics
and mechanisms of structural developments in
these systems. Hydroxy-functionalized phenol-
phthalein-based poly(arylene ether sulfone)
({M,) ~ 15K)-modified cyanate ester networks
described fully in earlier articles were em-
ployed.9’1°’17

EXPERIMENTAL

Materials

Commercial Arocy B-10 [mp 79°C, d = 1.259;2,2’-
bis(4-cyanatophenyl)propane], provided by Ciba-
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Scheme 1 Synthesis of hydroxy-functionalized poly-
(arylene ether)s.

Geigy, was utilized as the model thermosetting
system. Aluminum acetylacetonate [Al(acac)]
(99%) from Strem Chemicals and nonyl phenol
(technical grade) from Aldrich constituted the
catalyst system that was employed. Phenolphtha-
lein (analytical grade) from Aldrich was recrys-
tallized from methanol (mp 261°C). 4-tert-Butyl-
phenol was obtained from Aldrich and sub-
limed prior to use. 4,4’'-Dichlorodiphenylsulfone
(DCDPS) supplied by AMOCO was recrystal-
lized from toluene. Dimethylacetamide (DMAC)
and N-methylpyrrolidone (NMP) obtained from
Fisher Scientific were distilled under vacuum
after stirring with calcium hydride. Potassium
carbonate and toluene obtained from Fisher Sci-
entific were used as supplied without further puri-
fication.

Synthesis and Characterization of Thermoplastic
Oligomers

Hydroxyl-functionalized phenolphthalein-based
amorphous poly(arylene ether sulfone) (PPH-
PSF-OH) oligomers of controlled molecular
weight were synthesized via aromatic nucleo-
philic substitution, according to the general proce-
dure provided in Scheme 1.'®*22 Tertiary-bu-
tylphenyl-functionalized phenolphthalein-based
amorphous poly(arylene ether sulfone) (PPH-
PSF-tBu) oligomers were synthesized according
to the general procedure provided in Scheme 2.
A specific example is outlined for the synthesis
of the 15K PPH-PSF-tBu oligomer. The stoichi-
ometry was also designed to take into consider-
ation the specific type of end functionality that
was required. For example, to synthesize tert-
butylphenyl functional poly(arylene ether)s
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Scheme 2 Synthesis of butylphenyl-functionalized poly(arylene ether)s.

(Scheme 2), a stoichiometric amount of a mono-
functional endcapper (¢-butylphenol) was em-
ployed, depending on the target molecular weight.
The apparatus for the synthesis of poly(arylene
ether)s involved the use of a 3 L, four-neck round-
bottom flask equipped with a mechanical stirrer,
nitrogen inlet, thermometer, and a Dean Stark
trap with a condenser.'®*?? Phenolphthalein (241
mmol, 76.7589 g), 4,4’-dichlorodiphenylsulfone
(250 mmol, 71.79 g), ¢t-butylphenol (17.7 mmol,
2.663 g), and K,CO3 (300 mmol, 41.463 g) were
weighed separately on Teflon-coated weighing
pans and carefully transferred into the reaction
vessel through a powder funnel. The powder fun-
nel was subsequently rinsed several times with
DMAC, to effect a quantitative transfer of re-
actants into the reaction flask. Then, 750 mL
DMAC and 200 mL toluene were added to the
reaction flask; the ratio of DMAC to toluene used
was 70 : 30. Initially, the reaction was conducted
at 145-150°C for approximately 4 h to azeotrope
off the water. Then, the temperature was in-
creased to 155—160°C for an additional 12—15 h.
A nitrogen purge (atmosphere) was continuously
maintained within the reaction vessel to prevent
oxidative side reactions. The viscous solution was
then filtered free of potassium halide salts as well
as unreacted K,COs, neutralized with glacial ace-
tic acid, and coagulated into a large excess (5—
10 times) of methanol and water (80 : 20). The
polymer was filtered and dried in a vacuum oven.
The dried polymer was redissolved in chloroform
and recoagulated into excess methanol, filtered,
and dried in a vacuum oven. The thermoplastic
modifiers that were employed are shown in
Scheme 3.

The oligomers were characterized for their end-
group concentration, number-average molecular

weights, and thermal properties by means of in-
trinsic viscosities, titrimetry, nuclear magnetic
resonance (NMR) spectroscopy, and differential
scanning calorimetric (DSC) analyses. Intrinsic
viscosities were measured at 25°C in a Cannon-
Ubbelohde viscometer, typically using chloroform
as the polymer solvent. To determine the molecu-
lar weight of hydroxy-functionalized poly(arylene
ether) oligomers, a titration technique was uti-
lized.? An MCI GT-05 automatic titrator (Cosa
Instruments Corp.) in conjunction with a stan-
dard glass-body combination electrode with a Ag/
AgCl reference electrode was used. The polymer
solutions in NMP were titrated against an approx-
imately 0.025N methanolic solution of tetrameth-
ylammonium hydroxide (TMAH). The TMAH
was standardized by titration against an aqueous
solution of potassium hydrogen phthalate (KHP)
of known concentration. The titration procedure
involved titrating a solution of a known weight
(w) of the polymer in NMP vs. TMAH of standard-
ized normality (V). The M, was estimated using
the formula M, = (2000w )/N X (B — Bl), where
B represents the volume of TMAH used up by
the polymer solution and Bl represents the blank
titration value. If P; and P, represent the initial
and end-point millivolt potentials of the actual
titration profile, then the blank titration value
was estimated as the amount of titrant used up
by NMP alone between the potential change (P,
— P;). (M,) was estimated as an average of the
values obtained from three to four different titra-
tions. Differential scanning calorimetry (DSC)
was performed on a DuPont 912 instrument. The
reported glass transition temperatures (7}’s)
from DSC were obtained on the samples which
had been cold-pressed and secured in crimped alu-
minum pans. Scans for amorphous polymers were
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Scheme 3 Hydroxy (PPH-PSF-OH)- and ¢-butylphenyl (PPH-PSF-tBu)-func-
tionalized phenolphthalein-based poly(arylene ether)s employed in this study.

scanned at 10°C/min to T > T, quenched to room
temperature, and rescanned at 10°C/min. The T,
values reported are those from second scans.

Preparation and Characterization of Hot-melt
Blends of Cyanate Ester Resin with Thermoplastic
Modifiers

The amorphous polymers were dissolved in a mol-
ten AroCy B-10 cyanate precursor at 90—100°C to
obtain a homogeneous melt. The melt was vac-
uum-treated to remove any volatiles or entrapped
air. As soon as degassing was complete, the cata-
lyst [250 ppm Al(acac)/2 phr nonyl phenol] was
added with stirring and the reaction was further
degassed. The hot resin was subsequently poured
into preheated (100°C) silicone rubber molds for
fracture toughness (K;¢) and tensile dog-bone and
DMA specimens. The melts were then cured using
an optimized cure protocol of “3 h/104°C, 1 h/
200°C, and 2 h/250°C” and subsequently cooled
at 1-2°C/min unless otherwise specified. The pos-
tulated chemical processes leading to three-di-
mensional insoluble networks are represented in
Scheme 4.%24-26

Heat
NCO—W—OCN _—
Catalyst

2,2'-Bis(4-cyanatophenyl)propane
Arocy B-10

Z‘{) Cyanate Ester network

Infrared spectroscopy measurements were per-
formed on a Nicolet-800 FTIR spectrophotometer
employing thin films of the resin coated onto a
NaCl salt plate. Dynamic mechanical analysis
(DMA) analyses were performed on a Perkin-El-
mer DMA-7 analyzer in the three-point bending
mode. Tests were conducted at a frequency of 1
Hz employing a dynamic temperature scan rate of
3°C/min. Dynamic mechanical thermal analysis
(DMTA) analyses were performed on a Polymer
Laboratories DMTA analyzer in the bending
mode. Tests were conducted at multiple frequen-
cies employing a dynamic temperature scan rate.
Fracture toughness (K;c;) measurements were
conducted in accordance with the ASTM D-5045-
91 (E-399-90) test method on 10—12 specimens of
dimensions 3.2 X 6.5 X 38 mm. The samples were
notched at the center to a depth of approximately
0.5 mm using a reciprocating saw. Sharp cracks
were then initiated (with a fresh surface of a razor
blade) by employing a liquid nitrogen-cooled razor
blade and tapping the sharp blade within the
notch. Care was taken to ensure that the crack
had propagated evenly through the specimen
thickness. The precracked specimens were then

Ty

Catalyst: 250 ppm Al(acac) + 2 phr nony! phenol

Scheme 4 Cyclotrimerization of cyanate esters.
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Table I Solution and Thermal Characterization of Hydroxy- and ¢-Butylphenyl-Functionalized
Phenolphthalein-based Poly(arylene ether sulfone) Oligomers

Polymer Type Theoretical (M) [71* (dL/g) (M)’ Titration T, °C¢
PPH-PSF-tBu 15K 0.25 16,0004 258
PPH-PSF-OH 15K 0.26 15,500 259

2In CHCIl; at 25°C.

b Titrated with 0.025N TMAH.
¢DSC 10°C/min.

41H-NMR.

loaded onto a three-point bend fixture attached to
an Instron and tested at a rate of 0.05 in./min.
Scanning transmission electron microscopy
(STEM) analysis were performed on microtomed
thin sections of samples stained with ruthenium
oxide. Analyses were performed on a Phillips
420T electron microscope utilizing a back-scat-
tered detector.

RESULTS AND DISCUSSION

The characterization results on the hydroxyl
(PPH-PSF-OH)- and t¢-butylphenyl (PPH-

PSF-tBu)-functionalized phenolphthalein-based
amorphous poly(arylene ether sulfone) oligo-
mers, are given in Table I, the latter producing a
simple physical blend. Based on our earlier stud-
ies,? it was expected that the hydroxy-function-
alized oligomers would serve as a potentially reac-
tive modifier whereas the ¢-butylphenyl-function-
alized oligomers would serve as a nonreactive
control.

All comparisons with respect to properties like
tensile properties, fracture toughness, etc., in this
study were made relative to the unmodified fully
cured network. Values for simple blends were
published earlier.® This required that any cure

25% 15K PPH-PSF-OH [0.5u Bar]

1H104°C 1H160°C 2H250°C

A -

Figure 1 STEM of 25 wt % 15K PPH-PSF-OH-modified networks: effect of cure
cycle on morphology. (Bar = 0.5 u.)
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25% 15K PPH-PSF-OH [0.5. Bar]
3H104°C 1H200°C 2H250°C

V- L)
Figure2 STEM of 25 wt % 15K PPH-PSF-OH-mod-

ified networks: effect of cure cycle on morphology. (Bar
=0.5pu.)

cycle employed in this study should result in a
fully cured network. The cure cycle most com-
monly employed in this study was “3 h/104°C, 1
h/200°C, 2 h/250°C,” with a ramp rate of 4—5°C/
min between steps. Throughout this study, the
catalyst/cocatalyst concentration was kept con-
stant at 250 ppm Al(acac) in 2 pph nonyl phenol.
The extent of the reaction attained with such a
cure cycle was estimated by FTIR and gel fraction
experiments to be > 99%. The decrease in peak
height due to the 2270 ecm™' C=N stretch was
ratioed relative to the C—H stretch of the isopro-
pylidene group which was used as the reference.
Additionally, in any modification of the above cure
cycle that was employed, the final stage always
involved a “2 h/250°C” cure. This ensured that
the networks in all cases were fully cured. The
unmodified cured networks had a T, 0f 265—-270°C
as detected by DMA at a frequency of 1 Hz.

Comparison of Morphologies with Reactive and
Nonreactive Modifiers

In Figures 1 and 2 are presented STEM micro-
graphs of ruthenium oxide-stained microtomed

thin sections of 25 wt % 15K PPH-PSF-OH-mod-
ified cyanate ester networks. The stained regions
correspond to the presence of the phenolphtha-
lein-based poly(arylene ether sulfone) phase. The
final stage involved a “250°C cure for 2 h” in all
cases, thereby ensuring that the networks were
fully cured and were of comparable glass transi-
tion temperatures. Shown in Figure 3, are STEM
micrographs of ruthenium oxide-stained micro-
tomed thin sections of 25 wt % 15K PPH-PSF—
tBu-modified cyanate ester networks. Once again,
the stained regions correspond to the presence of
the phenolphthalein-based poly(arylene ether
sulfone) phase. In contrast to the well-defined
morphologies of 15K PPH-PSF-OH-modified
networks (Figs. 1 and 2), the 15K PPH-PSF -
tBu-modified networks exhibited gross mac-
rophase separation with no apparent control over
the sizes of the phase-separated domains. This
aspect serves to further reinforce the apparent
reaction of the hydroxyl end groups into the cya-
nate ester network. In our earlier work,® we dem-
onstrated that either hydroxyl or cyanato end
groups effectively react into the cyanate ester net-
work and thereby afford networks with improved
toughness and stability to solvent stress cracking.
Such improvements were attributed to the forma-
tion of a chemical link between the thermoplastic
modifiers and the thermosetting phase, thus re-
sulting in a strong interface. The hydroxyl- or cya-
nato-functionalized modifiers were much superior
to the nonreactive ¢-butyl-functionalized modifi-
ers, in terms of both mechanical performance and
solvent stability. The gross macrophase-sepa-
rated morphologies as in Figure 3 would likely
result in no control whatsoever over the interface
and likely the mechanical performance. In addi-
tion, from the point of view of performance control
and prediction, controlled microphase-separated
morphologies are desirable.

Effect of Cure Cycle on Morphology

In Figure 1 are presented STEM micrographs of
ruthenium oxide-stained microtomed thin sec-
tions of 25 wt % 15K PPH-PSF-OH-modified cy-
anate ester networks. The different cure cycles
that were employed are as represented in Figure
1. In all cases, the cure cycles involved an initial
hold for 1 h/104°C and a final postcure for 2 h/
250°C. The ramp rates between steps was 4—-5°C/
min. The final stage involved a 250°C cure for 2
h in all cases, thereby ensuring that the networks
were fully cured and were of comparable glass
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25 WT% 15K PPH-PSF-tBu [0.5 bar]

1H104°C, 1H140°C, 2H250°C

1H104°C, 5H140°C, 2H250°C

Figure 3 STEM of 25 wt % 15K PPH-PSF-tBu/simple blend-modified networks:
effect of cure cycle on morphology. (Bar = 0.5 p.)

transition temperatures. The resulting morpholo-
gies (Fig. 1) suggest the possible dependence of
morphologies on the cure cycle employed. The ex-
tent of reaction following a 3 h/104°C cure is negli-
gible and is less than 1%, as verified by DSC and
FTIR analysis. In addition, it is seen from Figure
2 that the use of either a “1 h/104°C, 1 h/200°C,
2h/250°C” or a “3 h/104°C, 1 h/200°C, 2 h/250°C”
cure cycle results in fairly similar morphologies.
The dependence of fracture toughness on the mor-
phologies (Fig. 1) of the corresponding networks
is seen in Figure 4. It is seen from Figures 1 and
4 that in the case of the 25 wt % 15K PPH-PSF -
OH-modified networks morphologies that exhib-
ited finer textures with respect to the sizes of the
phase-separated domains translated into lower
fracture toughness values.

STEM micrographs of ruthenium oxide-stained
microtomed thin sections of networks modified

with 10 wt % of 15K hydroxy-functionalized phe-
nolphthalein-based poly(arylene ether sulfone)
are shown in Figure 5. The different cure cycles
that were employed are as represented in Figure
5. Once again, all cure cycles involved an initial
hold for 1 h/104°C and a final postcure for 2 h/
250°C. It is seen from Figure 5 that in the case
of the 10 wt % 15K PPH—-PSF-OH-modified net-
works changes in morphology with changing cure
cycles are not as marked as was the case with
the 25 wt % 15K PPH-PSF-OH-modified (Fig.
1) networks. The fracture toughness values (Fig.
4) of the 10 wt %-modified networks were very
similar in all cases.

The dependence of the morphology on the cure
cycle is further illustrated in Figure 6 for the case
of the 15K PPH-PSF-OH-modified networks.
Once again, all samples in Figure 6 were of the
same composition, i.e., 25 wt % thermoplastic. The
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Figure 4 Fracture toughness (K;¢) as a function of cure cycle of the 15K PPH-PSF—
OH modified networks.

10% 15K PPH-PSF-OH [0.5. Bar]
1H104°C 1H120°C 2H250°C _ 1 04°C 1H1 49“0 2H25?°C 1H1 °C__1 E-H.EO"_C 2H250°C
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Figure 5 STEM of 10 wt % 15K PPH-PSF-OH-modified networks: effect of cure
cycle on morphology. (Bar = 0.5 u.)
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25% 15K PPH-PSF-OH [0.5. Bar]

1H104°C 1H140°C 2H250°C

e okl &

cycle on morphology. (Bar = 0.5 u.)

final stage “250°C cure for 2 h” in all cases ensured
that the networks were fully cured and were of
comparable glass transition temperatures. It is
seen from Figure 6 that samples that were cured
more slowly (slower rate of conversion) developed
finer textures relative to those that were cured
faster. For example, the sizes of the phase-sepa-
rated domains were much larger in the case of
networks formed by employing a “1 h/104°C, 1 h /
160°C, 2 h/250°C” cure cycle relative to those that
were formed by employing a “1 h/104°C, 5 h/
160°C, 2 h/250°C” cure cycle. It is reasonable to
expect that varying morphologies as in Figure 6
would exhibit contrasting mechanical properties.

The formation of finer textures could be attrib-
uted to either “enhanced phase mixing” or to “the
gradual decrease of ‘dispersed phase sizes’ owing
to the decreasing ‘mesh size’ of the network.”

Figure 6 STEM of 25 wt % 15K PPH-PSF-OH-modified networks: effect of cure

DMTA analyses (Fig. 7) of these networks did not
show up much of a distinguishable difference in
terms of the extents of phase mixing, possibly due
to the close proximities of the glass transition
temperatures of the thermoplastic and thermoset-
ting components. Figure 8 represents attempts to
follow the morphological developments during
cure in the specific case of networks cured em-
ploying either a “1 h/104°C, 1 h/160°C, 2 h/
250°C” or a “1 h/104°C, 5 h/ 160°C, 2 h/250°C”
cure cycle (Fig. 6). Samples of varying extents of
cure were quenched in liquid nitrogen and sub-
jected to STEM analysis. It is seen from Figure 8
that the differences in morphological develop-
ments is mainly brought about by the extended
hold time at 160°C. The development of finer tex-
tures in the case of the “1 h/104°C, 5 h / 160°C, 2
h/250°C” cure cycle may thus be attributed to the
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1hr 104°C 5hrs 140°C 2 hrs 230°C  ~—,

1hr 104°C 1hr 140°C 2 hrs 250°C

Bending tan ¢

Figure 7 DMTA analyses at 0.1 Hz of 25 wt % 15K PPH-PSF-OH-modified net-
works: effect of cure cycle.

25% 15K PPH-PSF-OH [0.5u Bar]
1H/104°C 1H/160°C

1HA _04"[: 1H/160°C 1H/250°C

1H/104°C 0.5H/160°C

c

1HA GC 5H/160° 1H/104°C 5H/160°C 1H/250°C

s ko
"l
ik

Figure 8 STEM of 25 wt % 15K PPH-PSF-OH-modified networks: morphological
development as a function of cure. (Bar = 0.5 u.)



slower cure (slower rate of conversion) as a result
of the extended hold at 160°C relative to the “1 h/
104°C, 1 h/160°C, 2 h/250°C” cure cycle.

CONCLUSIONS

Controlled molecular weight phenolphthalein-
based poly(arylene ether sulfone)s which were
quantitatively functionalized with either hy-
droxyl or ¢-butylphenyl end groups were synthe-
sized and characterized. The functionalized oligo-
mers were subsequently cocured with commer-
cially available bisphenol-A-based cyanate ester
resins to generate thermoplastic-modified net-
works.

It has been demonstrated that in contrast to
the well-defined morphologies of the reactive ther-
moplastic-modified networks the use of nonreac-
tive modifiers of the same molecular weight and
backbone chemistry results in gross macrophase
separation with no apparent control over the sizes
of the phase-separated domains. It is reasonable
to expect that such gross macrophase-separated
morphologies would likely result in no control
whatsoever over the interface and the mechanical
performance. Such gross macrophase-separated
morphologies are less desirable from the point of
performance control and prediction.

The heterophase morphological structure
strongly influences the mechanical performance
of the modified networks. In addition to factors
such as backbone chemistry, molecular weight,
and end functionality of the thermoplastic mod-
ifier, the generation of controlled microphase-sep-
arated morphologies, in the case of the reactive
thermoplastic-modified systems, can also be ef-
fected by systematically varying thermal cure cy-
cles. Such a cure cycle dependence of morphology
was particularly demonstrated for the case of the
25 wt % 15K PPH-PSF-0OH-modified networks.
Morphologies that exhibited finer textures with
respect to the sizes of the phase-separated do-
mains translated into lower fracture toughness
values.
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formance Polymeric Adhesives and Composites was
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