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ABSTRACT: Binary blends composed of 4,4"-bis(3,4-
dicyanophenoxy)biphenyl (biphenyl PN) and diglycidyl
ether of bisphenol A (epoxy resin) and oligomeric n = 4
phthalonitrile (n = 4 PN) and epoxy resin were pre-
pared. The cure behavior of the blends was studied
under dynamic and isothermal curing conditions using
differential scanning calorimetry, simultaneous thermog-
ravimetric/differential thermal analysis, infrared spec-
troscopy, and rheological analysis. The studies revealed
that phthalonitrile-epoxy blends exhibited good process-
ability and that they copolymerized with or without the
addition of curing additive. In the absence of curing
additive, the blends required higher temperatures and
longer cure times. The thermal and dynamic viscoelastic
properties of amine-cured phthalonitrile-epoxy copoly-

mers were examined and compared with those of the
neat epoxy resin. The properties of the epoxy resin
improved with increasing biphenyl PN content and with
n = 4 PN addition. Specifically, the copolymers exhibited
higher glass transition temperatures, increased thermal
and thermo-oxidative stabililty, and enhanced dynamic
mechanical properties relative to the commercially avail-
able epoxy resin. The results showed that the phthaloni-
trile-epoxy blends and copolymers have an attractive
combination of processability and high temperature
properties. © 2008 Wiley Periodicals, Inc. J Appl Polym Sci
110: 2504-2515, 2008
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INTRODUCTION

Polymer blending and copolymer formation is a
well-established approach for tailoring the properties
of polymeric materials for a particular application.
The new materials generally have a useful combina-
tion of properties derived from the individual poly-
mer components that can be tuned by changes in
blend composition. Blending technology has resulted
in a large number of high impact engineering ther-
moplastic materials." Thermoplastics®” have also
been incorporated into thermosetting polymers, and
blends of various thermosetting resins have been
formulated to improve their toughness without sac-
rificing other desirable high temperature properties.
Some examples of thermosetting systems that have
been studied include epoxy/cyanate ester,” "> epoxy/
bismaleimide,'® epoxy/hyperbranched polymers,'’'®
epoxy/phenolic resin,'”?' epoxy/benzoxazine,”**
cyanate ester/bismaleimide,>** cyanate ester/cyanate
ester,”® cyanate ester/epoxy/phenolic,” phthaloni-
trile/ epoxy,”*** and phthalonitrile /phthalonitrile.*
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Phthalonitriles are an attractive class of high tem-
perature thermosetting polymers that have been
under investigation for over two decades. During this
time, many different phthalonitrile monomers have
been synthesized and the properties of the cured res-
ins®® and their composites®*' have been studied.
The cured resins possess many useful properties
which include high glass transition temperatures (T,
above 450°C), outstanding thermal and thermo-oxida-
tive stability, excellent mechanical properties, good
moisture resistance, and superior fire resistance. In
addition, the resins are processable into composite
components by a wide range of methods that include
prepreg consolidation, resin transfer molding, resin
infusion molding, and filament winding. 4,4'-Bis(3,4-
dicyanophenoxy)biphenyl (biphenyl PN, Fig. 1) was
the first phthalonitrile-based, high-temperature resin
reported®*® and has been the most extensively stud-
ied. Recently, the oligomeric n = 4 phthalonitrile
monomer (n = 4 PN, Fig. 1) was designed and syn-
thesized to achieve enhanced processability while
maintaining high thermo-oxidative stability.*®

Epoxy resins are also versatile thermosetting poly-
mers and among the commercially most important.
They have reasonable thermal, mechanical, and elec-
trical properties, good chemical resistance and are
easy to process. However, their utility is limited by
their low softening temperature (~ 150°C).
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Figure 1 Chemical structures of the monomers and
curing additives.

In this article, biphenyl PN and n = 4 PN were
each blended with a diglycidyl ether of bisphenol A
(epoxy resin, Fig. 1) and the cure behavior of the
blends was investigated under dynamic and isother-
mal curing conditions using differential scanning
calorimetry, simultaneous thermogravimetric/differ-
ential thermal analyses, infrared spectroscopy, and
rheological analysis. The effect of the phthalonitrile
addition on the thermal and mechanical properties
of the epoxy resin was assessed. The results revealed
that phthalonitrile-epoxy blends exhibited good
processability and the copolymers have enhanced
high temperature properties compared with the
cured epoxy resin.

EXPERIMENTAL
Materials

The 4,4'-bis(3,4-dicyanophenoxy)biphenyl (biphenyl
PN) and oligomeric n = 4 phthalonitrile (n = 4 PN)
monomers were supplied by Dow Chemical Co.
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(Midland, MI) and JFC Technologies (Bound Brook,
NJ), respectively. The diglycidyl ether of bisphenol
A (epoxy resin) was acquired from Shell Chemical
Co. (New Milford, CT) Bis[4-(4-aminophenoxy)phe-
nyl]sulfone (p-BAPS, T, = 188°C) and 1,4-bis(4-ami-
nophenoxy)benzene (p-APB, T, = 170°C) were
purchased from ChrisKev Co. (Lenexa, KS) and
Aldrich Chemical Co. (Milwaukee, WI), respectively.
The monomers and p-APB were used as received.
The p-BAPS was dried overnight at 175°C under
vacuum before use. The chemical structures of the
materials are shown in Figure 1.

Preparation of the phthalonitrile-epoxy blends

Phthalonitrile-epoxy blends were prepared by stir-
ring the phthalonitrile monomer and the aromatic
diamine curing additive (p-BAPS or p-APB) into the
viscous liquid epoxy resin under ambient conditions
to form a homogeneous mixture. The biphenyl PN-
epoxy blends were formulated with 25 : 75, 50 : 50,
and 75 : 25 molar ratios of the biphenyl PN and ep-
oxy monomers, respectively. An oligomeric n = 4
PN-epoxy blend was prepared with a 32 : 68 molar
ratio of n = 4 PN and epoxy monomers. Phthaloni-
trile-epoxy blends were also prepared without the
curing additive.

Preparation of the phthalonitrile-epoxy copolymers

Rectangular solid copolymer samples for dynamic
mechanical analysis were made in aluminum molds
with cavity dimensions 65 mm x 13 mm x 4 mm.
Phthalonitrile-epoxy copolymers were prepared by
weighing the respective monomers into the mold
and stirring to achieve a homogenous blend. The
blends were degassed under vacuum at 200°C
for about 1 h. After the initial degassing, p-BAPS
(2.5 mol %) or p-APB (24 mol %) was added to the
biphenyl PN-epoxy or n = 4 PN-epoxy melt, respec-
tively, and evenly dispersed with continuous stirring
for about 2 min. The mixture was further degassed
and heated at 200°C for another 1 h until gelation
occurred. Biphenyl PN-epoxy and n = 4 PN-epoxy
samples were thermally cured by heating in an oven
at 325°C for 1 h, and stepwise at 325°C for 1 h, and
350°C for 8 h, respectively, under an atmosphere of
argon. The cured copolymer samples were cooled
gradually to room temperature in the oven, removed
from the molds, and sanded to a thickness of ~ 2
mm for the dynamic mechanical measurements.
Cured copolymer samples were broken into small
pieces for thermogravimetric analyses.

Biphenyl PN (p-BAPS, 2.5 mol %), n = 4 PN (p-
APB, 24 mol %), and epoxy (p-BAPS, 33 mol % and
p-APB, 33 mol %) polymer samples were similarly
prepared with degassing at 250, 200, and 150°C,
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respectively. The following temperature/time sched-
ules were used to cure the polymer samples:
biphenyl PN—250°C for 1 h, 325°C for 3 h, 350°C for
2 h, and 375°C for 8 h; n = 4 PN—280°C for 1 h,
325°C for 1 h, 350°C for 1 h, and 375°C for 8 h; and
the epoxy resin—280°C for 1 h.

Characterizations

Dynamic differential scanning calorimetric (DSC)
analysis was used to study the cure of the phthaloni-
trile-epoxy blends using a TA Instruments 2920 DSC
at a heating rate of 10°Cmin ' and a nitrogen flow
rate of 100 mLmin '. Data were recorded from 0 to
400°C on samples (1-2 mg) in sealed aluminum
pans. T,s were determined from the inflection points
in the heat flow versus temperature curves.

A TA Instruments SDT 2960 simultaneous ther-
mogravimetric/differential thermal analyzer (TGA/
DTA) was employed to determine the thermal and
thermo-oxidative stability of the cured polymer and
copolymer samples. The thermal studies were carried
out by heating small samples (25-50 mg) from room
temperature to 1000°C at a heating rate of 10°C
min ' in an atmosphere of either nitrogen or air flow-
ing at a rate of 100 mLmin . Degradation tempera-
tures are reported as the temperature where a 5%
sample weight loss was observed or as the tempera-
ture maximum of the peak seen in the DTA curve.
Samples for oxidative aging studies were predried in
the TGA chamber by heating from room temperature
to 100°C where they were held for 30 min to remove
absorbed moisture. After drying, the samples were
heated in the TGA stepwise for 8 h at 260, 288, 316,
and 343°C at a heating rate of 10°C min .

The isothermal cure of the 50 : 50 biphenyl PN-
epoxy blend was investigated using a Nicolet
magna 750 Fourier transform infrared (FTIR) spec-
trometer. Infrared spectra in the optical range of
400-4000 cm ! were recorded on a small quantity
of sample compressed into a potassium bromide
pellet.

Dynamic viscosity measurements were performed
on a TA Instruments AR-2000 rheometer in conjunc-
tion with an environmental testing chamber for tem-
perature control. Phthalonitrile-epoxy samples (0.5-
1 g) were melted between 25 mm diameter parallel
plates in the test chamber of the rheometer. Complex
viscosity data were acquired at a fixed temperature
in air as a function of time at a low strain (2.5 X
107% and a frequency of 1 Hz. During a measure-
ment, the gap between the plates was maintained at
0.5 mm. The rheometer was also used with torsion
fixtures to measure the storage modulus (G)
and damping factor (tand) of rectangular PN poly-
mer and copolymer samples (dimensions 50 mm X
12 mm x 2 mm) in nitrogen over the temperature
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range of 40 to 400°C. Using a strain of 2.5 x 10~*
selected from within the linear viscoelastic region,
an oscillatory temperature ramp of 3°Cmin~' was
used to determine G’ and tand at a frequency of
1 Hz. Normal force control was utilized throughout

the tests to keep the samples taut.

RESULTS AND DISCUSSION

Cure studies on the biphenyl PN-epoxy blends
under dynamic conditions

Based on its slow reactivity and high thermal stabil-
ity, p-BAPS was selected as the preferred curing
additive for the polymerization of the biphenyl PN-
epoxy blends and 2.5 mol % p-BAPS was used to
study the curing of the blends. DSC thermograms
acquired while heating the biphenyl PN-epoxy
blends to 400°C with p-BAPS are presented in Figure
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Figure 2 DSC thermograms of monomers and biphenyl
PN-epoxy blends with (a) p-BAPS curing additive and (b) no
curing additive. The samples are as follows : (A) epoxy resin,
(B) 25 : 75 biphenyl PN-epoxy, (C) 50 : 50 biphenyl PN-epoxy,
(D) 75 : 25 biphenyl PN-epoxy and (E) biphenyl PN.
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TABLE I
Thermal Properties of the Biphenyl PN-Epoxy (BPN : Epoxy) Blends

DSC exotherm peak

temperature (°C) AH (J gfl) Gelation time at 275°C (min)
BPN : Epoxy (mole ratio) With p-BAPS No p-BAPS With p-BAPS No p-BAPS With p-BAPS No p-BAPS
0:100 202 - 173 - - -
25:75 339 356 69 86 19 28
50 : 50 335 341 48 56 24 48
75:25 332 351 26 56 40 76
100 : 0 260 - 26 - 40 76

2(a). DSC curves of the individual monomer/p-
BAPS mixtures heated under similar conditions are
included in the figure. The DSC trace of the biphenyl
PN monomer exhibited two endothermic transitions
centered at 185 and 231°C, which are attributed to
the melting of the p-BAPS and the biphenyl PN
monomer, respectively. In the thermograms of the
blends, only the biphenyl PN monomer melting tran-
sition was observed (207-223°C) and the peak melting
temperature was dependent on the blend composi-
tion. The biphenyl PN monomer/p-BAPS mixture
had one exothermic transition which peaked at
260°C. The transition corresponds to triazine ring for-
mation from the cyclotrimerization of phthalonitrile
via its cyano groups.****” The DSC thermogram of
the epoxy resin had two well-resolved exothermic
transitions centered at 202 and 363°C. The exotherms
are attributed to reaction of the epoxy resin with the
amine curing additive and to thermal degradation/
decomposition of the polymer and/or excess epoxy
resin, respectively. The latter was confirmed by ther-
mal and dynamic mechanical analyses (vide supra).
The exotherm at 202°C was absent in the thermo-
grams of the biphenyl PN-epoxy blends, implying
that the aforementioned p-BAPS-catalyzed cure reac-
tion of the epoxy resin was not happening appreci-
ably in the blends. Instead, the thermograms of the
blends exhibited two exothermic transitions that
peaked in the ranges of 332-339°C and 369-376°C.
The first transition was due to the p-BAPS-catalyzed
copolymerization reaction between the nitrile groups
of the phthalonitrile and the epoxy resin. The over-
lapping higher temperature exotherm was again
ascribed to the decomposition of unreacted epoxy
resin, although copolymer decomposition and reac-
tion between the less reactive nitrile group on the
phthalonitrile and the epoxy resin may also be occur-
ring. The exotherm peak intensities and temperatures
are a function of the blend composition. As the
biphenyl PN content of the blend increased, the exo-
therm peak intensities decreased and the exotherms
separated from each other. Lower peak intensities
indicated that the copolymerization and decomposi-
tion reaction rates had decreased. The enthalpy of
cure for the 25 : 75, 50 : 50, and 75 : 25 molar blends

with p-BAPS was estimated as 69, 48, and 26 Jg ',
respectively. The enthalpy of reaction for the epoxy
resin/p-BAPS and biphenyl PN/p-BAPS mixtures
was ~ 173 and 26 Jg ', respectively. The exotherm
peak shift to lower temperatures (<339°C) was evi-
dence that the reactivity of the blends increased with
higher biphenyl PN contents. The peak shift in the
high temperature region (>369°) is due to an increase
in the copolymer thermal stability with an increasing
phthalonitrile content.

DSC analysis was used to study the cure of the
biphenyl PN-epoxy blends without the curing
additive and the thermograms obtained are depicted
in Figure 2(b). The thermograms each show one
broad exothermic transition in the 341-356°C range,
assigned to the reaction of the phthalonitrile with
the epoxy resin, with a trailing shoulder attributed
to the continuation of the reaction and perhaps some
thermal degradation of the epoxy resin and/or the
copolymer. As expected, higher exotherm peak tem-
peratures indicated that the uncatalyzed blends
were less reactive than the catalyzed blends. The
cure enthalpies for the uncatalyzed 25 : 75, 50 : 50,
and 75 : 25 molar blends were estimated as 86, 56,
and 56 Jg !, respectively. DSC results obtained on
the biphenyl PN-epoxy blends with and without p-
BAPS are summarized in Table I.

Cure studies on the biphenyl PN-epoxy blends
under isothermal conditions

The cure of the biphenyl PN-epoxy blends was eval-
uated under isothermal conditions. The temperatures
of the isothermal curing experiments were chosen
based on the DSC data displayed in Figure 2. The
DSC data showed that the biphenyl PN and epoxy
resin copolymerization onset temperature was around
300°C with or without the curing additive. As such,
the isothermal cure of the blends was conducted at
250, 275, and 325°C and the progress of the copoly-
merization was examined by DSC, TGA/DTA, and
rheological analyses and by infrared spectroscopy.
DSC thermograms acquired after heating the 50 :
50 biphenyl PN-epoxy molar blend with p-BAPS at
250°C for 10 min, 2 h, and 4 h are shown in Figure

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 (a) DSC and (b) TGA/DTA thermograms of the
50 : 50 biphenyl PN-epoxy blend/p-BAPS mixture
acquired after heating at 250°C for (A) 10 min, (B) 2h, and
(C) 4h.

3(a). Similarly, TGA/DTA thermograms obtained af-
ter heating the monomer blend/p-BAPS mixture at
250°C for 2 h and 4 h are presented in Figure 3(b).
The figures show the thermal property evolution as
the copolymerization progressed. Figure 4 compares
TGA/DTA thermograms of the 50 : 50 biphenyl PN-
epoxy blend/p-BAPS mixture obtained after heating
for 1 h at three temperatures (250, 275, and 325°C).
The results showed that the thermal properties of
the copolymers improved when the blends were
heated at the higher temperatures.

TGA/DTA data for the three biphenyl PN-epoxy
blend compositions are compared in Table II after
the blends were heated at 275°C in air for various
lengths of time with and without p-BAPS. The table
presents the decomposition peak temperatures and
the residual char yields of the copolymers at 1000°C
when heated under a flow of nitrogen. The data
showed the cure progression of the copolymers and
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their thermal stability as a function of the heating
time and biphenyl PN content. The data also
revealed that the epoxy resin effectively advanced
the phthalonitrile cure without the curing additive.

FTIR spectroscopy was used to monitor the cure of
the 50 : 50 biphenyl PN-epoxy molar blend/p-BAPS
mixture after heating at 250°C for 2 h and at 325°C
for 1 h. The FTIR data showed that as the copolymer-
ization advanced, the characteristic absorptions of the
phthalonitrile nitrile band at 2232 cm™' and the epoxy
groups at 917 and 860 cm ' disappeared. The phthal-
onitrile-epoxy copolymerization reaction was pre-
dicted to result in oxazoline ring formation. Spectral
subtraction was used to observe the appearance and
growth of this band at 1608 cm ™.

The cure of the biphenyl PN-epoxy blends was
also investigated by rheological analysis. The study
was carried out by heating the blends between par-
allel plates in a rheometer at 275°C and following
the complex viscosity, n*, change over time as the
cure progressed. Initially, the viscosity of the blends
increased gradually until gelation occurred. Then, a
rapid increase in sample viscosity was observed
until a glassy material formed. From these data, the
gelation time (gel point) that characterizes the sam-
ple cure was determined. The gel point corresponds
to the start of copolymer network formation. Figure
5(a,b) compare the complex viscosity (n*) changes
with cure time at 275°C for the three biphenyl PN-
epoxy blend compositions with and without p-BAPS,
respectively. The data revealed that all the biphenyl
PN-epoxy blend samples exhibited a dramatic
increase in viscosity when heated at 275°C. The
observed viscosity changes are evidence that the
monomers are coreacting to form crosslinked net-
works. The influence of biphenyl PN concentration
on the gelation time is evident. As the biphenyl
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Figure 4 TGA/DTA thermograms of the 50 : 50 biphenyl

PN-epoxy blend/p-BAPS mixture acquired after heating
for 1 h at (A) 250 °C, (B) 275 °C, and (C) 325 °C.
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TABLE II
Thermal Properties of the Biphenyl PN-Epoxy (BPN : Epoxy) Copolymers Heated at
275°C in Air

DTA peak
temperatures (°C) Char yield at 1000°C (%)
BPN : epoxy  Heating time
(mole ratio) at 275°C (h) With p-BAPS ~ No p-BAPS  With p-BAPS  No p-BAPS
25:75 1 377 301, 366 43 39
2 395 374 42 42
4 >400 >400 54 41
50 : 50 1 373 336 50 51
2 373 365 46 58
4 >400 378 61 63
6 >400 >400 59 60
75:25 1 >400 >400 71 69
2 >400 >400 70 69
4 >400 >400 71 70
PN content of the sample increased, the gelation 4000 —————— 17— 77—
time increased. This result was expected since the a B .C
DSC data showed that higher biphenyl PN concen- f\ : 5
trations in the blend decreased the rate of copoly- = 3000 |- . i
merization. The effect of the curing additive on the o . i
copolymerization rate is also apparent. For a given = : i
blend composition, the gelation time increased when > N j
no p-BAPS was added. The gelation times (deter- g 2000 - ot ; T
mined from the G/, G” crossover points'®*?) for the 2 . 0! 7
biphenyl PN-epoxy blends and for biphenyl PN at 3 s 4 j
275°C, with and without the addition of p-BAPS, are £ 1000 | A i
summarized in Table I The rheological data 8 i i
revealed that the biphenyl PN-epoxy blends may I : , H
offer some processing advantages relative to ol i AN

biphenyl phthalonitrile.

Cure studies on the oligomeric n = 4 PN-epoxy
blends under dynamic conditions

The oligomeric n = 4 PN has a larger average molec-
ular weight, lower density of reactive nitrile groups,
lower melting point, and larger processing window
than the biphenyl PN. Although the biphenyl PN-
epoxy blends were cured in the presence of 2.5 mol
% of p-BAPS, similar amounts of curing additive did
not result in gelation of the n = 4 PN-epoxy blend
in a timely manner. As a result, the aromatic amine
p-APB, a curing additive more reactive than p-BAPS,
and a higher additive concentration (24 mol %) were
used to affect the n = 4 PN-epoxy cure. DSC ther-
mograms obtained on heating the n = 4 PN-epoxy
molar blend and the individual monomers to 400°C
with p-APB are presented in Figure 6(a). The n = 4
PN monomer exhibited a small, crystalline melting
transition centered at 42°C which was also observed
in the DSC trace of the blend. In addition, the ther-
mogram of the n = 4 PN/p-APB mixture showed
one exothermic transition with a peak at 265°C
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Figure 5 Complex viscosity (n*) at 275°C as a function of
time for the biphenyl PN monomer and biphenyl PN-ep-
oxy blends with (a) p-BAPS curing additive and (b) no
curing additive. The samples are (A) 25 : 75 biphenyl PN-
epoxy, (B) 50 : 50 biphenyl PN-epoxy, (C) 75 : 25 biphenyl
PN-epoxy, and (D) biphenyl PN.
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1.0 DSC was also employed to investigate the copoly-
merization of the n = 4 PN-epoxy molar blend with
no p-APB addition. The thermogram shown in Fig-
0.5 ure 6(b) exhibited a single broad exotherm that

peaked at 350°C. The exotherm peak temperature is
in the range of that observed for the copolymeriza-
tion of the biphenyl PN-epoxy blend in the absence
of a curing additive and close to the decomposition
temperature of the epoxy resin. As such, the single
broad exotherm probably reflects competing copoly-
merization and decomposition reactions.

Heat Flow (W/g)
o
o
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phthalonitrile polymerization reaction. Two broad « 5000 . G
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shown in the DSC trace of the epoxy/p-APB mix- g 4000 F : ;]
ture. The transitions correspond to the reaction of g 3000-_ . . . |
the amine curing additive with the epoxy group and 3 h : £
to the thermal decomposition of the polymer and/or g’ 2000 - . 3 ¢ .
excess epoxy resin, respectively. The DSC thermo- o I 1 1
gram of the n = 4 PN-epoxy blend/p-APB mixture 1000 - : / T
displayed two exothermic transitions shifted to 0 I J , . ]
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lower (151°C) and higher temperatures (362°C),
respectively. The low temperature shift was attrib-
uted to the catalytic affect of the phthalonitrile on . c | ) . .

ot ; _ igure 7 Complex viscosity (n*) as a function of time at
the }:Olymiljlfiatlon of t}bleprOXy an(;i l’;he tﬁlgi.tehm various temperatures for the 32 : 68 n = 4 PN-epoxy blend
perature shift ‘was probably cause y the ugher with (a) p-APB curing additive and (b) no curing additive.

thermal stability of the copolymer relative to the ep- The temperatures were (A) 200°C, (B) 150°C, (C) 125°C,
(D) 100°C, (E) 300°C, (F) 270°C and (G) 250°C.

Time (minutes)

oXy resin.
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TABLE III
Thermal Properties of the n = 4 PN-Epoxy Copolymers as a Function of the
Cure Conditions

Maximum cure DTA peak Char yield at DSC peak
(temperature/time) temperatures (°C) 1000°C (%) temperatures (°C)
150°C/22 h 306, 361 39 79, 301, 363
200°C/22 h 354 42 99, 353
250°C/8 h 364 50 45, 356
250°C/22 h 369 46 150, 365
300°C/3 h 359 48 80, 358
350°C/8 h >400 73 >400

isothermal conditions. The curing temperatures were
determined from the DSC data presented in Figure
6(a). According to the data, copolymerization in the
presence of p-APB occurred between 100 and 250°C.
Thus, the blend was initially heated in air at 150,
200, and 250°C and the progress of the copolymer-
ization was examined by TGA/DTA and DSC analy-
ses. The results, shown in Table III, provided
evidence that the cure was progressing very slowly
at these temperatures as the copolymers still exhib-
ited relatively low decomposition temperatures, char
yields and Tgs after heating for 22 h. Eventually,
higher temperatures (300-350°C) and shorter reac-
tion times were used to cure the blend. The TGA/
DTA and DSC results of the high temperature cures
are included in Table IIl. The data showed that the
most effective cure of the n = 4 PN-epoxy blend was
achieved by heating the blend at 350°C for 8 h. The
cures at 300 and 350°C were carried out in an atmos-
phere of argon to avoid oxidative degradation of the
copolymer.

Rheological analysis was performed on the n = 4
PN-epoxy blend to further characterize the curing
behavior under isothermal conditions. Figure 7(a,b)
compare the complex viscosity versus time varia-
tions that occurred while heating the blend at vari-
ous temperatures with and without p-APB,
respectively. In each case, abrupt viscosity increases
were observed which indicated that the copolymer-
ization was progressing. The rheological data
showed that effective cure temperatures for the
blend with and without p-APB were 100-200 and
250-300°C, respectively. As expected, the gelation
time decreased with an increase in temperature and
a higher rate of reaction. Plots of the logarithm of
the gelation time versus temperature (K) ' are pre-
sented in Figure 8. The linearity of the plots reveals
good agreement with Flory’s gelation theory.*> From
the linear fit of these data, the slopes of the line,
—E,/2.303R (where R is the gas constant equal to
8.314 Jmol ' deg '), were determined and the appa-
rent activation energies of the crosslinking reactions
were calculated.'”?****4> The apparent activation
energies of the copolymerization reaction with and

without p-APB were 52 and 47 kJmol ', respec-
tively. These apparent activation energies agree well
with literature values (42-50 kJmol™!) for the ring
opening of an epoxy resin by the active amine
hydrogen of an aromatic amine."®

Phthalonitrile-epoxy copolymer properties

Thermal properties

Using conditions determined by the DSC, TGA/
DTA, and rheological analyses, biphenyl PN-epoxy
and n = 4 PN-epoxy copolymers were cured with p-
BAPS and p-APB, respectively. For comparison,
biphenyl PN (p-BAPS), n = 4 PN (p-APB), and epoxy
(p-BAPS and p-APB) polymers were prepared and
the properties of the cured polymers and copoly-
mers were evaluated. Results of the thermal studies
on the biphenyl PN-epoxy and n = 4 PN-epoxy
copolymers are presented in Tables IV and V,
respectively. Included in the tables are the composi-
tions of the cured resins, curing conditions, and

100 F T T T T T T T T T T

10 E

log Gelation Time

0.1 n 1 1 1 2 1 2 1 L 1
0.0016  0.0018 0.0020 0.0022 0.0024 0.0026

0.0028
1/Temperature (K)

Figure 8 Plots of the logarithm of the gel time versus
cure temperature (K)™! for the 32 : 68 n = 4 PN-epoxy
blend with (A) no curing additive and (B) curing additive.
The slopes of the lines give the apparent activation ener-
gies of the crosslinking reaction.

Journal of Applied Polymer Science DOI 10.1002/app



2512 DOMINGUEZ AND KELLER
TABLE IV
Thermal Properties of the Biphenyl PN-Epoxy (BPN : Epoxy) Copolymers

BPN : epoxy (Mole %) Maximum cure Cure Char yield

(mole ratio) p-BAPS (temperature/time) atmosphere Tse, (°C) at 1000°C (%) TOS5., (°C)
0:100 28 280°C/1 h Air 378 19 375
25:75 2.5 325°C/1h Air 403 61 448
50 : 50 2.5 325°C/1h Air 419 70 456
75:25 2.5 325°C/1h Air 479 74 493
100: 0 25 375°C/8 h Argon 500 71 496

thermal degradation temperatures (Tsy) where 5%
weight loss was measured and percentage of residue
remaining (char yield %) after heating the samples
to 1000°C in nitrogen. Also listed in the tables are
the 5% weight loss degradation temperatures
(TOSs.,) determined in air.

When heated in nitrogen, the neat epoxy resin
started to degrade at temperatures (Ts9,) of 378 and
356°C when cured with p-BAPS or p-APB, respec-
tively, whereas the biphenyl PN and n = 4PN resins
began to degrade at 500 and 534°C, respectively. The
degradation temperatures for the phthalonitrile-ep-
oxy copolymers improved in comparison to the ep-
oxy resin. Tsy for the copolymers (403-508°C) was
intermediate between those of the epoxy resin and
the phthalonitrile. Char formation was also greatly
enhanced in the copolymers relative to the cured ep-
oxy resin. The neat epoxy resin exhibited a char
yield of only 19-20% at 1000°C. With the addition of
a phthalonitrile, the residual char yields of the
copolymers at 1000°C increased to 61-74%. The
TOSs0, of the copolymers (448-510°C) was also
enhanced relative to the epoxy resin (TOSse, 375 and
359°C with p-BAPS and p-APB, respectively). The
thermal degradation temperatures and char yields
increased when a phthalonitrile was blended and
reacted with the epoxy resin because the phthaloni-
triles have significantly better thermal properties.
Data acquired on the biphenyl PN-epoxy copoly-
mers showed that the thermal properties of the
copolymers increased as the biphenyl PN content
increased.

Thermo-oxidative aging of the cured polymers
and copolymers was carried out to assess the long
term stability of the materials at elevated tempera-
tures. The aging data for the biphenyl PN-epoxy and

n = 4 PN-epoxy copolymers are presented in Figure
9(a,b), respectively. For comparison, data on the neat
polymers are included in the figures. The data
revealed that the phthalonitrile-epoxy copolymers
retained 93-97% of their initial weight at the comple-
tion of the aging. The majority of the copolymer
weight loss (2-5%) occurred while heating at 343°C.
Most of the weight loss at 343°C is attributed to
decomposition of the epoxy resin within the copoly-
mer. In contrast, the residual weight retained for the
p-BAPS- and p-APB-cured epoxy resins was 64—65%.
The data clearly indicated that the phthalonitrile-ep-
oxy copolymers exhibited improved oxidative stabil-
ity compared to the neat epoxy resin.

Dynamic mechanical properties

The dynamic mechanical properties of the cured
biphenyl PN-epoxy copolymers were evaluated to
ascertain changes in the sample modulus as a func-
tion of temperature and to determine the T,s of the
cured copolymers. Plots of the storage modulus (G')
and damping factor (tand) are presented in Figure
10(a,b), respectively. G’ and tand plots generated on
biphenyl PN and epoxy polymers are included in
the figures for comparison. It is evident from the
plots that the p-BAPS-cured epoxy resin exhibited
the largest modulus change and the lowest T,
(160°C). The peak observed at 353°C in the tan § plot
of the p-BAPS-cured epoxy resin is attributed to the
thermal decomposition of the resin. In contrast, no
viscoelastic transition characteristic of a T, was
observed in the tand plot of the biphenyl PN indi-
cating that a stable crosslinked polymer network
had formed on curing and that the polymer
remained in the glassy state to at least 400°C.

TABLE V
Thermal Properties of n = 4 PN-Epoxy (n = 4PN : Epoxy) Copolymers
n = 4PN : epoxy (Mole %) Maximum cure Cure Char yield
(mole ratio) p-APB (temperature/time) atmosphere Tse, (°C) at 1000°C (%) TOSsq, (°C)
0: 100 27 280°C/1h Air 356 20 359
32:68 24 350°C/8 h Argon 508 73 510
100 : 0 24 375°C/8 h Argon 534 73 538
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PHTHALONITRILE-EPOXY BLENDS

105 2000
1007 = —_ DE g7y 1800
5l T *-~::::;\}j 97%
4 — . — o
\\\\ B\Q 93%4/0 F1600
901 N L1400
85+ e O
= - k1200
= g § e
= | - 10008
2 75 N g
; o
704 ~__ A 800 £
O [0}
Ny [
651 ~ 659 600
i 5 +400
60 260°C 288°C 316°C
55 t 200
50 . . . : 0
0 500 1000 1500 2000
Time (min}
105 2000
+1800
1600
F1400
— - 12002
£ 80| . o
£ . 10002
T 75 N @
; AN o
A 800 £
70 RS [
T t 600
65 T+ 64%
o 343°C 400
801 oegec 288°C 316°C
55 + 200
50 ‘ ‘ : ‘ 0
0 500 1000 1500 2000
Time (min)

Figure 9 Weight loss as a function of time for (a) p-
BAPS-cured polymers and copolymers and (b) p-APB-
cured polymers and copolymers heated stepwise at vari-
ous temperatures up to 343°C for 8 h intervals in air. The
samples are (A) epoxy resin (B) 25 : 75 biphenyl PN-ep-
oxy, (C) 50 : 50 biphenyl PN-epoxy, (D) 75 : 25 biphenyl
PN-epoxy, (E) biphenyl PN, (F) 32 : 68 n - 4 PN-epoxy,
and (G) n = 4 PN.

Biphenyl PN-epoxy copolymers exhibited moduli
and tan d changes intermediate between those of the
biphenyl PN and epoxy polymers. At 40°C, the stor-
age moduli of biphenyl PN, the biphenyl PN-epoxy
copolymers and the epoxy resin were 1470, 1140,
and 1070 MPa, respectively. Upon heating to 400°C,
the storage moduli of the 25 : 75, 50 : 50, and 75 : 25
biphenyl PN-epoxy copolymers decreased from
1140 MPa to 10, 60, and 400 MPa, respectively, and
the biphenyl PN modulus decreased from 1470 to
740 MPa. The data showed that the extent of the
moduli changes with temperature decreased as the
biphenyl PN content of the copolymer increased. In
the damping factor versus temperature plots of the
copolymers, only one relaxation peak was observed.
The presence of a single tand peak indicated that
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the individual components in the resin mixture cor-
eacted to form a network and that no phase separa-
tion occurred. Figure 10(b) shows that the tan é peak
height decreased and shifted to higher temperatures
as the biphenyl PN content of the copolymer
increased. The changes in the tand curves are attrib-
uted to oxazoline ring formation from reaction of the
phthalonitrile and the epoxy groups which caused a
reduction in polymer segmental motion. The cured
biphenyl PN-epoxy copolymers showed a substantial
increase in T, (up to 240°C) in comparison to the
neat epoxy resin.

Dynamic mechanical analysis was also performed
on the cured n = 4 PN-epoxy copolymer and on
neat epoxy and n = 4 PN polymers. G’ and tand
plots for these materials are presented in Figure
11(a,b), respectively. As seen from these curves, a
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Figure 10 (a) Storage modulus (G) and (b) damping factor
(tan d) as a function of temperature for p-BAPS-cured poly-
mers and copolymers heated in nitrogen: (A) epoxy resin,
(B) 25 : 75 biphenyl PN-epoxy, (C) 50 : 50 biphenyl PN-ep-
oxy, (D) 75 : 25 biphenyl PN-epoxy and (E) biphenyl PN.
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Figure 11 (a) Storage modulus (G') and (b) damping fac-
tor (tand) as a function of temperature for p-APB-cured
and copolymers heated in nitrogen: (A) epoxy resin, (B)
32 : 68 n =4 PN-epoxy and (C) n = 4 PN.

large modulus change and a low T, (126°C) are
again observed for the epoxy resin. The peak at
343°C in the tand plot of the p-APB-cured epoxy
resin is attributed to the thermal decomposition of
the resin. The room temperature storage modulus of
the n = 4 PN, the n = 4 PN-epoxy copolymer, and
the epoxy resin were 1610, 1020, and 1260 MPa,
respectively. Upon heating to 400°C, the storage
modulus of the copolymer and the n = 4 PN poly-
mer gradually decreased to 10-30% of their room
temperature values due to stress relaxation of the
polymer network, whereas the storage modulus of
the epoxy resin decreased by almost three orders of
magnitude. Inspection of the damping curve for the
n = 4 PN-epoxy copolymer again showed a single
tand peak indicating homogeneous phase morphol-
ogy. The addition of n = 4 PN to the epoxy resin
increased its T, by ~ 100°C.

Journal of Applied Polymer Science DOI 10.1002/app
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CONCLUSIONS

Biphenyl PN-epoxy and n = 4 PN-epoxy blends
were prepared and the cure behavior of the blends
was studied under dynamic and isothermal curing
conditions with and without a curing additive. The
studies revealed that phthalonitrile-epoxy blends
have good processability and that they will copo-
lymerize in the absence of a curing additive,
although higher temperatures and longer cure times
are needed. The thermal and dynamic mechanical
properties of the amine-cured phthalonitrile-epoxy
copolymers were evaluated. The phthalonitrile-ep-
oxy copolymers exhibited improved high tempera-

ture properties relative to the epoxy resin.
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