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ABSTRACT: Reactive blends of bisphenol A dicyanate (BACY) and a novolac epoxy resin
(EPN) were investigated for their cure behavior and the mechanical, thermal, and
physical properties of the cocured neat resin and glass-laminate composites. Contrary
to the apparent observation in DSC, the dynamic mechanical analysis confirmed a
multistep cure reaction of the blend, in league with an established reaction path for
similar systems. The cured matrix was found to contain both polycyanurate and
oxazolidinone networks that existed in discrete phases exhibiting independent glass
transitions in dynamic mechanical analysis (DMA). The flexible and less crosslinked
oxazolidinone network contributed to enhanced flexural strength at the cost of the
tensile strength of the neat resin. The increased resin flexibility was, however, not
translated to the glass-laminate composite for which the flexural strength decreased
with the oxazolidinone content, although the latter was conducive for rendering a
stronger interphase. The presence of oxazolidinone adversely affected the thermal
stability of the cured resin and the high-temperature performance of both neat resin
and the composites. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 74: 1675–1685, 1999

Key words: bisphenol A dicyanate; novolac epoxy resin; reactive blend; cyanate–
epoxy blend; oxazolidinone polymer; polycyanurate; laminate composite

INTRODUCTION

Cyanate esters encompass several attractive
physical, dielectric, thermal, and mechanical
characteristics rendering them the material of
choice in high-performance applications.1–3 The
dicyanate ester undergoes curing by cyclotrimer-
ization to polycyanurate network with compara-
tively high glass transition temperature (Tg), low
dielectric properties, low moisture absorption,
good thermal stability, and excellent toughness
for the matrix formed. These properties are tun-
able by proper choice of the backbone structure.

Bisphenol A dicyanate (BACY) is a very versatile
and ideal thermoset resin possessing most of the
above properties and is capable of catering to
many stringent requirements usually demanded
in aerospace applications. However, the search to
achieve further improvements in performance
and reduction in cost is never ending and a vari-
ety of cocuring systems, selected on the basis of
the cyanate ester chemistry, were attempted in
recent years. Examples of cocuring systems are
polyphenols, polyamines, anhydrides, bismaleim-
ides (BMI), etc.4 Among them, BMI and epoxies
have evinced special interest. Cocuring of the
blend of BMI and cyanate ester is now understood
to lead to IPNs only,5,6 and hence the interest in
epoxy is revived owing to the reaction between
epoxy and cyanate, giving rise mostly to oxazo-
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lidinone that can alter the matrix properties de-
pending on the nature and composition of the
blend. The CE/epoxy reaction was studied by
many researchers. Blends of cyanate esters with
bisphenol-based epoxy resins find increasing ap-
plication in spacecraft structures because of their
very low outgassing and good dimensional stabil-
ity.7 In recent studies, cyanate–epoxy coreaction
and the reaction mechanism were investigated.8–10

Most of the published literature on CE/epoxy sys-
tems refer to their reaction mechanism, kinetics,
cure behavior, and thermal stability.8–11 Informa-
tion concerning the mechanical properties of neat
resin and their composites remains patented. It is
generally expected that coreaction between the
two gives rise to new chemical structures, and
consequently, the prediction of properties of the
blend becomes difficult because they do not go by
the rule of mixtures. Many multifunctional for-
mulations, principally based on CE/epoxy, were
claimed. Most of their applications are in copper-
clad laminates,12–14 fire-resistant formulations,15

semiconductor devices,16,17 etc.
In a majority of the reported studies, the epoxy

resin used is bisphenol A based, which is charac-
terized by inferior thermal characteristics.11,18

The prospects for enhanced thermal stability for
the resultant network increase by choosing a no-
volac-based epoxy such as EPN 1139. Several
patent applications claim multicomponent sys-
tems containing BACY, novolac epoxy resin, and
other reactants to have superior thermal stability
than the conventionally cured bisphenol A-based
epoxy or novolac–epoxy resin (EPN).19 However,
as in the case of cyanate esters, information on
their blends with epoxy resins are also mostly
patented.

This article concerns the reactive blending of
EPN 1139 and BACY. The blends with different
compositions were studied. The cure character-
ization and the mechanical, thermal, and physical
properties of the cured neat resin blends and cor-
responding glass laminates are discussed. The
article examines the composition dependency of
these properties.

EXPERIMENTAL

Materials

BACY monomer was synthesized from bisphenol
A (SD Fine Chem, India) and cyanogen bromide
(CDH Chemicals, India) by a known procedure.20

The epoxy resin, EPN 1139 (Ciba Geigy, Mumbai,
India), with epoxy equivalent weight of 175 and
epoxy functionality of 5.2/kg was used as received.
Plain-weave, silane-treated E-glass fabric (Un-
nathi Corporation India; thickness 5 0.25 mm)
was used without any treatment. Methyl ethyl
ketone (MEK, Qualigens, India) was distilled
from K2CO3.

Instruments

FTIR spectra were recorded with a Nicolet 510 P
instrument. The cure characteristics of the resins
were studied by DSC by using a Mettler DSC-20
analyzer at a heating rate of 10°C/min in nitrogen
atmosphere. Thermogravimetric analysis was
performed on a DuPont 2000 thermal analyzer in
conjunction with 951 thermogravimetric analyzer
in nitrogen atmosphere at a heating rate of 10°C/
min. Dynamic mechanical analysis (DMA) was
performed using a DuPont DMA-983 in nitrogen
atmosphere at a frequency of 1 Hz. Single-ply
prepreg was used for DMA analysis of the prepreg
and for composites, specimens of dimension 60
3 12 3 2 mm3 were used. Dielectric properties
were determined by using an Inductance-Capac-
itance-Resistance (ICR) meter, Fluke PM 6306, at
25°C and 60% RH. Thermomechanical analysis
(TMA) was performed with a Perkin–Elmer TMA
7 at a heating rate of 5°C/min.

Preparation of Cyanate Ester–Epoxy Blends
(CEPOX)

CEPOX blends in varying proportions were pre-
pared by melt-mixing BACY monomer with EPN
1139 (hereafter referred to as EPN) under vac-
uum. EPN was dissolved in molten BACY at
100°C, forming a homogeneous blend.

Determination of Gel Time of CEPOX Blends

Gelation of 1 : 1 equivalent mixture of BACY and
EPN (CEPOX-1) was studied at 120, 130, 140,
and 150°C. The gel time at 150°C was determined
for various proportions of BACY and EPN. The
following method was used. About 2 g of the ho-
mogenized blend was taken in a thin-walled glass
tube and immersed in a thermostated oil bath at
the required temperature. The resin was stirred
with a glass thermometer, which also helps mon-
itor the resin temperature. The time at which the
resin ceases to flow and stick to the glass rod was
taken as the gel time.
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Preparation of CEPOX Neat Resin Moldings

Neat resin moldings of the CEPOX blends and
BACY were prepared by curing the molten resin
in a rectangular aluminum mold after applying a
silicone-mold release agent. Initially, the molten
blend was deaerated under vacuum at 100°C. The
temperature was slowly raised to 150°C and the
blends were cured for 2 h. The formed slabs were
taken out from the mold and postcured as per the
following time–temperature schedule.

Temperature (°C) 150 200 250
Hold time (min) 30 30 120

The specimens were slowly cooled to the ambient
temperature.

Preparation of CEPOX Laminates

By using the blend systems, glass fabric-rein-
forced composites (40 plies, 12 3 10 cm2) were
prepared. EPN readily dissolved in the molten
BACY, forming a free-flowing solution. To make
the resin prepreggable with good tackiness, the
BACY–EPN mixture was prepolymerized at 120°C
(in MEK, 55% by weight) prior to prepregging
under the conditions described in Table I. This
way, different compositions developed sufficient
viscosity and tackiness for making prepregs. The
conditions for prepregging and composite fabrica-
tion were selected on the basis of the composition
of the blends, gel time, and cure temperature
monitored by various experimental techniques.
The prepregs were made by dipping the fabric in
solution. They were dried for 18 h at room tem-
perature, cut into pieces of the dimension 12 3 10
cm2, stacked and molded in a hydraulic press
between thick metallic platen to achieve a proper
number of plies and thicknesses. The heating
schedule is given in Table I. A pressure of 50
kg/cm2 was applied for compaction of the plies

immediately after the system attained 150°C for
CEPOX-1 and -2. For CEPOX-3 and -4, the pres-
sure was applied after 10 and 20 min, respec-
tively, at this temperature because of their longer
gelation time as given in Table I.

Mechanical Testing of Neat Resin and Composites

The test specimens of required dimensions were
machined from the cured sheet (both for neat
resin and composite) by using a diamond wheel
cutter and tested in accordance with the following
ASTM testing standards, by using an Instron
Universal Testing Machine, Model 4202.

Tensile tests: ASTM D63821 (neat resin
molding)

Flexural strength: ASTM D79022 (neat resin
molding and
composite)

0° Compressive
strength:

ASTM D341023 (composite)

Interlaminar shear
strength (ILSS):

ASTM D234424 (composite)

Resin Content

The resin content in the composite was deter-
mined by pyrolysis of the specimens in air at
800°C for 4 h and estimated the mass loss. The
resin content was in the range of 26–30% by
weight.

Determination of Moisture Absorptivity

Moisture absorption of the weighed specimens
was determined by monitoring the weight gain
after exposing the specimens to boiling water for
24 h. Rectangular specimens of an approximate
dimension of 20 3 10 3 3 mm3 were used for this.

Table I Processing Schedule for CEPOX Laminates

Reference
of Blend

Mol Fraction
of Epoxy
Groups

Duration of
Precuring at
120°C (min)

Prepreg Processing Time (min)

100°C 150°C 200°C 250°C

CEPOX-1 0.50 105 30 20 30 60
CEPOX-2 0.40 135 30 45 30 60
CEPOX-3 0.30 165 30 60 30 60
CEPOX-4 0.20 195 30 90 30 60
BACY 0 a 30 90 30 60

a Resinified in MEK at 90°C for 8 h by using dibutyl tin dilaurate as catalyst.
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RESULTS AND DISCUSSION

Cure Characterization

Cyanate esters are known to coreact with epoxy
group to form oxazolidinone as the major prod-
uct.8–10,25–28 The reaction was shown to proceed
through multiple steps involving the formation of
intermediates like aryl cyanurate, isocyanurate,
and oxazoline, as shown in Scheme 1. In the
present study, BACY was cocured with EPN in
varying proportions by keeping the cyanate ester/
epoxy equivalent ratio always greater than one.
The cyanate-rich systems were chosen to mini-
mize the possibility of unreacted or homopolymer-
ized epoxy groups in the cured system.

Figure 1 shows the FTIR spectra of CEPOX
resin (CEPOX-1) prior to and after cure, showing
the formation of oxazolidinone groups with ab-
sorption at 1750 cm21. A host of other groups with
multiple absorptions in the region between 1650
and 1760 cm21 also appear. These absorptions are
caused by possible groups such as oxazoline25,
isocyanurate, cyanurate, etc., formed from the cy-
anate–epoxy reaction as was observed by other
research groups.8–10,29 In the complex cyanate–
epoxy reaction, all these products are possible and
no attempt was made to quantify their relative
concentrations in the present study. The disap-
pearance of cyanate absorption at 2270 and 2235
cm21 and that of the epoxy groups at 915 cm21

confirmed the total consumption of these groups
during the reaction through one path or another.
Strong absorptions due to the triazine rings at
1565 and 1365 cm21 confirmed that an apprecia-
ble proportion of cyanate ester undergoes trimer-
ization even at 1 : 1 cyanate/epoxy ratio, in league
with the established reaction mechanism.8,9,27,28

At higher concentrations of BACY, the triazine
content in the system naturally increases.

DSC analysis of a 1 : 1 mixture of BACY and
EPN (CEPOX-1) carried out immediately after

mixing showed a single cure exotherm with cure
initiation (Ti) at 160°C and a peak temperature of
246°C as shown in Figure 2. The reaction is ap-

Figure 2 DSC trace of (A) CEPOX-1 immediately
after mixing, (B) BACY.

Scheme 1 Cyanate–epoxy coreaction pathway.

Figure 1 FTIR spectra of CEPOX-1. (A) Immediately
after mixing, (B) after 2 h at 250°C.
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parently complete at around 260°C with enthalpy
of cure equal to 690 J/g. The curing of pure BACY
(shown in the same figure) initiates at 208°C and
the presence of epoxy functions was found condu-
cive for decreasing the Ti by 48°C.

Gelation Behavior

Gelation is of great practical importance in the
processing of thermoset resins because this key
phenomenon, controlled by the processing condi-
tions (temperature, pressure, time, etc.), has a
direct bearing on the morphology and mechanical
properties of the cured neat resins and compos-
ites. In the usual practice, thermoset formula-
tions are heated in stages and preferably gelled at
relatively lower temperature before postcuring
them at a higher temperature. This is helpful in
containing the likely high exothermicity of the
reaction at higher temperature and also avoids
the melt–flow of resins at higher temperature,
particularly when the application of pressure is
warranted, as in the case of composite fabrication.
Gel time of the reactive blend is also dependent on
their composition, presence of catalysts, and cure
temperature. Thus, reaction of a cyanate ester/
epoxy mixture in the presence 4,49diamino diphe-
nyl sulfone is reported to proceed faster than in
its absence.11 In the present CEPOX systems, no
external catalyst was added and gel times (tgel)
were monitored at different molar ratios of the
components and at different temperatures.

Figure 3 shows the dependence of composition

and temperature on gel time. A linear relation-
ship between ln tgel and 1/T was observed for a
1 : 1 equivalent mixture (CEPOX-1). The gel time
decreased with increasing concentration of the
epoxy component. This is because epoxy groups
promote the crosslinking through the multitude
of reactions discussed above and can also catalyze
the homopolymerization of BACY. Thus, CEPOX-1,
which contained 1 : 1 equivalent mixture of cy-
anate and epoxy groups, manifested the lowest
gel time. Bauer et al. established that up to the
gel point, polycyclotrimerization of the cyanato
groups is the dominating reaction.30

The cure reaction time and cure exotherms in
the mold can be reduced considerably if the sys-
tem is prepolymerized. Therefore, CEPOX mix-
tures were subjected to prepolymerization before
molding the neat resin and laminate composites.

Neat Resin Moldings

Mechanical Properties

BACY-based polycyanurate and its composites
are generally characterized by excellent mechan-
ical properties and fracture toughness. In the
present investigation, the mechanical properties
of the cured blends were examined as a function
of their composition. The results are compiled in
Table II. The flexural strength of the resins in-
creased with increasing EPN content, whereas
tensile strength was found to decrease. The
higher EPN content resin systems with possibly
higher oxazolidinone content exhibited better re-
sistance to bending stresses, whereas the in-
creased concentration of these networking groups
facilitated tensile elongation and an easy frac-
ture. Thus, among CEPOX resins, CEPOX-1 pos-
sessed the maximum flexural strength and mini-
mum tensile strength. The cured network con-
tains both cyanurate (triazine) and oxazolidinone

Table II Mechanical Properties of BACY
and CEPOX (neat) Resins

Resin

Flexural
Strength

(MPa)

Tensile
Strength

(MPa)
Elongation

(%)

CEPOX-1 114 33 15
CEPOX-2 99 24 —
CEPOX-3 95 25 18
CEPOX-4 — 37 14
BACY 90 70 11

Figure 3 Dependence of gel time on temperature and
composition.
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rings. CEPOX-1 is expected to have maximum
oxazolidinone composition. Quantitative forma-
tion of oxazolidinone in a 1 : 1 cyanate–epoxy
mixture would have led to a thermoplastic poly-
mer system. Insolubility of the cured resin con-
firms that the system contains other crosslinks
such as cyanurates. Crosslink density increases
as the cyanate content increases. Oxazolidinone
ring constitutes a flexible structure with more
thermoplastic character and thus accounts for the
increased flexural strength and tensile elongation
as the epoxy content increases in the blend. It can
be concluded that these groups do not contribute
to the cohesion as much as do the cyanurates
(triazine); with the result, their presence de-
creases the tensile strength. Intermediate compo-
sitions like CEPOX-2 will have a dominant com-
posite network structure, constituted by both ox-
azolidinone and cyanurates (triazine), showing
intermediate mechanical properties.

Dynamic Mechanical Properties

Dynamic mechanical spectra of the cured blends
showed substantial decrease in Tg in comparison
to the pure polycyanurate. On increasing the cy-
anate content in the blend, the crosslink density
increases because of the formation of a greater
number of triazine rings, and this results in a
systematic enhancement in both storage modulus
(E9) and Tg, the latter being evidenced from the
drift in tan d maxima. All the DMA spectra man-
ifested two tan d maxima. This implies a hetero-
geneous morphology for the network. The transi-
tion at low temperature that principally deter-
mines the high temperature serviceability of the
system can be ascribed to the epoxy-dominated
reaction products, possibly the oxazolidinone

part. The temperature corresponding to this in-
creases only marginally even on enhancing the
cyanate concentration in the blend significantly,
implying that the composition or structural fea-
tures responsible for this transition is not signif-
icantly altered by the composition. The second
transition, occurring at around 250°C, corre-
sponds in all probability to the polycyanurate as
the glass transition of pure polycyanurate occurs
at this temperature. The DMA spectra of various
blend systems are shown in Figure 4. The compo-
sition dependency of the temperature of first tran-
sition (taken as the tan d maximum) is shown in
Figure 5. The presence of EPN reduces the Tg of
polycyanurate by 90–100°C. This can adversely
affect the dimensional stability and high-temper-
ature performance of CEPOX systems.

Physical Properties

Coefficient of Thermal Expansion (CTE)

Materials meant for structures, particularly in
aerospace applications, are expected to possess a
high degree of dimensional stability. To achieve
this, they require minimum CTE, preferably
near-zero values. Cyanates generally fall into this
class. High CTE and large differences in CTE
between the resin and reinforcement of composite
structures led to matrix microcracking and di-
mensional instability during thermal cycling. The
effect of incorporation of EPN into CE matrix on
the CTE of the resultant matrix was of interest.

Figure 4 DMA of cured CEPOX (neat) resins. (- - -)
CEPOX-1, (–3–3–3–3) CEPOX-3, (. . .) CEPOX-4, (—)
cured BACY.

Figure 5 Dependency of the Tg of poly(oxazolidinone)
phase on blend composition.
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The CTE of the coreacted resin was examined as
a function of its composition by TMA at a heating
rate of 5°C/min. The values were found to in-
crease marginally with an increase in the epoxy
content in the system. BACY possesses a CTE of
4.80 3 1025/°C up to 70°C, which is practically
unaffected by blending with small quantities of
EPN. At a higher temperature, the effect is more
pronounced. Table III compiles the CTE values at
two different temperature zones for the cured,
neat CEPOX resins. The CTE is found to be
higher at a higher temperature for a given stoi-
chiometry. However, the change in CTE with
composition is within acceptable limits.

Moisture Absorption

Materials meant for space vehicle components
must pass the stringent requirement of minimum
moisture absorption. Materials absorb water from
the earth’s atmosphere that will be degassed in
outer space. This let-out moisture may condense
on the surfaces of sensitive optical devices, affect-
ing their performance adversely. Moreover, exces-
sive water absorption can lead to dimensional
instability of structures also.31 Therefore, matrix
resins meant for composites for critical satellite
structural applications require minimum mois-
ture absorption characteristics. Conventionally
cured epoxy resins absorb moisture to around
4–5% because of the presence of OOH groups,
which bind water through H bonding. Previous
studies have already shown that the moisture
absorption of cyanate or cyanate/epoxy blend was
considerably less than that of the epoxy resin.32,33

Cyanate esters are preferred to epoxies in critical
applications in satellite structures for this rea-
son.31 It was of interest to see how this property is
affected when BACY is blended with different
proportions of EPN. The observation in the
present case is also in line with the reported one.
The weight gain of the specimens after exposure

to boiling water for 24 h gave values comparable
to that of pure BACY as given in Table III. Even
though enhanced polarity can be expected for the
oxazolidinone-containing networks, their mois-
ture absorptivity is of the same order as that of
the polycyanurates. The increase caused by the
generation of oxazolidinone rings in the network
is practically negligible.

Dielectric Properties

One of the salient features of cyanate ester (CE) is
its symmetric structure, rendering its dielectric
constant (Dk) very low among the common ther-
mosets. The dissipation factor is also known to be
very low.34 These characteristics render it the
preferred material in printed circuit boards
(PCBs) meant for high-speed circuitry.35,36 The
circuit speed is inversely proportional to the
square root of the dielectric constant and the elec-
trical energy dissipated as heat is proportional to
the product of dielectric constant and dissipation
factor (tan d). The latter is a measure of the loss of
current or heat dissipated from electrical energy.
Because of their low Dk and tan d, CE and their
composites are preferred in microwave-transpar-
ent structures such as radomes in the place of
conventional glass/epoxy systems.36 A material
ideally suited for such applications should have
the lowest dielectric constant and tan d values. It
should also possess low moisture absorption and
high Tg, because moisture absorption increases
the dielectric constant and lowers Tg and dimen-
sional stability.

The data given in Table III show that the in-
crease in dielectric constant is negligible on
blending polycyanurate with oxazolidinone. The
value is close to the reported value of 3.0 for CE
under dry conditions.34 Interestingly, the dissipa-
tion factor showed a tendency to decrease on re-
acting the CE with epoxy system.

Table III Physical and Dielectric Properties of BACY and CEPOX Blends (neat)

Resin

Moisture
Absorption

(%)
Dielectric Constant
(1 MHz, 60% RH)

Dissipation Factor
(tan d)

CTE (1025/°C)

25–70°C 70–100°C

CEPOX-1 1.53 3.67 0.021 5.25 7.10
CEPOX-2 1.46 3.72 0.017 4.85 6.50
CEPOX-3 1.47 3.70 0.016 4.90 7.00
CEPOX-4 1.54 3.67 0.016 4.85 6.70
BACY 1.49 3.61 0.022 4.80 6.00
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Thermal Characteristics

The thermal stability of the cocured systems was
investigated by thermogravimetric analysis. It
was found that the incorporation of oxazolidinone
led to a substantial decrease in thermal stability
of the network. In fact, the initial decomposition
temperature (Ti) decreased and the rate of ther-
mal degradation increased proportional to the ep-
oxy content in the blend. Formation of oxazolidi-
none decreases thermal stability for two reasons.
It is aliphatic in nature and its formation de-
creases the effective crosslink density. Similar
observations were reported.11 Table IV gives the
thermal decomposition characteristics as well as
anaerobic char yields (at 600°C) for the cured
CEPOX and BACY systems. The presence of ox-
azolidinone rings reduced the initial decomposi-
tion temperature Ti and the temperature of max-
imum decomposition Tp. The char yields were
more or less the same among the CEPOX resins
(30%) and much lower than that of BACY (by
about 16%). A slight increase in Ti value can be
seen with increasing triazine content. Since de-
compositions are initiated at the oxazolidinone
sites, there is a rapid fall in Ti on changing from
pure triazine to oxazolidinone triazine.

Studies on Glass Laminate Composites

There have been a number of studies on cyanate–
epoxy systems as applied to composites. The ma-
jority of the published work does not give detailed
information on processing and the resin chemis-
try probably owing to their technological impor-
tance. In fact, most of the work is patented.4 A
large number of patent applications refer to the
application of the cyanate–epoxy formulations in
printed circuit boards, but practically none of
them deals with the matrix on the basis of pure
cyanate–epoxy blend. Usually, other components
capable of coreacting with both systems (particu-

larly with epoxy) such as anhydrides, amines,
acids, etc. are blended.4 CEPOX systems using
advanced epoxies and cyanates along with graph-
ite reinforcement were studied for aerospace ap-
plications, but the information divulged is mini-
mal.37 Systematic studies on neat resin or compos-
ite properties and their compositional dependency
were not covered in the literature. In this work,
glass-laminate composites of the blends of vary-
ing compositions were molded under pressure
by employing the same high-temperature cure
schedule as for the neat resin molding, and their
mechanical properties were monitored as a func-
tion of the composition of the matrix.

Cure Optimization of Prepreg by DMA

The optimization of the cure schedule for the com-
posite was arrived at by DMA studies by using
the prepreg. Although DSC technique can indi-
cate the cure initiation and completion tempera-
tures, it cannot be fully relied on to monitor cure
reactions associated with very little enthalpy
change. Generally, thermosetting reactions be-
come diffusion controlled toward the end of the
reaction, as is the case with cyanate ester and its
blends. The result is that the reaction becomes
very slow toward the end. Because the heat gen-
erated, or rather, the DSC signal at this stage
becomes insignificantly low, DSC cannot detect
reactions taking place during this time. In such a
situation, the DSC analysis has to be compli-
mented by DMA. The latter senses change in me-
chanical strength (i.e., modulus), which is highly
sensitive to minor chemical changes, especially
toward the end of the reaction. Hence, for cure
optimization of the CEPOX blend, DMA analysis
was carried out with a single-ply laminate. The
results were useful for the cure optimization of
both neat resin and its composite.

Figure 6 DMA of prepregs (dynamic mode). (- - -)
CEPOX-1, (——) CEPOX-3. Heating rate: 5°C/min.

Table IV Thermal Stability of Cured BACY
and CEPOX Systems

Resin (cured)
Ti

(°C)
Tp

(°C)
Te

(°C)
Char Yield

at 600°C (%)

CEPOX-1 270 402 485 29.2
CEPOX-2 280 401 490 29.6
CEPOX-3 290 390 490 30.0
CEPOX-4 310 413 480 29.4
BACY 425 459 480 46.0
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The DMAs performed under dynamic heating
condition, typically shown in Figure 6 for CEPOX-1
and -3, show a bimodal nature of the cure reac-
tion. Cure is initiated at 150°C when E9 starts
increasing and the cure is completed at 225°C
when it stagnates. At around 170°C, the cure
reaction follows a different path. Although the
exact nature and cause of this change of reaction
path was not investigated here, it is in line with
published information on cure mechanism, which
predicts a sequential, multiple-step reaction as
described above. It can be concluded that the first
step is associated with trimerization of cyanate
groups that takes place at a lower temperature
regime, and the second step, with the formation of
oxazolidinone either through direct reaction of
epoxy with cyanate or through reaction of the
initially formed triazine with epoxy, in line with
established mechanisms.8,9,29,30 Formation of ox-
azolidinone can be associated with relatively less
increase in modulus because it is a flexible moiety
and does not contribute to crosslinking signifi-

cantly. The two-stage cure was manifested in all
cases of CEPOX. Dynamic heating shows that the
cure reaction is apparently complete at 225°C.
However, to derive a clearer picture, isothermal
DMA of the prepreg was done at 250°C and is
shown in Figure 7. In this case, dynamic heating
was applied until 250°C was reached, followed by
isothermal heating at this temperature. It is
found that after an initial drop, E9 stagnates in
about 50–60 min at this temperature. The drop is
due to the glass transition of the partly cured
matrix at this temperature. On the basis of this
information, samples of CEPOX were subjected to
a final cure at 250°C for 1 h. Composites required
shorter cure times than the corresponding neat
resins because the presence of functional groups
on the surface of the reinforcements provided ad-
ditional reaction sites and catalysts, enhancing
the cure rate. For molding convenience, the sys-
tems were heated in a stagewise manner.

Mechanical Properties of Composites

In the present work, the mechanical properties of
the glass-laminated composites, cured under
identical conditions, were investigated as a func-
tion of the resin composition. The results are
given in Table V. It is found that there is an
improvement in ILSS as the resin accommodates
more epoxies. The fiber wetting is promoted by
the more polar and less viscous EPN and its cured
product, [i.e., poly(oxazolidinone)]. However, for-
mation of oxazolidinone adversely affects the
high-temperature performance of the composites
as evident from a sharp decrease in ILSS at
150°C. Moreover, the extent of retention of ILSS
at this temperature decreases proportional to the
oxazolidinone content in the network. The flexi-
ble, low Tg oxazolidinone moieties ease the com-
posite interface, which accounts for the observed
reduction in property. The good bonding pro-

Figure 7 DMA of prepregs (dynamic and isothermal
mode). (——) CEPOX-1, (- - -) CEPOX-3. Heating rate
for dynamic part: 5°C/min.

Table V Mechanical Properties of E Glass-Reinforced Laminates of CEPOX and BACY

Matrix

(0°)
Compressive

Strength
(MPa)

Flexural
Strength

(MPa)

ILSS (MPa)

Ambient
Temperature 150°C

% Retention
at 150°C

CEPOX-1 270 410 61 29 47.5
CEPOX-2 222 490 67 37 55.2
CEPOX-3 156 400 60 34 56.7
CEPOX-4 208 485 44 — —
BACY 293 501 58 38 65.5
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moted by EPN was, however, not translated to
the flexural or compressive strengths of the com-
posites. The flexural strength was found to gen-
erally decrease as the oxazolidinone content in-
creased. This is contrary to the result for the neat
resin wherein the flexible oxazolidinone rings
contributed to enhance the strength. Because
blending results in stronger interphase, the fail-
ure can be expected only in the matrix. If this is
the case, the flexural strength of the composite
should have shown an increasing trend with an
increase in epoxy content. The inverse trend ob-
served implies that the network structure, formed
in the presence of the glass reinforcement, could
be different from that in the neat resin. The re-
verse trend in flexural strength of the neat resin
and that of the composite observed here substan-
tiates the general observation that neat resin
properties cannot be extrapolated to the compos-
ite on a one-to-one basis. Similar observation was
made in another study on the nonreactive blend of
cyanate ester and bismaleimide.6

The compressive strength, however, shows an
initial decrease and then an increase with in-
creasing oxazolidinone content. It appears that
the strength diminishes as the matrix attains a
more heterogeneous composition. Pure BACY has
a uniform network and CEPOX-1 tends toward
homogeneity (formation of more of oxazolidinone).
Intermediate compositions (i.e., between BACY
and CEPOX-1) have more heterogeneous network
structures, which appear to be less resistant to
compressive loads.

CONCLUSION

The blends of a novolac epoxy resin and BACY
coreact to form crosslinked networks of which
mechanical, physical, thermal, and laminate-
composite properties depend on their composi-
tion. The binary system apparently showed a sin-
gle-step curing in DSC, whereas multiple step
curing was manifested in DMA analysis. The cure
reaction conditions were optimized by DMA. The
FTIR spectrum of the cured polymer indicated the
presence of both cyanurate and oxazolidinone, in
league with published literature in this respect.
The mechanical properties of the neat resin mold-
ings of the blend were, by and large, inferior to
those of the pure polycyanurate, although the
presence of flexible, aliphatic oxazolidinone rings
in the blends is conducive for increasing the flex-
ural strength. Tensile strength was decreased by

the formation of oxazolidinone. A trend in compo-
sitional dependency of mechanical properties of
the laminated composite did not bear any corre-
lation to that of the neat resin. Although the polar
heterocyclic oxazolidinone favored a stronger in-
terphase, the effect was not reflected in the flex-
ural strength of the composite, which showed a
decreasing trend with the increase in oxazolidi-
none content. The fact that the increased flexural
strength of the neat resins was not translated to
the composite implied complex failure mechanism
of the composite under flexural stress and the
possibility for a different matrix composition in
the composite in comparison to the neat resin
molding. The CTE values of CEPOX resins at
higher temperature increased with increasing ep-
oxy content in the blend. The dielectric properties
and moisture absorption of the cured blend did
not show major deviation from those of the pure
polycyanurate. The thermal stability of the oxazo-
lidinone-modified cyanurate decreased in propor-
tion to the concentration of the relatively less
thermally stable oxazolidinone rings in the ma-
trix. A similar trend was observed in the Tg of the
network also, wherein the flexible aliphatic rings
eased the rotation of the chains more than the
rigid triazine.

The authors are grateful to their colleagues in the
Analytical and Spectroscopy Division for support in
various analyses. C. V. Mohandas, RPP, is thanked for
the support in mechanical testing.

REFERENCES

1. Bauer, M.; Bauer, J. in Chemistry and Technology
of Cyanate Ester Resins; Hamerton, I., Ed.; Chap-
man and Hall: Glasgow, UK, 1994.

2. Hamerton, I., Ed. Chemistry and Technology of
Cyanate Ester Resins; Chapman and Hall: Glas-
gow, UK, 1994.

3. Fang, T.; Shimp, D. A. Prog Polym Sci 1995, 20, 61.
4. Penczek, P.; Kaminska, W. Adv Polym Sci 1990, 97,

41.
5. Gaku, M. Polym Prepr 1994, 71, 621.
6. Reghunadhan Nair, C. P.; Francis, T.; Vijayan,

T. M.; Krishnan, K. J Appl Polym Sci to appear.
7. Krumweide, G. C.; Akau, R. L. AIP Conf Proc, Part

2 1996, 361, 883.
8. Grenier-Loustalot, M. F.; Lartigau, C. J Polym Sci,

Polym Chem Ed 1997, 35, 3101.
9. Fainleib, A. M.; Shantali, T.; Sergeeva, L. Plast

Massy 1995, 1, 16.
10. Fyfe, C. A.; Niu, J.; Rettig, S. J.; Wang, D. W.;

Poliks, M. D. J Polym Sci, Polym Chem Ed 1994,
32, 2203.

1684 MATHEW, REGHUNADHAN NAIR, AND NINAN



11. Kim, B. S. J Appl Polym Sci 1997, 65(1), 85.
12. Sakamoto, K.; Higuchi, T.; Kasai, Y. Jpn Pat Appl

76,39,770, 1976, Chem Abstr 85, 47799.
13. Mitsubishi Gas Chem Co. Inc. Jpn Pat Appl

85,125,661, 1985, Chem Abstr 103, 197100.
14. Mitsubishi Gas Chem Co. Inc. Jpn Pat Appl

81,141,310, 1981, Chem Abstr 96, 53279.
15. Notomi, T.; Ozaku, M.; Nakamichi, K.; Suzuki, K.

Jpn Pat Appl 75,116,541, 1975, Chem Abstr 84,
60535.

16. Ger. Pat. Appl. 3423385. (From Ref. 4).
17. Take, M.; Nozaki, M. Jpn Pat Appl 88,69,883, 1988,

Chem Abstr 109, 191741.
18. Bauer, M.; Gnauck, R. Acta Polym 1987, 38, 658.
19. Bauer, M. Acta Polym 1987, 38, 393.
20. Grigat, E.; Putter, R. Chem Ber 1964, 97, 3012.
21. ASTM D 638. ASTM Book ASTM Stand 1982, vol.

35.
22. ASTM D 790. ASTM Book ASTM Stand 1981, vol.

35.
23. ASTM D 3410. ASTM Book ASTM Stand 1975, vol.

36.
24. ASTM D 2344. ASTM Book ASTM Stand 1976, vol.

36.
25. Bauer, M.; Bauer, J. Makromol Chem, Macromol

Symp 1989, 30, 1.
26. Shimp, D. A.; Wentworth, J. E. SAMPE Int Symp

1992, 38, 292.

27. Bauer, M.; Bauer, J. J Polym Sci, Polym Chem Ed
1990, 28, 97; Acta Polym 1990, 41, 535.

28. Fyfe, C. A.; Niju, J.; Mok, K. J Polym Sci, Polym
Chem Ed 1995, 33, 1191.

29. Failnleib, A. M.; Seminovich, H. M.; Brovko, E. A.;
Sergeeva, L. M. in Macromolecules, New Frontiers,
Proceedings of Macro-98, IUPAC International
Conference, Chennai, India; Srinivasan, K. S. V.,
Ed.; Allied Publishers: New Delhi, 1998; p. 818.

30. Bauer, M.; Bauer, J.; Ruhmann, R.; Kuhn, G. Acta
Polym 1989, 40, 397.

31. Epstein, G.; Ruth, S. SAMPE J 1996, 32, 1.
32. Almen, G. R.; Mckenzie, P. D.; Malhotra, V.;

Maskell, R. K. Presented at the 23rd International
SAMPE Technical Conference, New York, 1991, p
947.

33. Blair, C.; Zakrzewski, J. Proc SPIE Int Soc Opt Eng
1992, 1690, 300.

34. Kiefer, J.; Hilborn, J. G.; Hedrick, J. L.; Cha, H. J.;
Yoon, D. Y.; Hedrick, J. C. Macromolecules 1996,
29, 8546.

35. Bogan, G. W.; Lyssy, M. E.; Monnerat, G. A.; Woo,
E. P. SAMPE J 1989, 24, 6 & 19.

36. Plastics Technology, July 1989, p 25.
37. Charles, N. H.; Snyder, B. A. Presented at the 41st

International SAMPE Symposium, Anaheim, CA,
1996, p 814.

CYANATE ESTER–EPOXY BLENDS 1685


