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ABSTRACT In this work, the effect of a negative thermal expansion zirconium tungstate (ZrwW,Os) filler on the cure behavior of a
unique low-viscosity bisphenol E cyanate ester (BECy) is characterized by differential scanning calorimetry. The cure rate of BECy is
found to increase upon the incorporation of ZrW,Og particles, and the catalytic effect increases with increasing filler loading. The
catalytic effect is primarily attributed to the presence and nature of hydroxyl groups on the ZrW,Og particle surface. In comparison
with BECy/ZrW,0s composites of the same loading, silane-coated ZrW,Og particles resulted in a higher value of the glass transition
temperature (Ty) and a delay in the onset of the cure. The ability of a phenomenological reaction model to describe the cure behavior

of the composites is also examined.
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1. INTRODUCTION
isphenol E cyanate ester (BECy) is a unique resin that

is ideally suited for use in polymer matrix composites
(1, 2). Unlike other cyanate ester and epoxy mono-
mers, BECy exhibits low viscosity (0.09 Pa-s) at ambient
temperatures (3), which is conducive for the incorporation
of filler particles. Furthermore, BECy cures by cyclotrimer-
ization (2), as demonstrated in Figure 1, and forms a cross-
linked thermoset with a high glass transition temperature
(Ty). Hence, recent work has focused on the development
of high-performance composite materials through the incor-
poration of various fillers in BECy such as fumed silica (4),
alumina nanoparticles (5), and zirconium tungstate (6).
Filler materials are employed to tailor the thermal, me-
chanical, rheological, and dielectric properties of polymer
resins (7). Achievement of the desired property enhance-
ments is often determined by the degree of interaction and
the interface between the filler particles and the polymer
matrix (7). Although several researchers have investigated
the cure kinetics of cyanate ester resins, the number of
studies on the cure behavior of filler-reinforced cyanate ester
composites is limited. Ganguli and co-workers (8) reported
that silicate clay nanoparticles catalyzed the cure of a
cyanate ester resin. Kissounko and co-workers (9) reported
that the initial cure rate of a cyanate ester doubled upon the
addition of clay nanoparticles. Goertzen and co-workers (4)
reported that silica nanoparticles catalyzed the cure reaction
of the BECy resin. In recent work, Sheng (5) found that the
incorporation of alumina nanoparticles resulted in a catalytic
effect on the cure kinetics of BECy; the increase in the cure
rate was attributed to the presence of hydroxyl groups on
particle surfaces and the Lewis acidity of the y-phase alu-
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FIGURE 1. Cyclotrimerization reaction of BECy.

mina. In this work, we investigate whether the cure kinetics
of BECy are influenced by zirconium tungstate filler rein-
forcements, which also possess surface hydroxyl groups
(10).

Zirconium tungstate (ZrW,0Osg) is a ceramic material that
exhibits strongly negative isotropic thermal expansion over
a wide temperature range, reported between 20 and 950 K
(11—14). The negative coefficient of thermal expansion
(CTE) behavior in ZrW,0g arises as a consequence of trans-
verse vibrations exhibited by oxygen atoms that connect
zirconium oxide octahedra with tungsten oxide tetrahedra;
these vibrations cause the polyhedra to rotate, resulting in
the structure receding inward and leading to an overall
reduction in size (1 1—14). The values of the CTE for ZrW,0Og
can range from —8.7 x 107%to —1 x 107°¢ K™!, depending
on the temperature and pressure (11). Consequently, a few
studies in the literature (15—19) have reported that the CTE
of polymer matrix composites can be tailored through the
incorporation of various amounts of ZrW,Os. In recent work
(6), the incorporation of micrometer-sized ZrW,Og has been
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found to result in dramatic reductions in the CTE of BECy.
Furthermore, the storage modulus was also found to in-
crease with Zrw,Og filler loading, although the glass transi-
tion temperature (Ty) of the composite was found to decrease
when determined by thermomechanical analysis. Various
applications have been projected for the low-CTE ZrW,Og/
polymer matrix composites such as adhesives, optical mir-
rors, and circuit boards (15, 17, 19). However, to the best
of our knowledge, the impact of the ZrW,Os filler on the
thermoset resin cure behavior has never been examined.

The thermomechanical properties of a composite are sig-
nificantly influenced by the resin cure conditions; hence, a
detailed understanding of the effect of ZrW,Os filler loading on
the cure of the BECy resin is crucial to optimizing the properties
of a high-performance thermoset and the cure schedules. The
objective of this work is to examine, for the first time, the effect
of ZrW, Qg filler loading on the cure kinetics of a BECy resin by
differential scanning calorimetry (DSC) measurements. Fur-
thermore, because one study (18) in the literature has reported
that significant improvements in the thermomechanical prop-
erties of thermoset resins are possible through the surface
treatment of Zrw,0g, we also examine the impact of a silane
surface treatment of ZrWw,0Og on the Ty and cure behavior of
BECy composites.

The reaction conversion or degree of cure of a resin can
be monitored by performing a dynamic scan at a constant
heating rate. The cure reaction of a thermoset manifests as
an exotherm in the heat-flow signal measured by DSC, and
the degree of conversion (o) from the BECy monomer
(where oo = 0) to a fully cross-linked polymer network (where
o. = 1) can be determined as shown in eq 1

a(t) = H_ (1)

where Hpg is the total enthalpy of the reaction obtained by
integration of the total area under the heat-flow curve and
H(t) is the enthalpy of the reaction at time ¢ (20). The nature
of cure reactions can be further examined through model
fits of DSC data with phenomenological reaction models. In
this work, the cure behavior of BECy/ZrW,0g composites is
examined by fitting the data from DSC measurements with
an autocatalytic reaction model because the model has been
found to provide an excellent description of both isothermal
and dynamic DSC cure measurements of BECy in previous
work (2). The ability of autocatalytic reaction models to
describe cyanate ester cure kinetics has also been demon-
strated by Chen and co-workers (21) and by several early
reports in the literature, which are described elsewhere (22).

2. METHODOLOGY

2.1. Materials. The bisphenol E cyanate ester (BECy) used
in this work was purchased from Bryte Technologies (Morgan
Hill, CA) as a EX-1510 resin. Zirconium tungstate was obtained
from ATI Wah Chang (Albany, OR) in the form of a powder with
a reported median particle diameter of 22 um (23) and was
stored in a tightly sealed container prior to use. The density of
ZrW,0g was taken as 5.07 glcm® (11).
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2.2. Sample Preparation. Zirconium tungstate particles (10
and 20 vol %) were added to a vial containing 1.5 g of the BECy
resin and dispersed by ultrasonication using a sonic probe. The
filler loading is possible with relative ease because of the low
ambient temperature viscosity of the EX-1510 BECy resin. The
vials were also sonicated prior to each DSC measurement in
order to minimize possible errors in composition due to settling
of the filler particles.

2.3. DSC Measurements. Cure characterization of the BECy
and BECy/ZrW,0g composites was performed in a model Q20
DSC from TA Instruments (New Castle, DE). T-Zero hermetic
pans (TA Instruments) were loaded with ca. 8 mg samples and
cured at 5, 7, 10, and 15 K/min heating rates from room
temperature to 350 or 360 °C.

Measurements of the glass transition temperature were
performed in a model Q2000 DSC from TA Instruments for
samples cured at 15 K/min. The sample was heated above Ty
to erase the previous thermal history and was subsequently
cooled at 10 K/min to 25 °C, and a second heating scan at 10
K/min was performed to 350 °C. The glass transition temper-
ature of each sample was determined from the second heating
scan as the onset point of the step change in the heat flow.

2.4. Thermogravimetric Analysis (TGA) Measurements.
The filler content in each sample was examined in a Q50
thermogravimetric analyzer from TA Instruments. The mea-
surements were performed by heating a small quantity of the
sample at 20 K/min under air purge.

2.5. Silane Treatment of ZrW,0g. Zirconium tungstate
particles were dispersed with 125 mL of distilled and dry
tetrahydrofuran (THF) in a 250 mL flask by sonication in an
ultrasonic bath (Branson model 1510). Next, 2.5 mL of a
(glycidyloxypropyltrimethoxysilane (GPS) solution was injected
into the flask, and the mixture was refluxed for 2 days at 95
°C. The solution was centrifuged to separate the functionalized
particles from the mixture. The functionalized Zrw,Og (F-
ZrW,0g) particles were washed with THF to remove excess GPS
and separated from the solution by centrifugation. The particles
were allowed to dry at room temperature for 2 days and
subsequently dried under vacuum to remove residual solvents.

2.6. Fourier Transform Infrared (FT-IR) Measurements.
The presence of hydroxyl groups in ZrW,Og particles was
verified through FT-IR spectroscopy measurements. The samples
were prepared in the form of pellets along with potassium
bromide (KBr) in a pellet press. The measurements were
performed on a Vertex 70 FT-IR spectrometer from Bruker Inc.
(Madison, WI).

2.7. X-ray Diffraction (XRD) Measurements. XRD mea-
surements were performed on a Scintag XDS-2000 powder
diffractometer with a Cu radiation source and an air-cooled
Peltier silicon detector. A step size of 0.02° was employed.

3. RESULTS AND DISCUSSION
Zirconium tungstate can exist in three different phases

and exhibits some unique behavior on heating at ambient
pressures. The heat-flow curve obtained from DSC measure-
ments of as-received ZrW,0Og is shown in Figure 2. An
endothermic transition can be observed in the heat flow with
a peak at 140 °C; this corresponds to a change in the crystal
structure of Zrw,0Og from an orthorhombic to a cubic lattice
and is known as the y—o-phase transition, as confirmed by
the calorimetric measurements of Holzer and Dunand (24).
Upon heating above 150 °C, another transition from the o
phase to the f phase can be observed because of a change
in the crystal structure from an ordered to a disordered cubic
lattice. The order—disorder transition is reversible upon
cooling and occurs because of a transfer of mobile oxygen
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FIGURE 2. DSC thermogram showing phase transitions of ZrW,O4
from y to o at 140 °C and from o to  at 160 °C.
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FIGURE 3. Comparison showing the effect of heat treatment on the
cure Kinetics of BECy/ZrW,05 composites.

atoms within the structures. However, the a or 3 phase can
be transformed to the y phase only through application of
pressures up to 200 MPa (11, 25—27). The as-received
ZrW,0g and heat-treated Zrw,0Og, which was heated above
the temperature range of the y—a phase-transition, were
compared by XRD measurements. Although the two pow-
ders were expected to be in different phases, i.e., y and a,
respectively, no significant difference was observed in the
XRD spectra, apart from slight differences in intensity. A
similar result was reported by Perrottoni and and Da Jornada
(28), who suggested that, even though a pressure of 200 MPa
is sufficient to induce the formation of the y phase, marked
differences in XRD or Raman spectra between the cubic
phase and the orthorhombic y phase are observed only if
the y phase had been induced by the application of pressures
on the order of 1 GPa.

In order to examine whether the phase transitions of
ZrW,0g have an impact on the cure of BECy, the ZrW,0g
powder was heated above the temperature range of the
y—o-phase transition in a convection oven so that the
powder is never in the y phase during the cure. The heat-
flow curves obtained for BECy/ZrW,0g composites with 10
vol % of heat-treated and as-received fillers are compared
in Figure 3. The heat-flow curve of the resin with as-received
ZrW,0g exhibits an endotherm with a peak temperature at
140 °C due to the y—a-phase transition, whereas the heat
flow of the resin with heat-treated Zrw,Og does not exhibit
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FIGURE 4. Comparison of weight loss curves between as-received
ZrW,05 (0) and F-ZrW,05 (O).

the y—a-phase transition, as shown in the inset of Figure 3.
Apart from this difference, no other variations in the onset
or peak temperature of the cure exotherms can be observed
between the two methods, suggesting that heat treatment
of Zrw,0g does not significantly influence the cure kinetics.
This also indicates that the as-received Zrw,Og particles do
not contain a significant amount of adsorbed water, which
would have led to some differences in the cure kinetics
between the BECy resin with heat-treated Zrw,0g and as-
received particles. Hence, the BECY/ZrW,0g composites
were prepared without any additional thermal treatments
for Zrw,Os.

The compositions of the composite samples were verified
by TGA measurements. Upon heating to 800 °C, BECy
degrades completely and ZrW,0g decomposes to ZrO, and
WOs. The average difference in volume percent between the
expected loading and the value determined from TGA is
found to be less than 1 % if the weight loss of ZrW,Og is also
accounted for. The weight loss curves of Zrw,Og and
F-ZrW,0g particles are shown in Figure 4. In general, for
ceramic oxides such as ZrW,Og, the weight loss up to
200 °C may be attributed to physically adsorbed water,
while any loss that occurs between 200 and 600 °C may
be attributed to the loss of surface hydroxyl groups (29). On
the basis of the weight loss between 200 and 600 °C, the
hydroxyl group content in the ZrwW,0g particles may be
estimated as 0.47 wt % . It is noted that the weight loss for
F-ZrW,0g particles up to 200 °C is found to be similar to
that of ZrW,Og particles, indicating no significant difference
in the content of physically adsorbed water. However, the
weight percent of F-ZrW,0g particles is found to be lower
between 200 and 600 °C when compared to that of the as-
received particles because of decomposition of the organic
constituents of GPS. An estimate of the OH content for the
F-ZrW,0g particles is difficult to obtain by TGA measure-
ments because of the overlap of the weight loss regimes of
the loss hydroxyl groups and silanes.

DSC measurements of the composite Ty can also be used
to examine the impact of filler loading and silane surface
treatments. As shown in Figure 5, Ty of BECy decreases by
up to 13.5and 14.5 °C upon the incorporation of 10 and 20
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FIGURE 5. Effect of ZrW,0g and F-ZrW,05 loading on Ty.

vol % ZrW,0Og particles, respectively; however, the Ty reduc-
tion is substantially mitigated upon performing silane treatment
of ZrwW,0Og. Upon the incorporation of 10 vol % F-Zrw,Og, the
Ty of the composite increases by 3.9 °C compared to BECy.
Upon the incorporation of 20 vol % F-ZrW,0Og, Ty is found to
be reduced by 6 °C compared to BECy, which is a significant
improvement compared to untreated particles at the same
loading. The enhancement in T could be due to the improved
compatibility of F-ZrW,Og with the BECy polymer matrix as a
consequence of silane surface treatment.

The dynamic DSC curing measurements for the neat
BECy resin and BECy/ZrW,0s composites are shown in
Figure 6a—d. The value of AH for BECy is found to be
699.1 J/g (92.2 K]/cyanate equivalent), which is consistent
with the values obtained in our previous work (2) with BECy
and also in the range reported in the literature for other
cyanate ester resins (30, 31). AH does not vary systemati-
cally with the filler loading and has an average value of 691.2
J/g (91.2 K]/cyanate equivalent) for the ZrW,Og-reinforced
resins The cure onset and peak temperatures obtained from
the exotherms in Figure 6 are plotted as a function of the
heating rate in Figures 7 and 8, respectively. The exotherm
onset and peak temperatures for BECy/ZrW,0g composites
are found to be significantly lower than the corresponding
values for the neat BECy resin at every heating rate. Fur-
thermore, the values of the onset and peak temperatures
exhibit a systematic decrease with increasing ZrW,Og load-
ing. The decrease in both the onset and peak temperatures
with ZrW,0g loading is indicative of a significant increase
in the cure rate. It is noted that the values of the onset and
peak temperatures for BECy/F-ZrW,0Og are also lower than
the corresponding values for BECy, indicating an increase
in the cure rate upon the incorporation of F-ZrW,Og. Fur-
thermore, the onset temperatures for the composite with 20
vol % F-ZrW,0Og are found to be higher than the values for
the composite with 20 vol % as-received ZrW,Og at any
heating rate. Hence, the experiments demonstrate that, at
the same loading, silane treatment of Zrw,Og results in a
delay in the onset of BECy cure in comparison with un-
treated ZrW,0g. Although the peak temperatures for the
composite with F-ZrW,0g are found to be higher than
the values for the composite with untreated ZrwW,0Og at the
slower heating rates of 7 and 5 K/min, no difference can be
observed in the values at higher heating rates.

www.acsami.org

The increase in the cure rate of BECy observed upon the
incorporation of ZrW,Os is believed to be due to the pres-
ence and nature of hydroxyl groups on the filler particle
surface. The presence of hydroxyl groups is confirmed by
the FT-IR measurements of ZrW,0g shown in Figure 9, in
which the peak observed around 3500 cm™' corresponds to
the stretching of hydroxyl groups. The FT-IR data of
F-ZrW,0g shown in Figure 9 are similar to the spectrum of
as-received ZrW,0g. Although the TGA and DSC measure-
ments demonstrate the effect of silane treatment on the
ZrW,Og particles, the differences are not captured in the FT-
IR spectra because of the occurrence of a large peak, possibly
due to ZrO, in the region (700 cm™') where the peaks of
silane groups are expected. The catalytic effect of surface
hydroxyl groups on the BECy resin observed in this work is
consistent with previous work in our laboratory, in which
the addition of silica (4) or alumina (5) that contain surface
hydroxyl groups increased the curing rate of BECy. The
surface hydroxyl groups can react with BECy and form a
covalent bond between the particle and the polymer matrix,
leading to the observed increase in the cure rate (4). The
silane surface treatment involves a replacement of the OH
groups with O—Si bonds and, hence, the concentration of
hydroxyl groups is reduced in the F-ZrwW,Og particles, leading
to a delay in the onset of cure when compared with BECy/
Zrw,0g composites.

The effect of the Zrw,0Og filler particles on the cure
behavior of the composites may be further explored using
phenomenological reaction models. The use of phenomeno-
logical models may involve shortcomings such as a lack of
the physical meaning of model parameters; however, it is
widely acknowledged that such models capture the essential
features of the resin cure behavior (32). In the model
calculations, the rate of cure is expressed as a function of
the degree of cure, f(a), and a temperature-dependent rate
constant, K(7), as shown in eq 2:

% = fla) K(D) 2)

In previous work by Sheng and Kessler (2), a wide range of
isothermal and dynamic cure measurements of BECy were
found to be well described by the autocatalytic model shown
below:

flay =1 — a)"a" (3)

where n and m are fit parameters of the reaction order.
Finally, substituting the Arrhenius expression for rate con-
stant K(T) = A exp(—E,/RT) and the heating rate f = dT/dt
gives the rate of cure with respect to the temperature, as
shown by eq 4.

da A (_Ea) n_m

— = Zexp| == — 4

dTr B p RT ( @'a “)
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FIGURE 7. Comparison of the onset temperatures (7T,) for the BECy
resin and composites as a function of the heating rate.

In eq 4, E, represents the activation energy of the cure
reaction. The fits of the autocatalytic model to the experi-
mental curves are shown as solid lines in Figure 6a—d. The
model is found to provide an excellent fit to the experimental
data, and the Kkinetic parameters are tabulated in Table 1.
The fact that the same autocatalytic model can describe the
cure of BECy, the catalytic effect of the ZrW,Og particles, and
the delay in the cure as a consequence of silane surface
treatment indicates that the overall reaction mechanism is
not significantly altered upon the incorporation of filler
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particles. The delay in the cure behavior of BECy upon the
incorporation of F-ZrW,Os is likely a result of partial steric
shielding of the catalyzing hydroxyl groups on Zrw,0g by
the silane groups in GPS and is consistent with the higher
onset temperatures shown in Figure 7 for these systems.
These differences in the cure behavior of BECy as a conse-
quence of the filler loading and type need to be accounted
for to optimize the thermomechanical properties of the
composites.

Haman et al. www.acsami.org



% Transmittance

L

0 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500
Wave number (cm'1)
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Table 1. Kinetic Parameters Obtained from an
nth-Order Autocatalytic Model Fit

sample log A (s™") E, (KJ/mol) n m
BECy 4.89 74.2 0.87 0.58
10 vol % Zrw,Og 10.27 119.8 1.51 0.32
20 vol % Zrw,0g 5.04 67.3 1.36 0.55
20 vol % F-Zrw,0Og 7.78 92.6 1.8 0.58

4. CONCLUSIONS

In this work, the impact of the zirconium tungstate filler
particles on the cure behavior of BECy was examined by
dynamic DSC measurements. The cure of BECy is expedited
upon the incorporation of ZrwW,0g, indicative of a catalytic
effect of the particles. The catalytic effect is found to increase
with increasing loading of the Zrw,0Og filler loading. The
increase in the cure rate of BECy with the filler loading is
believed to be due to the presence and nature of surface
hydroxyl groups on the ZrW,Og particles. The reduction in
Ty observed upon filler loading in BECy/ZrW,0s composites
was substantially mitigated when the ZrW,Og particles were
functionalized with silane surface treatment. Although the
silane-treated ZrW,Og particles were also found to cata-
lyze the cure of BECy, the dynamic DSC experiments
indicate that the onset of the cure is delayed in comparison
with that of BECy/ZrW,0g composites of the same loading.
The cure behaviors of BECy/ZrW,0g and BECy/F-ZrW,0g
composites were found to be well described by an autocata-
lytic reaction model, which indicates that, in spite of differ-
ences in cure kinetics, the overall mechanism of the BECy
cure is not significantly altered upon the incorporation of
ZrW,Og particles.
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