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Abstract

In this paper, a cyanate ester (CE) matrix has been modified with polysulfone and an organic montmorillonite (Nanofil 919). The blend was
thermally cured in presence of copper acetylcetonate and nonylphenol. The morphology of the cured materials was investigated by wide angle X-
ray, scanning and transmission electron microscopy techniques. An intercalate structure of silicate platelets in the cyanate matrix has been
obtained. Furthermore, results of thermogravimetric analysis (TGA) suggest that CE/PSF/Nanofil 919 nanocomposites have higher thermal
stability than the neat resin, increasing the onset decomposition temperature. Flexural strength distributions of modified and neat cyanate matrices
were obtained by testing the materials in three-point bending. The results were analyzed within the framework of Weibull statistics. The flexural
behavior of the resins demonstrated to be sensitive to the intrinsic flaw distribution. The modified system displayed higher fracture toughness and
impact strength compared to pure CE. Dynamic mechanical analysis (DMA) studies confirmed that the PSF modified matrix developed a two-

phase morphology consisting of spherical PSF dispersed in a thermoset matrix.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Cyanate ester resins have been touted as potential
replacements for epoxies in high temperature encapsulation
applications. These matrices possess great thermal stability,
high moisture resistance, low ionic contaminant concentration,
good dielectric properties, and have the benefit of being single
component materials [1,2]. After heating, the ester monomer
undergoes self-cyclotrimerization to form a three-dimensional
network structure of polycyanurate [1,2]. For industrial
purposes, the cure of these resins is generally carried out in
presence of a catalyst system to accelerate the cure process and
to attain high levels of conversion [2—4].

However, like most other high performance thermosets,
cyanate esters alone do not possess the mechanical properties
needed for the applications described above. They can be
substantially toughened by the addition of a rubbery or a rigid
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thermoplastic component [1,2,5-12]. The most effective
toughening approach in order to attain an enhancement in
fracture toughness has been the incorporation of a high
modulus and high glass transition temperature thermoplastic
[1,2,6,9-13]. So, the matrix retains its properties such as high
modulus and high glass transition temperature. The thermo-
plastic is initially miscible with the resin and phase separates
during polymerization [12-15].

In the last years, the addition of nanoscale fillers, such as
layered silicates, has been used as an alternative approach to
enhance performance [16-22]. The major reason in introducing
these fillers into polymers at the nanoscale level is the
pronounced improvements in properties one can obtain at
low clay contents. The exfoliated configuration is of particular
interest because it maximises the polymer-layered silicate
interactions, making the entire surface of the layers available
for interactions with the polymer matrix. This should lead to
most dramatic changes in mechanical and physical properties.

In order to ascertain the material resistance in flexion, three-
point flexure tests utilize rectangular bars subjected to three-
point flexural loading, which provides a state of pure tensile
stress on the underside of the specimen [23]. It is convenient to
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determine the flexural strength distribution. So, since these
thermoset matrices are brittle materials, the Weibull model
[24] can be employed to fit the rupture load distribution.

The objective of the present study is to investigate the
possibility to synthesize materials with nanocomposite struc-
ture based on a layered organic silicate, a thermoplastic and a
cyanate matrix. The material selection has been supported by
previous works where polysulfone (PSF)/organo clay and
cyanate/organoclay have been studied [16,18,21]. Conse-
quently, the aim of the current study was to investigate the
properties and structure of a cyanate matrix modified with PSF
and/or an organically modified montmorillonite.

2. Experimental
2.1. Materials

A bisphenol A-based cyanate resin BADCy, (4-4'-dicya-
nato-2,2’-diphenylpropane) monomer with the trade name of
AroCy B10, 99.5% purity and with an equivalent of
139 g/equiv. was gently supplied by Ciba-Geigy. The catalyst
system was formed by the complex metal copper (II)
acetylacetonate, Cu(AcAc),, and the co-catalyst nonylphenol,
NP, (technical grade) from Aldrich. The thermoplastic used
was polysulfone (PSF), (Amoco UDEL P-1700) with M/M,:
38,000/36,000 and T,=185 °C. The layered silicate used in
this study is an industrial organically modified montmorillonite
with commercial trade name Nanofil 919 supplied by Siid
Chemie. It has a cation exchange capacity (CEC) of
0.75 mmol/g being the Na™ ions substituted by sterylbenzyl-
dimethylammonium chloride, (CH53),N " CH,PhHT where HT
18 65% C18,30% C16 and 5% C14. The medium particle size is
35 M, it shows a loss of ignition of 35 wt% and an interlaminar
distance of 1.91 nm.

2.2. Sample preparation

Cyanate resin was blended with the required amount of the
catalytic system, that is, Cu(AcAc), at concentration of
360 ppm and NP at a concentration of 2% of the total resin
weight (phr), prior to cure. The required amount of metal
catalyst was predissolved in NP at 100 °C with continuous
stirring until a homogeneous mixture was obtained and cooled
down to room temperature. The catalytic blend was added to
the preselected weight of the molten resin at 90 °C, stirred for
5 min to obtain a homogeneous mixture and immediately
quenched before any reaction could occur. Prior to cure, the
catalysed samples were stored in the refrigerator in a desiccator
to avoid moisture absorption. The organoclay was previously
dried for 24 h at 80 °C and mixed with the resin for 30 min at
room temperature using a high-shear mixing blade Dispermat®
CN20 (VMA-Getzmann GMBH, Alemania) at 7100 rpm with
a 5-cm-diameter disk for 25 min. The PSF-Nanofil modified
cyanate was prepared by adding 10 wt% PSF to the previous
cyanate/Nanofil mixture at 90 °C. Air bubbles introduced
during stirring were removed keeping the sample under
vacuum at 90 °C for a short period of time.

Plates were obtained by casting the mixtures into moulds
consisting of two rectangular glass plaques covered with
Freetoke release agent spaced by a 5 mm Teflon frame and held
together with clamps. The cure schedule was 3 hat 170 °C, 2 h
at 200 °C and 1 h at 250 °C. A DSC analysis of the samples
confirmed that they were fully cured. The cured plaques were
allowed to cool slowly to room temperature, removed from the
mould and machined to produce bars for mechanical testing.

2.3. Characterization

X-ray diffraction patterns (XRD) were recorded on a Seifert
analytical X-ray 3003 TT X-ray diffractometer using the Cu K,
radiation.

The morphology of the PSF and/or Nanofil 919 cyanate
resin was studied by scanning electron microscopy (SEM) and
by transmission electron microscopy (TEM). The scanning
electron microscope was a Hitachi S-4100 with an acceleration
of 10 kV and a distance around 12—-14 mm. Samples for SEM
observations were fractured in liquid nitrogen. The specimens
for transmission electron microscopy were prepared by
microtoming in a Reichert-Jung Ultracut Microtome at room
temperature and inspected using a transmission electron
microscope (TEM) model Jeol Jem-1010 Electron Microscope.

The thermal gravimetric curves were measured on a
Setaram Setsys 92-12 under argon flow. The temperature
range was 25-1000 °C with a heating rate of 10 °C/min. The
temperature was determined with a commercially thermo-
couple type S noble-metal (Pt/Pt Rh (10%)) that can be used up
to about 2000 °C with an error of 0.28%. The error bar in mass
measurements was +0.4 pg.

The unmodified and PSF and/or Nanofil 919 modified
cyanate polymers were tested under flexure using the three-
point bending test experiment according to ASTM D790-93
[25] protocol. An Instron 5582 Universal Tester equipped with
a 5kN load cell at (23+2)°C was used at a crosshead
displacement rate of 5 mm/min. The specimen dimensions
were equal to (5+0.1) mm X (10£0.2) mm crosssection and
(100£5) mm in length. The length between supports was
80 mm as recommended by the protocol.

The flexural strength (oy), the maximum strain in the outer
fibre (¢) and the flexural modulus (E) were calculated from the
following expressions by loading the bars to failure

3PL 6\ od
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where P is the load at break, b and d are the width and the
thickness of the specimen, L is the length between supports, 6 is
the maximum deflection of the centre of the beam and s is the
slope of the tangent to the initial straight-line portion of
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the load-deflection curve. According to the ASTM protocol,
Eq. (1) has been used in this paper since the maximum outer-
fibre strain, ¢, exceeds 5% before fracture.

Fracture toughness experiments were conducted using a
single edge notched bend specimens according to ASTM E-399
protocol at (2342) °C and crosshead displacement rate of
1.6 mm/min. The specimen dimensions were equal to (5*
0.1) mm X (10+0.2) mm crosssection and (50+5) mm in
length. The length between supports was 40 mm. A minimum
of five specimens were used.

The critical stress intensity factor, Kjc was calculated using
the following expression

. P
Kyc = Bw!?2

>f (x) “4)

where, w is the sample width, B is the specimen thickness and
f(x) is a mathematic function that depends on crack length and
the sample width.

Then, the critical strain energy release rate, Gyc, can be
calculated by using the following expression

®)

where, v is the Poisson coefficient taken as 0.35 [26].

Dynamic mechanical analysis (DMA) tests were performed
on a 2980 Dynamic Mechanic Analyzer (TA instruments) in
the three point bending mode at a frequency of 1 Hz and
amplitude of 30 pm over the temperature range 30-350 °C. The
heating rate was 3 °C/min. Samples used were rectangular
strips with dimensions (50X 12X 5) mm. The storage modulus
(E') and the damping factor (tan §), as a measurement of the
glass transition temperature (1), were recorded.

3. Results and discussion
3.1. Morphological characterization

In this study, microcomposites have been formed by
incompatibility between polysulfone and the build up of a
crosslinked cyanate network, whereas, nanocomposites have
been formed via diffusion of the oligomeric prepolymer into
the interlayer regions, followed by crosslinking. The mor-
phology of these nano and/or micro composites was studied
using the XRD patterns, TEM and SEM observations.

Fig. 1 shows XRD profiles of dried Nanofil (a), (b) CE/
2 wt% Nanofil and (c) CE/2 wt% Nanofil/10 wt% PSF.
Nanofil has an interlayer spacing (dgp;) of 1.91 nm
corresponding to a diffraction peak angle, 20=4.64°. After
the curing process was completed, this interlayer spacing
shifts to 3.88 nm (20=2.49°) for Nanofil/cyanate, very close
to the value obtained in presence of PSF (dyg; =3.94 nm,
20=2.27°), which is indicative of a certain degree of mass
transfer into the galleries. Similar shifts have been observed
[16,18] for epoxy and cyanate systems indicating intercalation
of cyanate into the clay, as well as for PSF/organoclay
systems [21].
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Fig. 1. X-ray diffraction patterns of (a) Nanofil, (b) CE/2 wt% Nanofil and (c)
CE/2 wt% Nanofil/10 wt% PSF.

Fig. 2 shows the surface of the different systems as observed
by scanning electron microscopy (SEM), that is, the
unmodified resin (a), 2 wt% Nanofil (b), 10 wt% PSF/2 wt%
Nanofil (¢) and 10 wt% PSF (d) modified resin. The PSF
modified resin prepared as described was homogeneous, clear
and transparent, at the early stage of reaction (similar to the
neat resin). As the polymerization reaction proceeded, the
system developed a two-phase morphology due to two
competing factors, phase separation and matrix polymer-
ization, resulting in an opaque system. As can be observed in
Fig. 2(c) and (d) the PSF has been segregated from the cyanate
matrix as spherical domains originated during the course of
polymerisation with a certain degree of adhesion between the
matrix and the thermoplastic. Spherical particles of approxi-
mately 0.3 um corresponding to the PSF phase dispersed in

Fig. 2. SEM micrographs of (a) neat cyanate, (b) CE/2 wt% Nanofil, (c)
CE/2 wt% Nanofil/10 wt% PSF and (d) CE/10 wt% PSF.



3404

the cyanate rich matrix are observed. In turn, the Nanofil
modified cyanate resin shows a rough surface (Fig. 2(b)),
whereas, the CE/Nanofil/PSF (Fig. 2(c)) depicts a similar two
phases structure to Fig. 2(d) from the micro scale point of view.
It is widely recognized that in order to achieve good toughening
in a thermoplastic modified cyanate system, adequate interfacial
adhesion is necessary. The fracture surface of modified cyanate
shows coarse feature due to fast fracture. Visual examination of
the fracture surfaces of the unmodified resin revealed that the
crack showed flat propagation with a very smooth ‘mirror like’
zone, which is characteristic of brittle crack propagation.
Conversely, the fracture surface of the thermoplastic/organo-
clay modified resins, presented a rougher aspect compared with
the neat resin. The crack spreads regularly and oriented in the
direction of loading, suggesting typical characteristics of brittle
fracture. The behaviour observed when testing the material
under fracture can be attributed to the relatively low elongation
of the PSF at failure and the limited ability of the brittle matrix to
undergo shear deformation.

The intercalated structure in the Nanofil systems is further
supported by TEM micrographs presented in Fig. 3. No
exfoliated clay platelets are observed, whereas, small stacks of
intercalated Nanofil are randomly distributed in the cyanate
matrix. As it is frequently the case, the layers appear to be
roughly parallel to one another [27]. Van der Waals and
Coulombic forces between intergalleries are so strong that
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the silicate layers cannot be easily separated. Whether it is
exfoliated individually or merely intercalated is determined by
the above two forces and the force between monocyanate and
organoclay surface. Besides, the nano-scale organoclay layers
have high specific surface area and surface energy, which also
makes them to aggregate together rather than to disperse
homogeneously in the continuous cyanate matrix. Nanometer-
range intercalated clay tactoids can be clearly seen in Fig. 3(b)
and (d). The dark lines correspond to the crosssection of the
clay sheets of ca. 1 nm thickness and the gap between two
adjacent lines is the interlayer spacing or gallery. The measured
distance between the two adjacent lines, i.e. the interlayer
spacing of the intercalated tactoids, obtained from TEM
observations, is consistent with those from the XRD data. In
Fig. 3(c), we can observe 0.3-0.4 um diameter spherical PSF
particles homogeneously dispersed in the matrix without any
silicate layer intercalated. Presumably, the interaction clay/
cyanate is higher than clay/PSF under the experimental
conditions followed to cast the plaques in this work. Nanofil
has been dispersed in excess of cyanate and some resin has
been situated between the silicate platelets. There could also be
a kinetic complication specifically the relatively small entropic
driving force for additional randomization not being sufficient
to immediately overcome the high viscosity of the medium due
to PSF phase separation upon the increase of cyanate molecular
weight. So not intercalation between PSF and Nanofil has been

Pl R

Fig. 3. Transmission electron images of the nanocomposites. (a, b) CE/2 wt% Nanofil and (c, d) CE/2 wt% Nanofil/10 wt% PSF.
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detected upon the weight ratio investigated and experimental
conditions employed, similar to a published study [21].

3.2. Thermo stability of composites

Fig. 4 shows the thermogravimetric curves (a) (TG curves)
and corresponding derivative curves (b) (DTG curves) for
unmodified and PSF/Nanofil modified resin. The initial thermal
decomposition temperatures (onset temperature) of unmodified
resin, CE/10 wt% PSF, CE/2 wt% Nanofil and CE/10 wt%
PSF/2 wt% Nanofil and nanocomposites are 408, 422, 417 and
420 °C, respectively. This is possibly due to thermoxidative
degradation of the ether oxygen bond between the phenyl and
triazine rings [2]. The onset temperature decomposition of the
nano/micro composites is higher than for the neat matrix. This
may result from the interaction between organic and inorganic
phases and copolimerization between cyanate ester and Nanofil
(NH; — MMT). This may be partly due to kinetic effects, with
the platelets of organosilicate and spherical particles of PSF
retarding decomposition of the polymer matrix. These results
indicate that modified cyanate resin has better thermal stability
than the neat resin. Similar results of higher thermal
decomposition temperature of intercalated CE/organoclay
nanocomposites have been reported [16,18]. There are two
peak temperatures in the typical DTG thermograms for all
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Fig. 4. Thermogravimetric (a) and differential thermogravimetric (b) curves of:
(1) neat cyanate, (2) CE/10 wt% PSF, (3) CE/2 wt% Nanofil and (4) CE/2 wt%
Nanofil/10 wt% PSF.

samples as shown in Fig. 4(B). The first maximum
decomposition rate temperatures for the unmodified resin,
CE/10 w% PSF, CE/2 wt% Nanofil and CE/10 wt% PSF/
2 wt% Nanofil nanocomposites were 436, 433, 433 and 435 °C,
respectively. They correspond to thermo decomposition of the
ether oxygen bond between the phenyl and triazine rings. In
fact, this first peak is not influenced by the addition of organic/
inorganic modifiers. The second decomposition is due to the
breakdown of the triazine ring and the peak appears at 505 °C
for unmodified resin, 507 and 509 °C for CE/2%wt Nanofil and
PSF/2 wt% Nanofil, respectively, and 511 °C for CE/10 wt%
PSF, indicating a slight improvement for the PSF modified
cyanate resin.

3.3. Flexural test

Much of the work concerning the mechanical characteriz-
ation of unmodified and thermoplastic/organoclay modified
resins has been performed by testing the materials under
flexure [28-32]. This may be attributed to the fact that, in the
case of brittle materials subjected to tensile test, a slight
misalignment of the axial load is sufficient to cause premature
failure at the grips.

Three-point bending tests were carried out for the
unmodified and modified cyanate resin. Load—deflection
curves were plotted to determine the flexural strength, the
tangent modulus of elasticity and the strain at break. Fig. 5
shows a representative plot of load versus deformation
obtained in bending tests. Rupture loads of brittle materials
usually result in high data scatter, hence, in order to analyse the
flexural strength data distribution a number of specimens
higher than that recommended by the ASTM D790 protocol
has to be tested. As a compromise between minimizing both
the dispersion of the evaluation method and the experimental
effort, the use of a minimum number of 15 specimens has been
suggested [33-36]. In the present work, 20 and 18 specimens
for the unmodified and modified cyanate resin, respectively,
have been tested.
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Fig. 5. Load versus displacement curves for the different systems assayed: (@)
neat resin, (O) 9 CE/10 wt% PSF, (V) CE/2 wt% Nanofil, (ll) CE/10 wt%
PSF/2 wt% Nanofil.
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Flexural strength data were analysed within the frame of
Weibull statistics, which is the most widely used expression for
mechanical characterisation of brittle materials. The Weibull
model links the failure probability of a piece, Py, to the rupture
stress, gy, by means of the relation

oo ()]

P; is the cumulative fracture probability for the stress oy, m is
the Weibull modulus and gy is a scale parameter. The Weibull
modulus, m, is a material parameter which characterizes the
scattering in the measured values of strength. The higher the m
value, the less the data scatter. The mean flexural strength is
calculated from the following expression

g, = oof(l —i—%) @)

where I is the gamma function.

Different methods have been used for the evaluation of
Weibull parameters [24,25,28-30]. The most common method
has been the linear least squares method applied to the
linearized form of Eq. (6)

lnln[1 } =mlno;—mln g ®)

f
the value of Pgfor each o was estimated using the following

estimator [35]

i—0.5
P[' =
N

€))

where i is the rank number of the flexural strength and N is the
number of samples.

Table 1 compiles the rupture loads values measured for the
systems tested. The results were ordered from the lowest stress

Table 1
Flexural strength results measured for the systems under study
i g (MPa) o (MPa)  o¢ (MPa) PSF/ a¢ (MPa)
CE PSF/CE Nanofil/CE Nanofil/CE
1 91.5 120.2 71.8 66.2
2 92.0 120.6 78.1 74.1
3 98.8 121.0 80.9 81.1
4 103.0 123.0 823 83.1
5 1104 124.3 84.9 85.9
6 1159 129.7 86.8 89.0
7 122.6 132.4 87.3 90.1
8 1243 1343 89.7 92.1
9 126.8 135.8 90.3 100.7
10 127.1 136.1 91.9 101.8
11 129.6 138.0 94.1 105.5
12 130.1 139.0 97.1 106.1
13 135.3 139.3 99.4 107.7
14 138.3 141.6 100.0 111.8
15 138.6 142.9 102.3 113.6
16 140.4 148.1 103.2 114.9
17 141.9 149.9 103.9 116.4
18 143.9 154 105.8 117.6
19 145.8
20 1523

In[in(L/(1-P)]

41 42 43 44 45 46 47 48 49 50 51
In (o))

Fig. 6. Weibull plots for the systems under study (@) neat CE; (O) CE/10 wt%
PSF; (V) CE/2 wt% Nanofil and () CE/10 wt% PSF/2 wt% Nanofil.

to rupture to the highest and the probability of failure, Py, was
calculated by the estimator given in Eq. (9). Fig. 6 depicts the
Weibull plots for the unmodified and modified cyanate resin.
The two parameters m and o, knowledge of which leads to the
complete characterisation of the material, were determined
from the slope and from the ordinate at the origin of the linear
representation given in Fig. 6. The degree of fit to the two-
parameters Weibull model was determined by how well the
data group around a straight line (Eq. (8)). Satisfactory
agreement is observed between the experimental results and
the Weibull equation. Cumulative distributions of failure
probability, Py versus oy calculated after the estimation of the
Weibull parameters from Eq. (6) are shown in Fig. 7.

Results of the mean flexural properties are shown in Table 2.
The Weibull modulus, m, characterizes the scattering in the
measured values of strength. The higher the m value, the less
the data scatter. From the m values presented in Table 2, it
emerges that the addition of thermoplastic resulted in a
markedly reduced data scatter of the flexural strength data.
On the other hand, it can be seen that the flexural modulus was
not significantly changed by the thermoplastic and/or organo-
clay modification. Flexural strength was slightly improved by
the incorporation of the thermoplastic modifier, nevertheless
the addition of Nanofil reduced its value.

The Mann—Whitney test comparison of the mean flexural
strength for the unmodified and thermoplastic/organoclay
modified resins indicates that, at the 95% confidence level,
the means are not significantly different. However, two
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Fig. 7. Weibull cumulative strength distribution for (@) neat CE; (O)
CE/10 wt% PSF; (V) CE/2 wt% Nanofil and () CE/10 wt% PSF/2 wt%
Nanofil.

different materials with similar mean flexural strength values
might have very different distributions of the data points. In
this case, the material with the larger data spread would have
more weak specimens and, thus, would probably have a greater
incidence of failure. From the Weibull distribution it is possible
to compare the failure probabilities at a given strength level.
The comparison of the percentage of specimens broken at a
certain load level demonstrates that the unmodified resin and
Nanofil 919 modified resin had a higher number of weak
specimens. For example, at a load of 130 MPa, for PSF
modified resin the percentage of specimens broken was 33%
while for the unmodified resin was 60%. This marked
difference is a consequence of the higher data scatter of the
unmodified and Nanofil modified resin compared with the
thermoplastic modified resin.

The critical stress intensity factor, Kjc and critical strain
energy release rate, Gyc, results are shown in Table 3. The
critical stress intensity factor slightly increases in modified
systems. It is generally accepted that such increase is primarily
a result of an increase in crack front pinning/blunting efficiency
due to smaller interparticle distances [37]. The addition of the
organoclay to cyanate ester resin also improves impact
strength, comparing with the neat resin. Fracture energies
were calculated using values on fracture toughness and flexural
modulus reported in Section 3.2. The PSF modified system

shows the higher value of Gic, 347 Jm™~? compared with

unmodified system, 165] m~ 2. The improvement of this
property is probably due to the good adhesion of PSF particles
in the cyanate matrix how we can observe in SEM photographs.
The addition of 2 wt% Nanofil to neat resin causes a lower
improve of Gjc compared to the addition of 10 wt% PSF.
Probably, the addition of more quantity of organoclay with a
better dispersion leading to complete exfoliation of the
organoclay in the matrix will enhance the fracture energy.
The intercalated/exfoliated dispersion of the organosilicate
layers into the matrix will determine the improvement in the
mechanical properties compared with unmodified system [22].

Polymer/layered silicate nanocomposites have been studied
as a new generation of polymeric materials. Wang et al. [38]
developed a process for the incorporation of clay to an epoxy
matrix. Clay was highly exfoliated into thin tactoids which
dispersed uniformly and oriented randomly in the epoxy
matrix. The authors found that both Young’s modulus and
fracture toughness were markedly improved by the addition of
2.5 wt% of clay. On the contrary, epoxy nanocompoaites in
which the dispersion of organoclay was poor and the filler
formed aggregates of about 10-20 um in size resulted in a
decreased tensile strength compared with the neat epoxy resin.
These results are in agreement with the bending tests results
observed in the present work, and reveal the influence of the
resulting microstructure of the nanocomposites on the
mechanical properties.

Dynamic mechanical data (storage modulus, E’, and tan 6)
for the systems studied are depicted in Fig. 8. The unmodified
resin displays a single loss peak corresponding to its glass
transition temperature, T, =298 °C. The tan 6 traces of the PSF
modified matrices exhibited two relaxation peaks, confirming
the development of a phase-separated morphology. The higher
temperature relaxation is associated with the T, of the cyanate-
rich phase and the lower with the T, of the PSF. The area of the
higher temperature peak of modified systems diminished
considerably compared with the area of the peak of unmodified
system, indicating that the addition of PSF or Nanofil
influences the polymerization of the resin. These results are
similar to clay/epoxy nanocomposites [37]. Either increased
glass transition temperatures [16] or a constant or slightly
decreased [37] T, values have been reported for themoset
nanocomposites. In general, the increase in 7 is attributed to
the good adhesion between the polymer and the reinforced
particles so that the nanometer size particles can restrict the
segmental motion of crosslinks under loading. The other
important factors that can affect 7, are degree of particle
dispersion and curing conditions. The degree of particle
dispersion includes size, homogeneity, orientation and spacing

Table 2

Flexural strength (a¢), Weibull modulus (m) (Eq. (7)), deformation at break (¢) and flexural modulus (E) and mean flexural strength (Eq. (8)) for the different systems
System oy (MPa) m & (%) E (GPa) o (MPa)

Unmodified 125.4 7.9 5.13 (0.75) 3.13 (0.08) 125.1

PSF /CE 135.0 15.4 6.66 (0.76) 3.02 (0.16) 134.7

PSF/Nanofil/CE 91.6 11.2 2.96 (0.29) 3.11 (0.14) 91.5

Nanofil/CE 97.7 7.3 3.27 (0.61) 3.21 (0.07) 97.6
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Table 3

Fracture toughness, Kic and fracture energy, Gic for the systems investigated
Material Kic (MPam'?) Gic Am™?)
Unmodified 0.76+0.08 165.1+13

PSF/CE 1.08£0.15 347.4+16
PSF/Nanofil/CE 0.89+0.19 237.6£20

Nanofil/CE 0.92+0.12 238.3+18

between particles, whereas, curing conditions include curing
speed and degree of crosslinking. The small decrease in T,
observed in this study may arise from some of these factors.
Since T, decreases indicates that it is not an ‘adsorbed layer’
effect as this usually increases the glass transition temperature
due to chains being tied down by the surface of the silicate. It
has been found [39] that the T, of intercalated polymers shows
a reduced value due to the lack of surroundings entanglements
as characterized by solid-state NMR.

4. Conclusions

A cyanate matrix was modified by the incorporation of an
organically modified layered silicate (Nanofil 919) and/or
polysulfone (PSF). An intercalated structure of the organoclay
has been attained as observed from wide-angle X-ray and
transmission electron analysis. The PSF is initially miscible
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4000
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@
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Fig. 8. Tan 3 (a) and storage modulus (b) for the unmodified (1), PSF modified
(2), Nanofil (3) and PSF/Nanofil (4) modified cyanate matrix.

with the cyanate pre-polymer and phase separates in spherical
microdomains during the course of cyanate polymerization
without severe reduction on the flexural modulus. Thermo-
gravimetric analyses indicate improved thermal stability for
the modified matrices respect the onset decomposition
temperature. The flexural modulus was not significantly
modified by the thermoplastic/organoclay modification. Flex-
ural strength was slightly improved by the incorporation of the
thermoplastic modifier; nevertheless the addition of Nanofil
919 reduced the value. Fracture toughness, Kjc and fracture
energy, Gic, of the cyanate resin were slightly improved by the
addition of PSF and Nanofil 919. These improvements are
attributed to the good adhesion level of PSF particles to the
matrix as well as the homogeneously dispersion of organosi-
licate layers into the system.
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