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ABSTRACT: Effects of filler on microstructure and tough-
ening behavior of cyanate ester (CE)/bentonite (BT) nano-
composites with different content of BT have been studied by
positron annihilation lifetime spectroscopy, X-ray diffrac-
tion, transmission electron microscopy, dynamic mechanical
analysis, etc. The interesting results found by PALS indicate
that the size and concentration of the free volume holes and
the apparent free volume fraction increased with increasing
the content of BT, which indicates that adding nano-layers to
thermosetting materials can lead to the high crosslinking
density structure “looser.” The experimental results reveal
that the increases in size of free volume holes and apparent

free volume fraction are related to the increasing conversion
of cure reaction. On the other hand, the mechanism of tough-
ening (by adding the nano-clay to the thermosetting material)
has been discussed by combining free volume and interfacial
property. It is shown that, for the high crosslinking thermo-
setting material-based nanocomposites, both the property of
free volume and dispersion state of nano-layers are the two
key factors in determining toughening property. © 2006
Wiley Periodicals, Inc. ] Appl Polym Sci 102: 1509-1515, 2006
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INTRODUCTION

Cyanate ester (CE) resins have been the important
thermosetting materials since they were first synthe-
sized in 1960s for their attractive physical, mechanical,
and electrical properties,"” such as high modulus,
high glass transition temperature (T 250-290°C),?
low dlelectrlc constant (2.5-3.1 MHz),? good radar tran-
sparency,’ very low moisture absorption (0.6-2.5%),’
etc. Consequently, CE resins have been widely applied
in electronics, aerospace, adhesion, and miscellaneous
applications nowadays.'

CE monomers undergo cyclotrimerization reaction
to product a triazine ring connecting unit, as shown in
Scheme 1, and then form a three-dimensional cross-
linking structure. That is why the CE resins have
excellent properties as mentioned above. However,
like most high crosslinking thermosetting materials,
low toughness is their main drawback, which limited
their further applications. It still requires suitable
modification to improve their toughness without
reducing the intrinsic physical strength for structural
applications.’
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Accordingly, many efforts were devoted to improve
the toughness of CE, such as the preparation of flexi-
bilized cyanate resins, the incorporation of monocya-
nates, the utilization of rubber toughening technolo-
gies, the use of organic-clay toughening and the pre-
paration of semi-interpenetrating networks (SIPNs),
etc, which have been proven to be very useful.* How-
ever, toughening usually occurs at the expense of
other characteristics of the CE resin. In recent years,
one of the most effective methods is to prepare the
nanocomposite materials by introducing the nano-
scale layered silicate into the matrix, such as layered
silicates and clays. Polymer/layered nanocomposite
have attracted a great deal of attention, because these
nanocomposites exhibit marked improvement in
physical and chemical properties compared with pure
polymers.” Bentonite (BT) is a kind of naturally abun-
dant clay. It has been applied in numerous industrial
fields due to its good performance-cost ratio. The out-
standing feature of BT is that the silicate layers can be
expanded and even delaminated by organic mole-
cules under proper condition.®” For their high polar-
ity, monocyanate can easily diffuse into the organic
modified BT clay galleries. The polarity of the group
—OCN is thought to promote diffusion into the clay
(modified by organic amine) galleries. The maximum
layer expansion is obtained when intragallery polym-
erization rates exceed that in the extragallery regions
allowing exfoliation before gelation.> An unbalance
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Scheme 1 Cyclotrimerization of cyanante esters.

between these rates assures the formation of an exfoli-
ated structure. Although, this method to prepare the
CE/clay nanocomposites has been elucidated to some
extent,”® 1 the crosslinking structure of these materi-
als, especially the three-dimensional structure, has not
yet been clearly clarified, which must be understood
concerning their modifications and applications. On
the other hand, the mechanism of toughening using
layered silicates is not very clear, unlike the case of
using rubber to improve its toughness, in which the
phase separation plays the key role. Therefore, charac-
terization of the microstructure of the CE/BT nano-
composites not only can direct the modification of CE,
but also has significant theoretical meaning.

Positron annihilation lifetime spectroscopy has been
used as a unique technology to probe the free volume
properties of polymers for many years.'"'* PALS was
proven to be sensitive to atom-scale free volume holes
of polymers, due to the formation of the positronium
(Ps) atom, which is a bound state of e™ and e~. There
are two kinds of Ps atoms. The para-positronium
(p-Ps), in which the spins of the positron and electron
are antiparallel, has a lifetime of 0.125 ns by self-anni-
hilation in vacuum; while the ortho-positronium (o-
Ps), in which the spins of the positron and electron are
parallel, has a longer lifetime of 142 ns in vacuum."
However, in polymers the o-Ps atoms are preferen-
tially localized in the atom-scale holes and their life-
time is shortened to about 1-5 ns by the pick-off anni-
hilation with an electron from the surrounding mole-
cules. The o-Ps lifetime 13 directly correlates to the size
of free volume holes and its intensity I3 contains infor-
mation about the free volume concentration.”> The
relationship between the 0-Ps lifetime 13 and the ra-
dius of the free volume hole (R) has been established
by an empirical equation:'*

17, R 1 . 2nR |7
® T3P TRTAR 2n "TRTAR

1)

where R is the radius of the free volume hole, AR
(=1.656 A) is derived from fitting the observed o-Ps
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lifetimes in molecular solids with known hole sizes.
Furthermore, the fractional free volume f is evaluated
in terms of the 0-Ps intensity I3 and the size of free vol-
ume hole (V = §nR3):

f=CVIs )

where C is a constant. Usually, we use apparent free
volume fraction, f,pp:

fapp = VIS (3)

because what we concerned is not the absolute value
of free volume fraction, but instead the variation of
free volume fraction.'?

In this study, the PALS is used to investigate the
changes of the free volume size, the concentration,
and the apparent free volume fraction in CE/BT
nanocomposites with different content of BT. On the
basis of previous results,® we studied the effects on
microstructure of CE by BT layers from the aspect of
free volume, and further discussed the mechanism
of toughening by adding BT into CE system.

EXPERIMENTS
Sample preparation

A phenolic-based cyanate ester (CE) resin (melting
point: 79°C, molecular weight: 278, purity > 98%,
which was supplied by Jinan Special Structure Insti-
tute of China Aero-Industry) and the organically modi-
fied bentonite (NH3-BT) were used. Organically modi-
fied bentonite (BT, Code: NB905) was obtained from
the Zhejiang Huate Group, Hangzhou, China, which
was ion-exchanged with octadyl trimethyl ammo-
nium. The CE resin was placed in a beaker maintained
at 90°C. A high-shear mixing blade was placed into the
resin and stirred. BT (1 and 2.5 wt %) was then slowly
added in and mixed for 15 min. The cure schedule was:
heat to 120-150°C over 30 min in vacuum, then ramp to
160°C and hold for 1 h; then 180°C/1 h, 200°C/1 h,
220°C/1h,240°C/1h,and 260°C/1h.®

Complementary characterization

X-ray diffraction (XRD) was performed in a Rigaku
D/Max-2550PC system with Eulerian 1/4 cradle and
Cu Ko radiation (40 kV, 40 mA, A = 1.540E), 2°/min.

Transmission electron microscopy (TEM) was taken
by a JEM-1200EX electronic microscope, Japan.

Dynamic mechanical analysis (DMA) was per-
formed using a DMA Q800 V3.13 Build 74 by TA
Instruments, USA, which was carried out in dual
cantilever bending mode at a vibration frequency of
1 Hz in the temperature range from 40 to 250°C, and
the heating rate was 2°C/min.
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Figure 1 XRD patterns of BT and CE/BT nanocomposites.

The impact test was performed according to GB/
T2571-1995 (similar to ISO179-1993) on an XCJ-4
Charpy impact instrument at (23 = 2)°C. The results
of the impacting test were obtained by averaging the
results of above five measurements.

Positron annihilation lifetime spectroscopy

A 30 pCi *Na positron source sealed between two
sheets of Ni foil (1 mg/ cm?) was sandwiched between
two identical samples. A conventional fast-fast coin-
cident lifetime spectrometer is used for PALS mea-
surement at room temperature. The time resolution
is found to be a sum of two Gaussians with FWHM;
= 280 ps (90%) and FWHM, = 320 ps (10%). Each
spectrum contained ~10° counts.

RESULTS AND DISCUSSION

In this article, all the positron lifetime spectra are
resolved into three components using the program
PATFIT."® All the variations of the fit (y3°) were
smaller than 1.2. The two short components Tt
~ 0.12-0.15 ns and 1, ~ 0.30-0.40 ns are attributed to
the self-annihilations of para-positronium (p-Ps) and
“free’” positron annihilation in the bulk state, and
are found to exhibit no correlation with the free vol-
ume properties,'® but the second component (t, and
its intensity I,) contains the structure information of
interfacial layers."” The longest lifetime component
73 ~ 1.2-3.0 ns is assigned to the 0-Ps pick-off anni-
hilation in the free volume holes in polymers, which
correlated with the properties of free volume holes.

Structure of nanocomposites

Generally, the structural characteristics of polymer-
layered nanocomposites can typically been measured
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by XRD analysis and TEM observation. By monitor-
ing the position, shape, and intensity of the basal
reflections from the distributed silicate layers, the
nanocomposites structure (intercalated or exfoliated)
may be identified.'® Figure 1 illustrates the compari-
son of the XRD patterns of BT (organic modified BT)
and CE/BT nanocomposites with different content of
BT. For the pure CE, there are no reflections. For the
pure organic modified BT, there was a reflection
peak at 20 =~ 6.32° (d-spacing = 1.397 nm). For the
nanocomposite with 1 wt % BT, the reflection peak
disappeared. From the corresponding TEM picture
in Figure 2(a), we can observe the exfoliated and
intercalated (the dark lines) BT layers. But, the exfo-
liation is the main phase. Combining the TEM pic-
ture with XRD pattern, we can see that the exfolia-
tion of BT is dominative in this sample (1 wt % BT)
and that the disordered structure is formed. For the
nanocomposite with 2.5 wt % BT, the broad reflec-
tion peak located at 20 = 2.84° (d-spacing = 3.11 nm),
which indicates that the CE has been intercalated
into the galleries and the distance between silica

Figure 2 (a) TEM micrographs of CE/BT nanocomposites
with various BT content: 1.0 wt %. (b) TEM micrographs of
CE/BT nanocomposites with various BT content: 2.5 wt %.
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Figure 3 Content dependence of the o0-Ps lifetime t3.

layers has been expanded from 1.4 to 3.1 nm. The
broadening of the peak suggests that partial exfolia-
tion occurred. From the TEM picture in Figure 2(b),
we also found some aggregated states of BT.®

As mentioned above, we can conclude that the 1
wt % content nanocomposite has the best dispersed
state. The sample with the best dispersion has the
best toughing property (shown below).

The characterization by PALS

The filler content dependence of the 0-Ps lifetime t3
and its intensity I3 are shown in Figures 3 and 4,
respectively. It is noteworthy that the longest life-
time 13 is not ascribed to 0-Ps annihilation in defects
of BT layer," but attributed to 0-Ps annihilation in
matrix and interspacing of BT. Even though the 0-Ps
can annihilate in chains of organic-ions within inter-
spacing of modified BT layer, the contribution from
this phase in intercalated nanocomposite (with 2.5
wt % BT) is less than that in exfoliated nanocompo-
site (with 1 wt % BT), because the 0-Ps is harder to
access and annihilate in interspacing (between the
gallery of unexfoliated BT layer) than in openspacing
(covered the surface of exfoliated BT layer). So the
increases of lifetime component 13 and its intensity I5
can reflect the increase in size and concentration of
the free volume holes in matrix. Using eq. (3), we
can plot a curve about apparent free volume fraction
against content of BT as shown in Figure 5. From
Figure 5, it is very clear that the fractional free vol-
ume increases as the filler content is increased.

The changes in positron annihilation parameters
can be explained as follows. When the organically
modified BT was added into the CE system, the
amine can influence the curing process. The carbon
atom of the —OCN group is strongly electrophilic
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and hence is highly susceptible for attack by nucleo-
philic reagents.1 The amine (hydrogen-donating im-
purity) can react straightforwardly with the cyanate
groups to form four differently substituted triazines.
In these heterocyclic triazine networks, the triazine
rings are the branching points of the network and
the higher the concentration, the higher the glass
transition temperature.”> With the low mass substi-
tuted triazines formed, the branching density of the
thermosets is decreased, and the packing density of
segments is lowered, which gives rise to the increase
of mean size of free volume.

In addition, amine and sodium cations exchanged
into BT gallery can catalyze the curing reaction of
CE,>1° which results in the increase of the conver-
sion of cure reaction and in the formation of more
crosslinking structure, larger size of free volume,*
and form, which makes the concentration of free vol-
ume holes (as measured by the PALS parameter I3)
increased.?’*® So the apparent free volume fraction
[calculated from 13 and I3 by eq. (3)] increases with
loading organically modified BT.

As mentioned above, our results are remarkably
different from the results observed in other polymer
nanocomposites, especially the intensity of 0-Ps life-
time and free volume fraction.***® For example, in
the case of linear polymer/clay nanocomposites, the
mean size of free volume holes does not vary signifi-
cantly, and the concentration of free volume holes
and the free volume fraction obviously decreases
with the increase of the content of filler.***® These
changes in free volume properties of linear polymer-
based nanocomposites may ascribe to the confine
effect as follows. In the linear polymer-based nano-
composites, polymer chains are confined by interfa-
cial layer, the intercalated or exfoliated layers can be
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Figure 4 Content dependence of the 0-Ps intensities.



INVESTIGATION OF CE/BT NANOCOMPOSITES

18 T 4 T T ¥ T i T T T

14 L -

Apparent free volume fraction (%)

L L 1 . 1 . I I | " I
0.0 0.5 1.0 1.5 20 25

Content of BT in nanocomposites (wi%)

Figure 5 Content dependence of the apparent free vol-
ume fraction.

therefore be regarded as impermeable walls to
restrict polymer chain conformations, and the poly-
mer chains in interfacial region may be treated as
adsorbed chains with one end attached to a plane,
which is named tail chains.*’*®* The conformational
number of confined chains is smaller than that in the
free chains. Wu® calculated the conformational
number of tail chains using the model of NRW
(normal random walk) and deduced the ratio (o) of
conformational number of the model tail chains to
that of the free chains for linear polymer structure,
as the segmental length N— oo, the ratio is

21dn N @)

o (N) ~
where d is the dimension of the lattice. From this
equation, the conformations reduced when the poly-
mer chains were confined by nano-fillers, i.e., there
is less room for the confined chain motion, thus the
mobility of the confined polymer chains in the inter-
facial region was reduced by the nano-filler. There-
fore, in the linear polymer/clay nanocomposites, the
concentration of the free volume holes decreased.

However, in the case of thermosetting-based nano-
composites, the mobility of polymer chains could
not be explained by above theory. Because in linear
polymer chain system, the polymer chain (van der
Waals attraction exists between chains) is relatively
free and its mobility is easily confined by nano-layer.
But in thermosetting-based nanocomposites, chains
are restricted in the rigid network structure (in
which chain units connect with chemical bond) and
its mobility depend much more on the properties of
network, such as the chemical structure and cross-
linking density of network. The confined effect by
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nano-layer is weaker in thermosetting-based nano-
composites than that in linear polymer-based nano-
composites. The size and concentration of the free
volume holes are mainly determined by the back-
bone structure, which strongly depended on the con-
version of cure reaction.

Toughening behavior

The results of the impact strength test are shown in
Figure 6. It is obvious that the imgact strength reached
the maximum value of 7.1 kJ/m~ at 1 wt % BT, com-
pared to 3.8 kJ/m? of pure CE and to 5.34 kJ/m” at
2.5 wt % BT. Some useful information about the frac-
ture can also be observed from fractographic examina-
tion by SEM (have been published in previous article,
Ref. 8). The pure CE basically shows a brittle fracture
surface. Sample with 1 wt % BT shows a fracture sur-
face consisting of narrow crevices and more particles
(in smaller length), which are related to high tough-
ness. Nanocomposite (with 2.5 wt % BT) with interca-
lated BT has a fracture surface consisting of wide
crevices, which are related to moderate toughness.?
The mechanical property can also be reflected by the
results of the DMA. The patterns of the loss modulus
clearly illustrate that all the samples have a relaxation
peak as shown in Figure 7. The value of peak for the
nanocomposite containing 1 wt % BT is the highest,
the pure CE’s relaxation peak is the lowest. The order
of the peaks’ height is in accord with the impact
strength. Thus, we conclude that the exfoliated CE/BT
nanocomposite (with 1 wt % BT) has the best tough-
ness, and the intercalated CE /BT nanocomposite (with
2.5 wt % BT) also is tougher compared to the pure CE.®
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It is reasonable that the apparent free volume frac-
tion becomes larger when the organically modified BT
insert into the CE system, which provides more room
for the segmental motion, leading much impact
energy to be absorbed.” So the CE/BT nanocompo-
sites improve the toughness compared to the pure CE.
However, the impact toughness does not increase
monotonically with the increasing the apparent free
volume fraction, because the morphology and the
structure of the heterogeneities developed during the
polymerization must be taken into account® The
exfoliated CE/BT nanocomposite has larger interfacial
area and stronger interfacial interaction between the
highly exfoliated clay and matrix, because the BT dis-
persed into the matrix homogeneously. These good
interfacial properties (area and interaction) lead to the
result that these materials can endure bigger deforma-
tion, indicating that this sample has the highest impact
toughness.32 However, in the intercalated CE/BT
nanocomposite, the BT can not be uniformly dispersed
into the matrix and even some aggregations can occur,
which lead to smaller interfacial area compared to the
exfoliated sample. The interfacial property can also
reflect from the intensity of the second lifetime (I,). The
I, of the exfoliated one is 53.21%, which is bigger than
the I, (= 48.58%) of the intercalated ones. Hence, the
content of interfacial layers is bigger at 1.0 wt % BT."”
The poorer interfacial property in the intercalated sam-
ple compared to the exfoliated sample results in
decrease of the impact strength at 2.5 wt % BT.

Glass transition temperature

The glass transition temperature T, is identified by
DMA, as shown in Figure 7. According to the free
volume theory, extra free volume should depress the
T,. However, the variation of T, in our samples is
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not as expected, i.e., the nanocomposite with 2.5 wt %
BT (have larger free volume fraction) has higher T,
than that in nanocomposite with 1 wt % BT. Becker
et al.”® also observed such similar phenomenon in
studying the epoxy/silicate nanocomposites using
PALS. As they reported that the mechanism of
effects on T, by clay is not fully understood, which
may be the result of several factors. Sun et al.*
revealed that the larger interfacial area induced by
filler may depress the T,. We may explain the unex-
pected result as follows. Firstly, the large interfacial
area induced by good dispersion state in exfoliated
nanocomposite (1 wt % BT content) depresses the T,.
Secondly, in high loading nanocomposite (2.5 wt %
BT content), more amine and sodium cations (within
the organic BT) can catalyze the curing reaction,
which brings about the enhancement of the conver-
sion of curing reaction and the formation of larger
crosslinking network, therefore increase its glass
transition temperature.”® The detailed mechanism of
effects on T, by free volume and chemical structure
needs further research.

CONCLUSION

The positron lifetime measurements reveal that the
size and concentration of the free volume holes and
the apparent free volume fraction increase with
increasing the content of BT, which is because of the
change in structure of triazine. With increasing the
content of BT, the conversion of curing reaction
enhanced due to its catalysis, and the higher the con-
version of the curing reaction in curing process, the
larger the free volume and fractional free volume.
Experimental results also find that the free volume
and the interfacial properties play an important role
in determining the toughening behavior of CE/BT
nanocomposites.
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