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Abstract

The rheological properties and mechanical properties of percolated cyanate ester monomer/layered silicate mixtures are reported. A

number of different cation exchanged montmorillonites were examined in an effort to achieve maximal montmorillonite delamination. The

dispersion throughout the cyanate ester of a montmorillonite with phenylated ammonium cations (2MBHTMMT) results in the formation of

a percolated network. The rheology of this percolated network undergoes a viscous liquid to elastic solid transition at 4 wt%montmorillonite.

The percolation of the montmorillonite in the cyanate ester results in a significant improvement in crack resistance (80%) without a sacrifice

of flexural strength.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Cyanate ester thermosetting polymers have received

increasing attention over the past 10 years for use in high

temperature applications [1–7]. These polymers have

outstanding adhesive, thermal, mechanical and in particular

electrical properties [1–4,6–8]. Their excellent properties

have meant that cyanate esters have been used in diverse

applications including: Electrical encapsulation, aircraft

interiors, structural materials for aerospace and as high

temperature adhesives [1,2,5–7]. Whilst cyanate esters are

one of the toughest thermosetting polymers (KIc 0.6–

0.7 MPa mK1) [2], the applications they are used in require

improved crack resistance [1–3,5–8].

A number of different modifiers have been used to

improve the crack resistance of cyanate esters [3]. These

additives include reactive and nonreactive elastomers [9–

14], a variety of engineering thermoplastics [10,15–21] and
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rigid inorganic particles [22]. One additive that has not

received as much attention are layered silicates. The

addition of layered silicates (montmorillonite, bentonite,

etc.) to polymers often results in greatly improved proper-

ties over the native polymer or traditional composites [23–

26]. Material properties that can be enhanced include:

Flammability, thermal stability, resistance to gas per-

meability and mechanical properties such as modulus and

crack resistance [23–26]. The success of the layered silicate

additive has been found to be dependent on the degree of

layer delamination and the nature of the composite formed

[23–26].

The addition of a layered silicate to a polymer can result

in three different silicate morphologies; macrocomposite,

intercalated tactoids (where the polymer is sandwiched

between layers), and exfoliated/delaminated structures

(where the polymer causes individual montmorillonite

layers to completely separate) [23–26]. Maximal property

enhancement is achieved when an exfoliated morphology is

achieved in the polymer layered-silicate composite [23–26].

Layered silicates are attractive additives for cyanate

esters not only because they can increase crack resistance

but also because they decrease mass transport through the

cyanate ester, which might further enhance their moisture

and flame resistance characteristics [23–26]. The majority
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of the work on cyanate ester layered silicates has been

conducted by Dean and co-workers [27–29]. They have

focused on bisphenol A dicyanate ester mixed with

MT2EtOH montmorillonite clay [27–29]. These materials,

like those synthesised by Kim et al. [30] using this

montmorillonite and bisphenol E dicyanate ester, invariably

formed intercalated structures [27–29]. The effect of this

clay on cyanate ester composite layer structure [27–31],

mechanical properties [27], thermal expansion [27,30],

crack resistance [27], and thermal stability [27] has been

studied. However, the effect of this and other cation-

exchanged montmorillonites on cyanate ester monomer

rheology has not been explored in detail.

The dynamic rheology of MMT/liquid suspensions has

been extensively studied in many systems [32] (including:

Epoxy, nylon 6 [33], polypropylene [34,35], polyamide

[36], and polyurethanes [37]) except cyanate esters.1 This

work has found that these mixtures exhibit two types of

rheology, at low silicate contents the systems behave as

viscous liquids (storage modulus, G 0!loss modulus, G 00) at

higher contents the silicate layers percolate and form a

continuous structural network, at this point the rheology is

that of a elastic solid (G 0OG 00) [38–41]. The exact

percolation limit is dependent on which end of the

morphology spectrum the mixture lies [38–41]. Mixtures

that are at the exfoliated end of the spectrum exhibit

percolation at very low MMT contents (6 wt%) [32,42]. The

higher the affinity of the MMT for the polymer the more

exfoliation that will occur and the lower the percolation

limit [23,25,43]. Therefore, study of the rheology of cyanate

ester montmorillonite mixtures will give an indication of the

success of layer separation and allow correct choice of

montmorillonite to achieve optimal enhancement of

mechanical properties.
2. Experimental

Cyanate ester montmorillonite mixtures were created

from the cyanate ester monomer 1,1-bis(4-cyanatophenyl)

ethane [bisphenol E dicyanate ester] (I) used as supplied

(purity!99%) by Lonza. Cyanate ester composites were

obtained using copper(II) acetylacetonate and nonyl phenol

as polymerisation catalysts: These were used as supplied

(purity!99.5%) by Aldrich Chemical Company. The

montmorillonite silicates used were: Na montmorillonite

(Na MMT), a quaternary ammonium cation exchanged

montmorillonite, a dimethylbenzylhydrogenatetallow qua-

ternary ammonium cation exchanged montmorillonite

(2MBHT MMT), and a methyltallow-bis-2-hydroxyethyl

quaternary ammonium cation exchanged montmorillonite
1 Whilst Ganguli et al. [27,28] performed a chemorheological study of

MMT cyanate ester mixtures they focused on the gel point of mixtures and

did not quantify the effect of MMT surface treatment or content on liquid

monomer rheology.
(MT2EtOH MMT) used as supplied by Southern Clay

Products.

The montmorillonite was dispersed throughout the

monomer using a solvent exfoliation–adsorption method.

The montmorillonite was suspended in a 30:70 mixture of

liquid cyanate ester monomer and chloroform and sonicated

for 30 min. The solvent was then removed from this mixture

at 100 8C with stirring (spin bar). This mixture was then

subjected to high shear mixing at 2000 rpm using an

impeller. The final amount of solvent was removed by

spreading the mixture as a thin film over a metal plate and

vacuum degassed at 100 8C overnight. Mass spectroscopy

and gel permeation chromatography analysis of these

mixtures confirmed that no polymerisation had taken place

during degassing/mixing. Solvent removal was confirmed

using TG analysis, liquid monomer montmorillonite

exhibiting no mass loss until MMT initiated polymerisation.
2.1. Flexural testing

Cyanate ester composite flexural properties were

evaluated using an Instron 4045 mechanical tester. A

three-point bend rig with all contact points having a 1 mm

radius of curvature was used. Tests were conducted at

23G2 8C with a cross-head speed of 1 mm minK1 and at

least four specimens per composition were tested. ASTM

specifications (D 790) [44] were followed in all tests with

samples of the following dimensions, (30!6!2 mm,

length!width!depth). Composite flexural strength, sf,

was calculated using Eq. (1) [44].

sf Z
3FS

2wd2
(1)

where F, applied force at breaking point; S, span between

bottom two points (no greater than 20 mm); w, specimen

width; and d, specimen depth. This test also allowed

evaluation of composite flexural modulus, Ef, calculated

using Eq. (2) [44].

Ef Z
DFS3

4wd3
(2)

where DF is the gradient in the linear region of the load/

displacement plot.
2.2. Fracture testing

Composite fracture behaviour was tested under mode I

conditions using a double torsion test rig, which has been

described in detail elsewhere [45]. Samples used were cast

from brass/stainless steel split molds (38!19!2 mm) with



Fig. 1. Complex viscosity of 5 wt% MCMMTK/bisphenol E dicyanate

ester mixtures; (I) No MMT (solid line), (II) 5 wt% 4HT MMT (line with

cross), 5 wt% MT2EtOH MMT (line with stripe), and 5 wt% 2MBHT

MMT (line with diamond).
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a groove 0.58 mm deep molded along the centre of the

samples’ long axis. A 5 mm long, 0.8 mm wide starting

notch was machined (using a high speed diamond tipped

cutting wheel) at one end of the groove and was sharpened

using a razor blade prior to testing (Fig. 3).

A crosshead speed of 0.05 mm min–1 was used for these

tests. Fracture toughness was calculated using well-

established methods [46]; where unstable crack propagation

took place, an average was taken of the initiation and release

loads. Composite fracture energy was calculated from the

fracture toughness, Young’s modulus and an assumed

Poisson’s ratio of 0.35 using well-established equations

[46].

2.3. Rheological testing

All rheological experiments were performed using a

Haake Rheostress 1 that was routinely calibrated by the

supplier using Brookfield viscosity standards. All exper-

iments were conducted at 32G0.5 8C. Dynamic frequency

experiments were conducted using a parallel plate geometry

(diameter 60, 1 mm gap). A stress of 2 Pa was applied over a

frequency range of 0.1–10 Hz.
Fig. 2. Effect of montmorillonite content on (A) the complex viscosity and

(B) the loss (G 0, dashed line) and storage (G 00, solid line) moduli of (I)

bisphenol E dicyanate ester monomer (line, cross), with (II) 5 wt% 4HT

MMT (line, diamond), (III) 5 wt% MT2EtOH MMT (line, triangle) and

(IV) 5 wt% 2MBHT MMT (line no symbol).
3. Results and discussion

3.1. Melt rheology

The rheology of polymer layered silicate suspensions has

been shown to be dependent on the amount of silicate

exposed to the polymer (influenced by silicate dispersion,

silicate content and physicochemical interactions between

the monomer and the silicate surface). If the montmor-

illonite content is kept constant, the primary factor

determining the viscosity of a cyanate ester/layered silicate

suspension will be silicate delamination. Thus the viscosity

of 5 wt% MCMMTK/bisphenol E dicyanate ester mixtures

should give an indication of the extent of MMT

delamination. The viscosity of such dispersions was

investigated using dynamic oscillatory rheology (Figs. 1

and 2, also summarised in Table 1).

In Figs. 1 and 2, it can be seen that 4HT MMT addition

causes a minimal increase in viscosity, G 0 and G 00. This

indicates that this mixture resides at the tactoid/intercalate

end of the nanocomposite morphology spectrum. The G 00 of

this mixture is much larger than the G 0 indicating that the

viscoelastic properties of this material is dominated by

viscous liquid behaviour. This is understandable given the

predominantly aliphatic nature of this MMT cation. It has

been demonstrated that cyanate esters are predominantly

incompatible with aliphatic based surface treatments [47].

The addition of MT2EtOH MMT to the cyanate ester

monomer results in a larger increase in viscosity than the

4HT MMT. The viscosity increase indicates there is more

layer separation within this mixture. However, the viscosity
increase is much lower than is observed in 5 wt%

MMT/polymer systems that are predominantly delaminated

[32,34,36]. Again the G 00 of this mixture is much higher than

the G 0, indicating that the viscoelastic properties of this

material are dominated by viscous liquid behaviour. The

substitution of two alcohol groups onto the cation appears to

increase affinity for the cyanate ester monomer, but only

enough to facilitate monomer permeation into the gallery

and possibly some minor, but not extensive, montmorillo-

nite delamination.

Unlike 4HT MMT and MT2EtOH MMT, the addition of

2MBHT MMT to the cyanate ester monomer results in a

significant increase in mixture viscosity. 2MBHT MMT

addition also results in a significant increase in G 0. In this

mixture, G 0 is slightly larger than G 00 indicating that the

viscoelastic behaviour of this mixture is dominated by



Table 1

Complex viscosity of various 5 wt% MCMMTK/bisphenol E dicyanate

ester mixtures

Sample jh*j (at 0.2 rad sK1)

Base monomer 70 cPa s

5 wt% 4HT MMT 82 cPa s

5 wt% MT2EtOH MMT 114 cPa s

5 wt% 2MBHT MMT 36,300 cPa s
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elastic solid behaviour. This is the exact opposite of other

5 wt% MMT mixtures and suggests the 2MBHT cation has

significantly more affinity with the cyanate ester monomer

than the others evaluated. The dramatic viscosity increases

observed with this cyanate ester/MMT system suggests a

significant degree of MMT exfoliation. The rheology of

these systems is now described in more detail.

Figs. 3 and 4 reflect the effect of 2MBHT MMT content

on mixture rheology. The classical power law increase in

viscosity with additive content can be seen in Fig. 3(A).

Mixtures with contents of 4 and 5 wt% have significantly

higher viscosity than the lower contents, indicating that the

mixtures are reaching a percolation threshold [34]. In

Fig. 3(B), the frequency dependence of the complex

viscosity is presented. At low contents (0–2 wt%) the

viscosity is frequency independent, as would be expected of

a suspension [32,33,38–41,48,49]. However, at high

contents (3–5 wt%) mixture viscosity decreases with
Fig. 3. Effect of 2MBHT MMT content on bisphenol
frequency, particularly the 4 and 5 wt% mixtures. A

decrease in viscosity with frequency is indicative of shear

thinning and is well documented with polymer/layered

silicate mixtures [32–34,36,48,49]. This behaviour has

generally been interpreted as destruction of the percolated

silicate network by alignment of the silicate sheets [32–34,

48,49].

Fig. 4(A) presents the effect of 2MBHT content on the

loss and storage modulus of these mixtures as a function

of frequency, whilst Fig. 4(B) presents them as a function

of concentration at 0.2 rad sK1. At low MMT contents,

G 0!G 00 indicating that the viscoelastic behaviour is

dominated by viscous liquid behaviour. However, the

difference between G 0 and G 00 decreases dramatically with

2MBHT MMT content and at 4 wt% G 0OG 00, indicating

that the mixture has switched from viscous liquid to elastic

solid behaviour (the percolation limit). At this content there

is sufficient montmorillonite dispersion to facilitate the

formation of a continuous structural network.

The percolation limit is approached at around 4 wt%,

which is much lower than has been reported for intercalated

systems [50] and one of the lowest presently reported [32–

34,48,49]. Ren et al. [42] have developed a model to

approximate the size of montmorillonite stacks (number of

montmorillonite layers per tactoid, hper). The model is based

on a simple volume filling calculation and assumes a

uniform distribution of identically sized tactoids (Eq. (3)).
E dicyanate ester monomer complex viscosity.



Fig. 4. Effect of 2MBHT MMT content on the dynamic storage (G 0) and loss (G 00) moduli of bisphenol E dicyanate ester MMT mixtures. (A) The effect of

MMT concentration on the loss (G 0, solid line) and storage (G00, dashed line) moduli of (I) bisphenol E dicyanate ester monomer, with (II) 1 wt% 2MBHT

MMT, (III) 2 wt% 2MBHT MMT, (IV) 3 wt% 2MBHT MMT (V) 4 wt% 2MBHT MMT (VI) 5 wt% 2MBHT MMT. (B) G0 (closed circle) and G 00 (open

square) as a function of concentration at 0.2 rad sK1.
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hper Z
4

3fper

wsil:perrorg

wsil:perrorg C ð1Kwsil:perÞrsil

� �
Rh

hsil
(3)

where hper, number of montmorillonite layers per tactoid;

fper, percolation limit for random spheres in three

dimensions, 0.30 [51]; wsil.per, weight fraction at percola-

tion; rorg, rsil, density of the polymer and silicate,

respectively; hsil, thickness of each montmorillonite sheet;

Rh, radius of the hydrodynamic volume (radius of the

silicate (approximated as 0.25 mm)).

When studying a polystyrene/polyisoprene MMT mix-

ture, Ren et al. [42] obtained a percolation limit of 6.7 wt%,

which corresponded to tactoids consisting of 30 layers. The

present system has a percolation limit of w4 wt%, which

corresponds to tactoids consisting of approximately 20

layers, suggesting greater dispersion. However, it also

indicates that percolation can occur without total exfolia-

tion, mainly due to the high aspect ratio of the

montmorillonite.

The insertion of a phenolic unit onto the cation
dramatically increases the compatibility between the

MMT and the cyanate ester monomer. The compatibility

is such that monomer not only permeates into the gallery but

also causes significant delamination of the layers. XRD

analysis of this mixture permitted only the conclusion that

the layer structure was intercalated, the same as the

MT2EtOH MMT system [27–29,52]. However, rheological

analysis has enabled differentiation of the structure of the

two systems. The MT2EtOH MMT cyanate ester mixture

resides at the intercalated end of the spectrum, whereas the

2MBHT MMT cyanate ester mixture contains a significant

amount of delaminated layers, suggesting that it resides

more towards the exfoliated end of the spectrum.

The melt rheology studies of these mixtures suggest that

maximal montmorillonite dispersion is achieved when

bisphenol E dicyanate ester is mixed with 2MBHT treated

montmorillonite. Thus, this montmorillonite was used to

demonstrate the effect of montmorillonite on cyanate ester

mechanical properties. The properties studied were crack

resistance (Fig. 5), strength and modulus (Fig. 6).



Fig. 6. Flexural mechanical properties of bisphenol E dicyanate ester

containing 2MBHT treated montmorillonite.
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The most dramatic increase in bisphenol E dicyanate

ester mechanical properties occurs in the crack resistance

(Fig. 5). It can be seen that crack resistance increases with

montmorillonite content, as expected. However, there is a

decrease after the percolation limit (as determined from

Fig. 4) from 4 to 5 wt%. This decrease reflects difficulties in

dispersion above the percolation limit (the 5 wt% sample).

At the maximum (4 wt% montmorillonite), there is an

80% increase in crack resistance. This increase is much

more than would be expected with similar silica filler

content [22,53]. However, it is comparable to other

montmorillonite systems [54,55]. The large increase is

explained by the large surface area (w760 m2 gK1 for

MMT [25] as opposed to w0.8 m2 gK2 for silica filler [56])

available for interaction with the progressing crack front.

A SEM micrograph of the fractured surface of the 4 wt%

sample is presented in Fig. 7. The distinct platelet pattern of

the montmorillonite is readily observed. The rough surface

of the crack arises from the montmorillonite platelets

causing the crack to deflect, tilt and twist as it reaches and

passes them. The toughening mechanisms here, crack

pinning, blunting and deflection, are similar in nature to

other particulate reinforcements.

The flexural properties of the cyanate ester montmor-

illonite nanocomposites were also examined (Fig. 6). The

addition of montmorillonite caused a systematic increase in

flexural modulus, however, a decrease was observed from 4

to 5 wt%. Again this inflection reflects lower montmor-

illonite dispersion in the 5 wt% sample. At best, a 33%

increase in modulus was observed, similar in magnitude to

those obtained in epoxy networks [54,55]. Montmorillonite

addition also caused a moderate decrease in strength. At

worst, a decrease of only 23% was observed. This indicates

that there is high interfacial adhesion between the

montmorillonite platelets and the cyanate ester resin. The

source of the high adhesion is likely to be similar to that

occurring with silica and alumina fillers [57–60]. Cyanate

ester triazine rings have been shown to participate in charge
Fig. 5. Crack resistance of bisphenol E dicyanate ester containing 2MBHT

treated montmorillonite, fracture toughness (closed triangle), fracture

energy (open circle).
transfer interactions with both Al and Si atoms in inorganic

filler particles [57–60], and as montmorillonite is an

aluminosilicate it is predicted that these interactions will

also occur in montmorillonite systems.
4. Conclusions

The addition of montmorillonite smectic clays to cyanate

esters has been found to alter rheological and mechanical

properties. It was found that the dispersion state was the

critical factor that determined the change in rheology and

mechanical properties. Dynamic rheological measurements

enabled greater understanding of montmorillonite dis-

persion throughout the cyanate ester. These measurements

found that montmorillonite dispersion was greatest when

the MMT cation had high chemical affinity with the cyanate

ester monomer. This enabled the selection of a gallery
Fig. 7. SEM image of fracture surface of 4 wt% 2MBHT MMT in cure

bisphenol E dicyanate ester.
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cation (2MBHT, a phenylated hydrogen tallow) that

affected significant clay dispersion, leading to an inter-

calated system with significant exfoliation. Subsequent

assessment of cyanate ester MMT composite mechanical

properties revealed a dramatic increase in crack resistance

without sacrifice of strength.
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