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Abstract 

The preparation and characterization of blends of a series of dicyanate monomers: 2,2’-bis(4-

cyanatophenyl) propane (DCDPP), bis-4-cyanato-biphenyl (DCBP), bis-4-cyanatonaphthalene 

(DCN), 3,3’-bis(4-cyanatophenyl)sulphide (DCTDP), and 3,3’-bis(4-cyanatophenyl)sulphone 

(DCDPS), and the diglycidyl ether of bisphenol A, is reported.  These copolymers are combined 

with a Montmorillionite nanoclay and both epoxy-cyanate blends and epoxy-cyanate blends-

nanoclay composites are all analysed for thermal stability, thermal degradation kinetics, flame 

retardancy, and impact strength. The nanocomposites are further characterized by x-ray 

diffraction and SEM to determine morphological features, from which structure-property 

relationships are determined.  Dispersion of the nanoclay is of paramount importance, but its 

inclusion serves to improve char yield and impact strength, when this is achieved. 

 

1. Introduction 

Conventional epoxies are not suitable to satisfy many high performance applications, due to 

their inherent brittleness and limitations in thermal/thermo-oxidative stability and poor hot/wet 

performance. Consequently, several approaches have been tried to improve those 
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characteristics.1-6 For instance, fracture toughness enhancement has typically been imparted 

through the incorporation of various thermoplastic polymers,7-11 but this can impact 

deleteriously on some of the key physical properties such as glass transition temperature, 

moisture resistance, and viscoelastic behaviour.12-15 Alternatively, the properties can be 

enhanced by use of the tailored epoxy (Ep) backbones (e.g. incorporating higher functionality 

or greater aromaticity), by using chemically modified curing agents, or using high performance 

co-monomers such as cyanate esters and/or bismaleimides (BMIs) as additives.16 

Bismaleimides networks are usually brittle due to the high cross-link density of the structure. 

Consequently, cyanate esters (Cy) have definite advantages over BMIs due to the lower 

crosslink density and higher flexibility in the final polymer network, arising from the high 

percentage of oxygen linkages present.17,18 When incorporated into an epoxy copolymer, these 

attributes of cyanate esters are reflected in higher fracture toughness and lower modulus when 

compared to BMI resins.19,20 The relatively high price of the cyanate esters is one of the main 

barriers to their wider adoption in many technologies in which their extremely low dielectric 

constant and low dielectric loss properties make them potentially very applicable.21 Thus, in the 

search to achieve superior performance, coupled with reduction in cost, cyanate-modified 

epoxy resins offer an attractive family of hybrids with many of the beneficial properties shared 

by both homopolymers.22 These drawbacks could be surmounted by developing formulations 

using nanoclays, which are relatively cheap and which are expect to yield competitive 

performance characteristics.23-24  

Many of the aforementioned high-performance resins and their formulations were not been 

effectively utilized during the past have now become feasible for making unique, specific and 

customized components.25-30 
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Considering high-rise in proximity of employing these resins in emerging technologies for 

making very high performance oriented materials, we have researched on synthetic 

methodology and attributes of several cyanate esters, inorder to make available to the 

researcher community to exploit it to find several other arenas.  Therefore, cyanate ester resins 

with different rigid backbones were prepared and they mixed with epoxy and further combined 

with nanoclay to produce nanocomposites. They were  subjected to systematic investigations, 

to establish the properties with a view to investigate the influence of cyanate in epoxy and in 

epoxy/nanoclay blends in terms of the thermal stability and toughening properties in epoxy 

resins. 

 

2. Experimental 

2.1. Materials 

The diglycidylether of bisphenol A (DGEBA, LY556, EEW 180-185 g/mol., density 1.23 

g/cm3, refractive index 1.57 and viscosity 10,000 cP) (Fig. 1) was supplied by Ciba Speciality 

Chemicals PVT Ltd., India, 4,4-diaminodiphenylsulphone (DDS) was procured from Fluka 

Company and triethylamine from the Aldrich Company. Nanomer 1.30E (a Montmorillonite, 

MMT-clay furnace modified with octadecylammonium halide) was also obtained from Aldrich 

and used as received. 2,2-Bis(4-hydroxylphenyl) propane; 4,4′-dihydroxybiphenyl; 2,7-

dihydroxynaphthalene; bis(4-hydroxyphenyl)sulfide and bis(4-hydroxyphenyl)sulfone were 

purchased from Aldrich, all with purity ≥97%. 
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Fig. 1. Structures of the monomers studied in this work 

 

2.2. Analytical Methods  

FT-IR spectra were recorded on a PerkinElmer Spectrum Two IR spectrometer, in the range 

from 4000 to 400 cm-1 with 12 scans at a resolution of 4 cm-1. The microstructures of epoxy-

cyanate (Ep-Cy) blends and epoxy-cyanate-nanoclay (Ep-Cy-Nc) blends were characterized using 

scanning electron microscopy using a JEOL JSM-6320F SEM (JEOL USA, Inc.). The thermal 

stabilities of the prepared nanocomposites (10-15 mg) were determined using a TGA Q50-TA 

thermal analyzer from 30-800°C using alumina crucibles at a heating rate of 10 K per minute 

under nitrogen atmosphere with the flow rate of 60 ml per minute. The X-ray diffraction studies 

were carried out using a Rigaku Miniflex Japan, at an operating voltage of 40 kV and current 

of 30 mA with CuKa1 radiation (wavelength = 1.54056 Å), in the region of 2Ɵ from 10º to 80º.  

 

2.3. Synthesis of cyanate ester monomers 

A batch scale of DCDPP cyanate ester (100 g) was synthesized at 0°C (maintained using an 

cooling bath, containing a mixture of NaCl and ice) by the reaction of cyanogen bromide and 

bisphenol A in the presence of triethylamine as a base (slow, dropwise addition of the reagents 

to maintain the temperature and using a slight excess of trimethylamine) based on a well-used 

route, originally reported by Grigat and Pütter (of Bayer AG).31,32 Following the addition of the 

reagents, the mixture was stirred for a further 60 minutes and allowed to reach room temperature 
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before the aqueous work up was performed to isolate the DCDPP monomer. The syntheses of 

the other cyanate ester monomers (DCBP, DCN, DCTDP, and DCDPS) were prepared from 

their respective dihydroxy compounds by employing the same procedure. Yields based on the 

addition of the limiting reagent, cyanogen bromide, were typically ≈81 %. 

 

2.3.1. Preparation of Ep-Cy blends  

The Ep-Cy contains solely DGEBA, the corresponding dicyanate, and the DDS curing agent in 

stoichiometric ratio to the DGEBA. Thus, into the DGEBA-DDS stock taken in a stoichiometric 

ratio, was blended each dicyanate (DCDPP, DCBP, DCN, DCTDP, and DCDPS) as shown in 

Table 1, along with the curing conditions. Thus, the blends of DGEBA with DDS were made by 

employing the compositions in the same equivalent ratios. Thus, to a blend comprising 100wt%, 

was added cyanate (10 wt%). The blends were mixed thoroughly at 120°C in an oil bath to get a 

homogeneous liquid.  When the formulations were melted and became homogeneous they were 

transferred to a preheated open mould that was coated with silicon based release agent.  The mold 

was preheated to 120°C before transferring the formulations.  After the material was transferred to 

the mould it was heated to 130°C and degassed under vacuum for 0.5h.  All the formulations were 

heated to 140°C and held isothermally for 3h, 160°C for 2h and 180°C for 3h.  Then the cured 

laminates were removed from the mould and curing was continued at180°C for 2h.  The cured 

samples were made cut to suitable dimensions required for the characterization of its physical, 

chemical, thermal, and mechanical properties.    

 

Table 1. Samples specifications 

Sample 

code 

DGEBA* 

(wt%) 

DGEBA-

Cyanate (Ratio 

w/w) 

Nanoclay 

(wt%) 

Curing Post Curing 

1 2 1 2 

Ep-Cy 100 10 0 140°C 

for 3h 

160°C 

for 2h 

180°C 

for 4h 

200°C 

for 2h 
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Ep-Cy-Nc 100 10 5 140°C 

for 3h 

160°C 

for 2h 

180°C 

for 4h 

200°C 

for 2h 
* Diaminodiphenyl sulfone (DDS) curing agent was added at the stoichiometric ratio to DGEBA 

 

2.3.2. Preparation of Ep-Cy-Nc nanocomposites systems  

The Ep-Cy-Nc systems all contained DGEBA, the corresponding dicyanate, and MMT clay. 

Thus, the DGEBA-DDS stock blend was considered as 100 wt% and to individual samples of 

this stock was added a dicyanate (DCBP, DCDPS, DCDPP, DCN, DCTDP in quantities shown 

in Table 1). A predefined amount of nanoclay was placed in a 250 ml beaker containing 100 ml 

acetone and stirred to facilitate the dispersion of nanoclay. The clay dispersion was sonicated 

for 4h. To the clay dispersion, DGEBA was added and stirred at room temperture. When a 

homogeneous dispersion had been achieved, the solvent was removed by rotary evaporator and 

transferred to a 100 ml round bottom flask and to the DGEBA was added cyanate (10 wt%), 

followed by DDS in a stoichiometric ratio based on the DGEBA content. 

The nanoclay dispersion thus obtained with DGEBA-DDS-Cy mixture was kept in an oil bath 

which was preheated at 90°C and was stirred slowly until it became transparent. The resulting 

prepolymer was poured into a stainless steel mould that had been preheated to 140°C and cured 

at different temperatures as given in 2.3.1. 

 

3. Results and Discussion 

It is well established that the inclusion of well-dispersed nanoclays serves to reinforce organic 

matrices and a schematic representation of the cured Ep-Cy molecules intercalated within the 

gallery regions of the nanoclay is shown in Fig. 2. 
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Fig. 2.  A schematic representation of the epoxy/cyanate (Ep-Cy) cured molecules 

intercalated in the nanoclay layers. 

 

Simplified structures of the copolymers are shown (particularly the oxazolidinone),33 since 

previous studies by Shimp et al.34 and Bauer et al.35,36 studying the cyanate-epoxy co-reaction 

mechanism using either model compounds (4-chlorophenylcyanate and phenylglycidylether) 

or difunctional compounds (DCDPP and DGEBA) identified a number of general points: the 

only significant parameters that influences the reaction products are temperature and the 

catalyst, Bauer and collaborators found that the atmosphere and the stoichiometric ratio do not 

alter the reaction path, but only the relative proportions of the reaction products.  The reaction 

has been proposed to proceed via six main steps (Fig. 3) and (a)-(d) are believed to 

predominate: 
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Fig. 3. Accepted reaction mechanism for the epoxy-cyanate (Ep-Cy) co-reaction (note 

these are not sequential) 

 

 

FT-IR spectra (Fig. 4) have shown the total conversion of cyanate function group (O-C≡N) in 

the films composites due to the absence of the characteristic O-C≡N stretching peak in the 

region of 2200 cm-1. The broad peak around 3400-3300 cm-1 is attributed to aliphatic and 

aromatic hydroxyl (O-H) groups. The characteristic peaks of 2950-2880 cm-1 (C-H stretch), 

1740 cm-1 (C=O stretch), 1580-1490 cm-1 (aromatic C=C and C-N stretches) show clearly the 

progress of the chemical reaction during the curing process of the films. 
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Fig. 4. FT-IR spectra of the cured samples of DGEBA-cyanate blends Ep-Cy and DGEBA-

cyanate blends with clay Ep-Cy-Nc 

 

 

 

3.1. X-ray Diffraction (XRD) analysis 

Wide angle X ray diffraction (WAXD) methods were employed to examine the long range 

order. The XRD patterns of organonanoclay (Nc) and the Ep-Cy-Nc systems prepared with 
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MMT nanoclays (5 wt%) loading are shown in Fig. 5, from which it can be observed that the 

pure MMT organoclay (1.30E) displays a peak (d001) at ∼ 6° (2θ).  In contrast, the scans of 

the Ep-Cy-Nc systems show no peaks corresponding to the nanoclay 1.30E; the absence of 

this peak corresponding to (001) plane in WAXD scans might be due to loss of ordered 

structure during melt processing. The delaminated structure or loss of ordered structure was 

probably due to the high level of shearing during sonication for 5h followed by 4h of 

mechanical stirring; this finding is in agreement with the reports of Qiu et al.37 

 

 

Fig. 5.  XRD graph of Ep-Cy (a) and effect of organoclay loading on the structure of Ep-

Cy-Nc (b) systems. 

 

3.2. Thermal polymerization behaviour of the blends and nanocomposites  

The thermal behaviour of the cured samples of Ep-Cy and Ep-Cy-Nc was studied from the DSC 

are shown in Fig. 6. All of the cured samples show values of Tg greater than the  base epoxy 

resin (DGEBA-DDS), but the influence of the MMT nanoclay in modifying the Tg is 

disappointing as there are no significant differences in the Tg found for Ep-DCDPP-Nc and Ep-

DCBP-Nc (while Ep-DCN-Nc experiences a fall of 19°C, and Ep-DCTDP 27°C) after 

modification.  The notable exception is Ep-DCDPS-Nc, as the Tg rises by 27°C after 

modification, from which it is assumed that the presence of the organoclay in the intercalated 
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state appears to have restricted the mobility with a concomitant increase in the Tg.  Given that 

that the bridging group in the monomer is the most polar of those studied, it may be that this 

has served to assist the level of dispersion of the nanoclay, and hence the elevation in Tg.  

 

 

Fig. 6.  DSC curves of the cured samples of Ep-Cy and Ep-Cy-Nc blends  

 

3.3. Estimation of crosslink density using DSC data 

The estimation of molecular weights between adjacent crosslinks (Mc) helps to understand the 

physical network structure of the polymer since the parameter is inversely proportional to the 

crosslink density (Fig. 7).38 The latter is one of the key structural parameters that aids 

understanding of changes in the segmental motions, which is reflected in the mechanical 

properties of the thermoset polymers. When the number of crosslink junctions is increased, the 

crosslink density also increases along with Tg, and therefore the relationships between Tg and 

Mc, could be correlated with the cross-link density of the polymer. A qualitative estimation of 

Mc in both the Ep-Cy-Nc and Ep-Cy systems can be obtained using the empirical equation (1)  
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4

0

3.9 10
Mc

Tg Tg


=

−
                                                                                                          (1) 

 

where Tg0 is the glass transition temperature of the noncrosslinked polymer. 

When the nanocomposites were compared, only Ep-DCDPP-Nc, Ep-DCN-Nc, and Ep-

DCTDP-Nc display increased Mc values. 

 

Fig. 7. Correlation between Tg and Molecular weight between the crosslinks (Mc). 

 

Similarly, the Ep-Cy-Nc systems may also have exhibited higher Mc values because of the clay 

layers present between the crosslink points, but the variations in the Mc values observed suggest 

that the increase or decrease in crosslink density was not only dependent on the distance or the 
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molecular weight between the crosslinks, but also on the physical characteristics of the 

structural backbones and polarity of the functionalities in the segments. 

 

This series of monomers has been chosen to exemplify both a range of backbone polarities: 

DCDPS > DCTDP > DCN ≈ DCBP > DCDPP and also rotational freedom between aromatic 

moieties ranging from the most rigid (DCN) where the aromatic rings are fused, biphenyl with 

limited rotation, through to the less hindered sulphide in which the C-S bonds have mainly 

sigma character, but with a contribution from the pi-bonds of the phenyl rings undergoing 

interaction with the lone electron pairs on the sulphur atom. Howlin et al.39 previously used 

molecular simulation methods to explore the rotational freedom of sulphone, ether, and 

isopropylidene bridges within oligosulphones, and reported energy barriers of rotation of 

sulphone (1 kcal/mol) < ether = carbonyl (4 kcal/mol) <isopropylidene (6 kcal/mol); in the 

present series, the thioether link may be considered analogous to the ether, albeit with a 

significantly larger atomic radius.  The rotational freedom of the backbone may influence the 

degree of conversion achieved, with more flexible links facilitating the movement of 

(co)reactive functional groups into closer proximity, otherwise hindered by more rigid 

monomeric structures. 

 

3.4. Determination of thermal stability using thermogravimetic analysis 

The thermal stabilities of the cured resin systems were examined using the thermogravimetric 

analysis (TGA) technique by estimating the initial decomposition temperature (IDT), at which 

approximately 5% of the sample mass has been lost and where the detectable quantity of heat 

had been evolved. Also, the onset degradation temperature at which the maximum rate of mass 

loss (Tmax) begins and the char yield at which the degradation of the entire sample was complete. 

The influence of the nanoclay on the thermal stability of the blends was then compared. 
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3.4.1 Thermal degradation of the cured Ep-Cy blends 

The TGA curves of cured samples of the Ep-Cy systems are shown in Fig. 8 (a), with the 

exception of Ep-DCBP, all display similar profiles (Ep-DCBP surprisingly displays a lower 

temperature for the initial degradation step around 340°C). The maximum decomposition 

temperature occurs around 400°C for all of the systems, which illustrated that these composites 

possess good thermal stabilities. With the exception of Ep-DCBP (containing the biphenyl 

moiety), all display a single step decomposition, achieving char yields of around 10% (at 

800°C). When comparing the char yields, these are broadly in line with the aromatic carbon 

content.40,41 The Ep-Cy cyanate monomers display comparatively high initial decomposition 

temperatures (IDT), with a marginally higher value recorded for Ep-DCDPS, and a significantly 

lower value for DCBP. In the case of Ep-DCDPS, previous work has reported the loss of sulphur 

dioxide at during thermal degradation of polycyanurates42 and polyaspartimides43 containing 

sulphonyl bridges.  

 

Fig. 8. TGA curves of the Ep-Cy (a) and Ep-Cy-Nc (b) systems carried out under N2 

atmosphere at a heating rate of 10 K/min. 
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Furthermore, the synergistic effect of oxazolidinone rings, formed through co-reaction of the 

cyanates with the DGEBA, increase the crosslink density and restrict the segmental motion, 

which is reflected in increased IDT values. The Ep-Cy systems all exhibit higher char yield 

values than the conventional epoxy (char yield of DGEBA-DDS is 1.86%),44 with Ep-DCBP 

displaying the highest char yield. 

 

3.4.2 Thermal degradation of the cured nanocomposite blends 

The TGA curves of cured samples of the Ep-Cy-Nc systems are shown in Figure 8 (b). It is 

apparent that the addition of the nanoclay effects a change in the profile of the TGA profiles 

and hence the degradation mechanism; the inclusion of the inorganic nanoclay component 

understandably increases the char yield of the nanocomposites, with DCBP-Nc showing the 

highest char yield (Table 1).  

 

Table 1: Thermal properties of the Ep-CY and Ep-Cy/NC systems 

Sample Initial 

decomposition 

temperature 

(˚C) 

Final decomposition 

temperature 

Char 

yield 

Max weight loss 

Ep-DCN 340˚C (6% loss) 450˚C (21% remains) 13% 350-450˚C (73%) 

Ep-DCTDP 345˚C (6% loss) 450˚C (22% remains) 13% 350-450˚C (72%) 

Ep-DCDPS 353˚C (6% loss) 450˚C (22% remains) 12% 350-450˚C (72%) 

Ep-DCDPP 353˚C (6% loss) 450˚C (21% remains) 12% 350-450˚C (73%) 

Ep-DCBP 295˚C (4% loss) 450˚C (29% remains) 12% 290-450˚C (67%) 

Ep-DCN-Nc 305˚C (3% loss) 450˚C (22% remains) 16% 310-450˚C (75%) 

Ep-DCTDP-Nc 290˚C (3% loss) 465˚C (22% remains) 14% 310-450˚C (75%) 

Ep-DCDPS-Nc 325˚C (3% loss) 465˚C (22% remains) 13% 310-450˚C (75%) 

Ep-DCDPP-Nc 275˚C (3% loss) 465˚C (23% remains) 18% 275-450˚C (74%) 

Ep-DCBP-Nc 275˚C (3% loss) 465˚C (28% remains) 20% 275-450˚C (69%) 
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While the TGA trace for DCTDP-Nc shows little change (there is a modest increase in the value 

of IDT), the other materials display a significantly lower thermal stability with a bimodal 

profile. 

 

3.4.3 Determination of the IPDT properties for the cured polymers 

The thermal stability of the systems was established with the integral procedural temperature 

(IPDT) studies. The IPDT proposed by Doyle was calculated using Eq. (2) 45 

  * *( ) ( )f i iIPDT C A K T T T = − +                                                                                              (2) 

where, A* represents the area ratio of total experimental curve divided by total TGA 

thermogram, K* is the coefficient of A*, Ti is the initial experimental temperature, and Tf is the 

final experimental temperature. 

 

The IPDT value of both Ep-Cy and Ep-Cy/Nc systems were calculated from the thermograms 

obtained by decomposing at a constant heating rate of 10 K/min. All the systems exhibit IPDT 

values around 900°C confirming the high thermal stability of the materials. The IPDT values 

of all the Ep-Cy systems were found to be in the similar range given the structural similarities 

between the dicyanates e.g. Ep-DCDPP (982), Ep-DCBP (979), Ep-DCN (980), Ep-DCTDP 

(982), and Ep-DCDPS (1097). The nanocomposites systems which display excellent 

miscibility with the clay show higher IPDT values: Ep-DCBP-Nc (1114), Ep-DCTDP-Nc 

(1099), and Ep-DCDPS-Nc (1097), whereas those displaying poorer miscibility show lower 

IPDT values: Ep-DCN-Nc (930) and Ep-DCDPP-Nc (938).  

 

3.5.3 Determination of the kinetic parameters for the thermal degradation processes 
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Data acquired from the TGA experiments were used for the determination of the kinetics of 

thermal degradation of polymers. The thermal degradation of the cured system was carried out 

at a heating rate of 10 K/min under a flowing nitrogen atmosphere. The activation energy and 

order of reaction (n) were predicted by the integral methods of using the Broido, Horowitz-

Metzger, and Coats-Redfern models46-48 are shown in Fig. 9, derived from the Arrhenius 

equation. The basic equation used to describe decomposition reactions is  

( ) ( )
dy

k T f y
dt

=                                (3) 

The rate constant k(T) and f(y) were functions of temperature, and conversion respectively was 

defined as 

0

0

t

f

M M
y

M M

−
=

−
          (4) 

where M0: initial sample weight, Mt and Mf were the weight at time t and final sample weight 

respectively. Usually k assumed to follow Arrhenius relationship: 

 exp
E

k A
RT

− 
=  

 
         (5) 

The reaction rate may be written as follows. 

dy dy dT dy

dt dT dt dt
= =          (6) 

Thus, change in mass vs. Temperature can be written as 

exp ( )aEdy A
f y

dT RT

− 
=  

 
        (7) 

The integral form of Eq.7 from initial temperature, Ti corresponding to a degree of conversion 

m0, to a peak temperature, Tmax, can be written as 

0
0

exp
( )

P

y
T

a

T

Edy A
dT

f y RT

 
= − 

 
                           (8) 

Using an approximation, Broido rearranged  the Eq (8).49 



 

 18 

2

max

1 1
ln ln a

a a

E R A
T

y R T E 

  
= − +   

   

                     (9) 

The Coats-Redfern equation is shown in Eq (10): 

2

ln(1 ) 2
ln ln 1 a

a a

Ey AR RT

T E E RT

 − − 
= − −  

   

  for n = 1                          (10) 

The Ep/Cy/Nc equation of Horowitz-Metzger is given in Eq(11) 

( )
ln(1 )

( )

a P

P

E T T
y

R T

−
− =    for n = 1                          (11) 

where T is the absolute temperature, α is the conversion at temperature T, y is the fraction of 

initial molecules and not yet decomposed, Tmax is the absolute temperature of maximum 

reaction rate, β is the rate of heating, A is the frequency factor, DTmax is the maximum 

decomposition temperature, θ = T-DTmax, R is the gas constant and Ea is the activation energy. 

 

The Horowitz model assumes a first order reaction and uses the simplified exponential integrals 

to obtain the above equation; the Broido model also considers the thermal decomposition 

process to be a first order reaction. When the Coats-Redfern model was used n=1 was 

considered for the activation energy calculations.50 Thus, linear plots were obtained using 

Broido’s method (plotting ln(ln 1/y) versus reciprocal of the absolute temperature), the X-R 

method (In[– (1 – y)/T2] versus reciprocal temperature), and the C-R method and ((1 – y) versus 

reciprocal temperature) for major degradation events.51,52 The kinetic analysis for the thermal 

degradation of both Ep-Cy and Ep-Cy-Nc systems using the Horowitz-Metger model are shown 

in Fig. 9 (and the kinetic parameters determined from all models are summarised in Table 2). 

The activation energies values are found to fall in the following order for the models applied:  

Broido > Horowitz-Metzger > Coats-Redfern.  
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The activation energies, predicted from the Broido model, for the Ep-Cy systems fall between 

237 and 389 kJ/mol, attributed to high thermal stability, due to the formation of an 

oxazolidinone ring through the epoxy-cyanate co-reaction, leading to a structure with inherently 

high thermal stability. In the Ep-Cy-Nc systems, the activation energy significantly decreased 

and found to be in the range 165–381 kJ/mol (using the Broido model). This could be due to 

the destruction of aliphatic chain present in the clay layers. This interpretation is in agreement 

with the data obtained for IDT, onset temperature, and char yield for both Ep-Cy and Ep-Cy-Nc 

systems. The Ep/Cy systems containing functionalized cyanate monomers show higher Ea 

values and this is in agreement with the TGA data. It is believed that the gaseous oxides of 

sulphur evolved during the degradation may condense on the remaining polymer, which inhibits 

the fast degradation of the polymers. 

Table 2. The kinetic parameters for the thermal degradation processes 

 

 Models  Broido Horowitz Coats-Redfern 
 Kinetic parameters Ea (kJ/mol) R2 Ea (kJ/mol) R2 Ea (kJ/mol) R2 

 

 

Ep-Cy 

systems 

Ep-DCBP 249 0.98 222 0.99 198 0.99 

Ep-DCN 266 0.99 243 0.99 219 0.99 

Ep-DCTDP 246 0.99 220 0.99 196 0.99 

Ep-DCDPP 364 0.97 229 0.97 222 0.97 

Ep-DCDPS 248 0.98 204 0.96 181 0.95 

 

 

Ep-Cy-Nc 

systems 

Ep-DCBP-Nc 175 0.99 157 0.97 134 0.96 

Ep-DCN-Nc 248 0.95 214 0.91 168 0.93 

Ep-DCTDP-Nc 381 0.99 337 0.99 311 0.99 

Ep-DCDPP-Nc 258 0.97 230 0.99 206 0.99 

Ep-DCDPS-Nc 389 0.99 386 0.98 384 0.97 
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Fig. 9. The plots for the calculation of Ea values for (a) Ep-Cy and (b) Ep-Cy-Nc systems 

using Horowitz-Metzger model (shown as a function of Cy component) 

 

 

3.6 Flame retardant properties 

While a full analysis of the fire resistance falls outside the scope of this work, a preliminary 

indication of the flame retardant properties (represented by the limiting oxygen index, LOI, eqn 

12) were determined using the empirical formulae proposed by van Krevelen et al.53. A numerical 

index (LOI) represents the minimum concentration of oxygen required to just support 

combustion of a polymer in the air mixture. Thus, higher LOI values represent better flame 

retardancy. 

17.5 0.4LOI CR= +         (12) 

where, LOI = limiting oxygen index, and CR = char residue (mass). 

 

The LOI values obtained show a linear relationship with the char yield as shown in Fig. 10. In 

the first instance, the incorporation of cyanate ester (10 wt%) to the DGEBA-DDS blend, 

improves the LOI values of the resulting Ep/Cy systems to yield values of 20-23 (compared 

with a value of 17 % for the base DGEBA-DDS polymer).54 
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Fig.  10. The correlation study on char yield between Ep-Cy and Ep-Cy-Nc  

 

The Ep-Cy-Nc nanocomposites, which contain both cyanate ester and nanoclays, exhibit LOI 

values of 22-25. It is generally accepted that empirically determined values of LOI for materials 

are described as ‘flammable’ (LOI <20.95), ‘slow burning’ (LOI<28.0), and ‘instrinsically non-

flammable’ (LOI<100). More specifically, polymers possessing LOI ≥ 20.95, and ≥ 26.0 are 

considered as ‘marginally stable’ and ‘self-extinguishable’ materials respectively.55-57 

Consequently, The epoxy-cyanate copolymers considered in this work, fall into the ‘marginally 

stable’ category. The addition of a modest amount of nanoclay clearly increases the flame 

retardancy in all the epoxy-cyanate blends (and is particularly marked for Ep-DCN-Nc). 

 

3.7 Examination of the fracture properties of the blends 

A combination of mechanical tests (using Izod impact strength analysis58 followed by SEM 

analysis of the fractured surfaces was performed on the base DGEBA-DDS resin and the Ep-

Cy and Ep-Cy-Nc blends. The mechanical data shown (Fig. 11) represent the average of five 

replicate analyses and when compared with the DGEBA-DDS base system (93 J/m), all the Ep-

Cy-Nc systems show increased strength values, due to the synergistic toughening effects of the 
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cyanate and the nanoclay. For comparison, an Izod value of 18.6 J/m for the cured neat resin 

homopolymer of the commercial cyanate ester (AroCy B-30) based on bisphenol A has 

previously been reported59.  

 

It should be noted that this toughening mechanism is effective as the incorporation of nanoclay 

into the DGEBA-DDS system already results in a 24% increase in Izod impact strength (115 

J/m) for the base system, superior to all but one of the modified Ep-Cy copolymers.  The DCN-

Ep-Cy-Nc system displays the lowest Izod impact strength, presumably resulting from the non-

homogeneous blending with the clay and the rigid aromatic nature of the monomer (the DCBP- 

Ep-Cy-Nc is similarly affected, with little rotational freedom offered by the direct bond between 

the aromatic rings). This finding was in agreement with SEM analysis (Fig. 12) where the 

separation of the clay layers from the matrix resin is seen in the fractured surface of Ep-DCN-

Nc. In general, the surfaces show complex features that are typical of shear failure; all the 

composites show elastic deformation zones that predominate. The poorest performing of the 

Ep-Cy/Nc systems Ep-DCN-Nc, 102 J/m, and Ep-DCBP-Nc, 109 J/m more isolated nanoclay 

agglomerations observed on the fracture surfaces of Ep-DCN-Nc and Ep-DCBP-Nc resulted 

from the processing difficulties caused because of the rigid, planar structural characteristics of 

naphthalene and biphenyl rings present in the monomers. 
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Fig. 11. The impact strength properties of the Ep-Cy-Nc 

 

The SEM images of the fracture surfaces of the cyanate ester systems are shown in fig. 14.  All 

the systems show similar structural patterns because they contain similar kinds of aromatic 

backbones separating the cyanate ester moieties. 

 

Fig. 12.  The scanning electron microscopic images of the cured samples of Ep-Cy and Ep-

Cy-Nc systems. 

 

When the fracture surface of the toughened of the samples studied in this work (Ep-DCDPP-

Nc, 120 J/m) is examined it displays short, split tails at the crack surface due to the removal of 

agglomerates between the wave patterns caused by the fracture. The well performing Ep-
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DCTDP-Nc system (113 J/m) displays a very complex surface morphology and perhaps the 

best degree of incorporation of the nanoclay in the matrix.  The Ep-DCDPS-Ns system displays 

cavities at the surface due to the pull out of clay agglomerates and shear failure due to the 

toughening effect of the nanoclays (resulting in an Izod impact strength of 110 J/m). The 

appearance of spheroidal cavities confirmed the more ductile nature of the composite during 

fracture. The single-phase morphology observed in the Ep-DCBP-Nc nanocomposite and the 

absence of phase separation observed in all the composites confirms the cohesive interaction 

among the epoxy, cyanate, and nanoclay components. The complete change of morphological 

structure wrought by the inclusion of nanoclay contributes towards the prevention of linear 

crack propagation. 

 

4 Conclusions 

A series of co-reactive blends comprising a DGEBA-DDS system and various aromatic 

dicyanates have been prepared and characterized for their thermal behaviour, thermal stability, 

thermal degradation kinetics, and fracture behaviour morphology. Diffraction data (XRD 

WAXD analysis) indicate that the clay layers undergo a loss of ordered structure during melt 

processing, facilitating blending of the nanomaterials within the blends to form 

nanocomposites. There is a slight penalty in the glass transition temperatures and the onset of 

thermal degradation in the case of Ep-Cy-Nc systems resulting from intercalation of the 

nanoclays, as evidenced by the decreased activation energy values determined for the thermal 

degradation mechanisms. The incorporation of the cyanate to form an oxazolidinone 

copolymer and nanoclay contribute a synergistic effect in improving the toughness of the 

resulting nanocomposites and development of more complex morphology. The next phase of 

the work should involve the incorporation of reinforcement into the best performing of these 

blends to produce advanced composites. 
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