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SUMMARY:: The influence of carbon fibre on the curing kinetics of the prepolymer
based on bisphenol A cyanurate and epoxy resin has been studied using infra-red
spectroscopy. It was found that curing process of prepolymer is very complicated. It
is shown that in curing the prepolymer a number of the sequential transformations of
ones cycle structure into others occurs. An introduction of the carbon fiber (CF) of
two types, original CF and modified CF (MCF) containing phosphate groups, affect
strongly the prepolymer curing. Both CF and MCF accelerate the conversion rate of
epoxy groups. In the case of cyanate groups, the former does not practically affect
their conversion whereas the latter decelerates strongly this process. In the paper the
influence mechanism of CF is considered.

Introduction

The formation of filled linear or cross-linked polymers has been defined to differ from that of
unfilled polymers even though there is not a chemical interaction on the polymer-filler
interface”. The filler influence is caused by an adsorption interaction of monomer and/or
oligomer with the filler surface leading to the change of both the reaction kinetics and the
final properties of the polymer formed. The investigation of cross-linked polymer formation
in the presence of the filler which is capable of chemical bonding on the interface is a difficult
task, however, its decision is necessary to define the curing mechanism of such kind systems

and to regulate the final parameters of the materials.
In this paper the chemistry and curing kinetics of the copolymer based on dicyanate ether of

bisphenol A (DCBA) and diglycidyl ether of bisphenol A (DGBA) as well as the influence of
the carbon fibre (initial carbon fibre (CF)) and that modified by orthophosphoric acid and
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containing phosphate groups on their surface (PCF)) on the formation process were studied.

Experimental

Copolymer. Copolymer of DCBA (99%) and DGBA (>98%) was chosen in a weight ration
of 60/40 wt/wt. The copolymer was made using a two-step procedure. In the first step, the
prepolymer of DCBA and DGBA was synthesised. The DGBA was heated up to 100°C and
thoroughly mixed with DCBA powder. During mixing the temperature was increased to 140 -
150°C. At this temperature the mixture was held for 45 min. In the second step, the
prepolymer was cured at 150°C for 5 h and postcured at 180°C for 3 h.

Carbon fibre. Carbon fibre of both types was used to be a product of carbonisation of
hydrated cellulose fibre at the temperature 500-600°C>. The introduction of phosphate
groups into hydrated cellulose fibre was carried out by the method described in Ref.>. The
phosphorus concentration was found to be 12% wt. in PCF. The diameter of both types of
fibre was (10-12) e 10 m. Both CF and PCF were ground by hand in an agate mortar prior to
use. After grinding the fibre length was measured to be equal (100 - 200)10 m.

Filled composition. In preparing the filled composition the dispersed carbon fiber was mixed
with prepolymer for 10-15 min and then curing was carried out in accordance with above
procedure for unfilled composition.

Measurements. In this study an infra-red (i.r.) spectrophotometer “Specord M80” was used for
kinetics investigation. The ir. band at 2968 cm™ was used as an internal standard. The
samples for i.r. investigation were prepared by the following way. One drop of prepolymer (5-
10 mg) was pasted between two NaCl plates, which were then mounted on a sample holder

located in the i.r. chamber. The curing was carried out according to above procedure.

Results and discussion

There are a few reviews of publications concerning the reaction of epoxies with cyanates. All
the researchers observed the cyclotrimerization of cyanate followed by transformation of
cyanurate formed to oxazolidinone. However there is no clear understanding if the epoxide
can react directly with cyanate with oxazoline cycle formation®®.

The curing at 150°C leads to the drastic decrease in an optical density of cyanate group band
at 2272/2236 cm™ and to some decrease of the stretching vibration band of epoxy cycle at 915
cm™. At the same time the absorption peaks of bands at 1566 and 1370 cm’ strongly increase
and the intensity of the band at 1680 cm™ grows also. The band at 1565 cm™ is related to

triazine ring vibration and that at 1370/1365 cm™ caused by absorption of -O- fragment in
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cyanurate”. The 1680 cm™ band is probably related to C=N-vibration of the oxazoline®. After
30 min only following the beginning of heating at 180°C vibration band of cyanate groups
disappears completely. In 1 h approximately after heating at the temperature 180°C the band
at 1750 cm™, which is caused by oxazolidinone cycle vibration becomes marked”. After
curing at 180°C results in both the increase of the optical density of this band and the decrease
of the intensity of that at 1680 cm™. Besides the redistribution of the intensities of the bands at
1680 and 1750 cm™ a high frequency shoulder appears on the side of the band at 1680 cm™.
After 2 h approximately the shoulder separates into individual band with maximum at 1696

cm’™. The optical density of the band at 915 cm™ drops synchronously with above process.

The Fig. 1 shows the kinetic curves of epoxy and cyanate groups conversion during the

prepolymer curing.
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Fig.1. Kinetics curves of cyanate (a), epoxy (b) groups conversion, oxazoline (c), and cyanurate (d) (band at
1370 cm™ (- -), band at 1566 cm™ (-)) cycles conversion in the unfilled reactive blend (0) and filled reactive
blend by 2% CF (O), 2% PCF (A).

The dependencies of the optical densities of the bands at 1680, 1566, 1370 cm’* upon the heat
treatment time are shown in Fig.1, where Vi is rate of reaction and the value of optical density

(Ay) standardized to the internal standard (Ag).

One can see (Fig.1) that the reaction of cyanate groups starts since first minutes of initial
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system heating and the rate achieves a maximum value just after 60 min. The reaction of
epoxy groups has an induction period and the rate begins to increase after 120 min of heating.
This fact together with very high speed of the increase in the optical density of the bands at
1370, 1566 cm™ evidence that at the initial stage the cyanurate cycle formation has a highest
rate in comparison with other reactions and these data are in a good agreement with those
early reported in the Ref.?). Simultaneously the formation of oxazoline cycle proceeds but this

process has a lower speed. The schemes of the corresponding reactions follow below.

From the kinetic curves presented in

> R\o\ I 0 R Fig.1 one can see that the synchronous
3—rR—o—c=nNn— ¢ ﬁ drastic acceleration of both cyanate and
N\\?/N epoxy groups conversion accompanied

? by some jump in the optical density of

T the band at 1680 cm™ occurs in the time

—O—C=N+C H\zo—/c H—— — 0? =% ) inter\./al froTn 180 to 225 min at 150°C.
Nen” The jump is observed at 55% cyanate

groups conversion. The 55-60% cyanate

groups conversion region corresponds to a gel formation for the system studied'®'" and the
observed acceleration of the curing process of prepolymer appears to be caused by the shift of
reactive equilibrium, after the gelation point, in the direction of the oxazoline cycle formation

that in the same time does not exclude the acceleration of the cyclotrimerization process.

After heat treatment at 180°C for 60 min cyanate groups are completely consumed. At this
stage the formation of cyanurate and oxazoline cycles is ended. At the same temperature the
transformation of oxazoline cycles into oxazolidinone ones begins also. In this case an

intensity of the band at 1680 cm™ is decreased and that at 1750 cm™ is increased.

The possibility of oxazoline cycle being transformed into oxazolidinone one has been shown

in Ref'?:
o—C=N 0=C—N— At the temperature 180-250°C, simultaneously with
}Hz_. O/ \CH above reaction, the sequential transformations of
O\C H/ \CH/ 2 cyanurate cycle into isocyanurate and then into

[ I

oxazolidinone ones take place at their interaction with

an excess of epoxy groups”.
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The forming isocyanurate ring has an absorption band of (C=0)-groups in the region 1690 -

cyanate Syclotrimerization, cyanurate  * €POXY , jsocyanurate _t €POXY , oxazolidinon

1765 cm’ depending of the substituent type'?.
It will be noted that the oxazolidinone cycle formation proceeds in two courses: the first,
through the isomerization on oxazoline cycles formed owing to the reaction between cyanate

and epoxy groups; the second, owing to a number of the sequential transformations

It has been determined that the introducing of fibers affects essentially the rate of the process’
occurring during the cure. Both the CF and PCF decrease the rate of cyanate groups
conversion in filled systems as compare to unfilled one. What’s more the PCF decelerates
stronger this process. As it can be seen (Fig.1) the rate of cyanate groups conversion decreases
harshly and achieves the maximum value later (after 30-40 min of heating) than in
composition filled with unmodified CF (after 90 min of heating). Contrary the reaction of
epoxy groups at early stages quickens with the introducing of the both the types of fibers. The
reaction of epoxy groups in unfilled system has an induction period when the rate is minimal
and does not change. This induction period vastly decreases in system filled with CF and is
absolutely absent in system filled with PCF. Rate of epoxy groups conversion at the first stage
of heating at 150°C achieves the maximum value after 200 min for unfilled system, 90 min for
system filled with CF and 60 min for system filled with PCF.

One of the reasons of the PCF influence on curing the prepolymer may be the interaction of
PCF with a-oxide cycles as follows'?. The reaction product is the alkyl-substituted phosphate
groups. Besides the hydrogen-containing active groups of the PCF surface are able to react
with cyanate groups‘s). These two processes is certain to influence on the conversion rate of
the functional groups of the system studied.

At the same time they do not explain the drastic retardation of the cyanate groups conversion
rate for the filled system. A comparison of the kinetic curves, given in Fig.1, shows that the
retardation is considerably caused by inhibition of the cyclotrimerization process of cyanate
groups at the reaction initial steps. And in this case an adsorption of cyanate onto the fiber
surface appears to play an important role in result of reactive groups are partly excluded from
the initial stage of reaction and on they react with active phosphorous-containing groups
located on the fiber surface, but the rate of this reaction is lower than that of

cyclotrimerization.
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Conclusion

The kinetic investigation of cross-linked copolymer based on bisphenol A dicyanate and
bisphenol A diglycidyl ether showed that at the initial stage of curing at 150°C with the
highest rate the cyanurate cycles are formed. Simultaneously, but with lower rate, the
formation of oxazoline cycles occurs, which as the temperature is increased up to 180°C
transform into oxazolidinone ones. In addition when the excess of epoxy groups takes place
the formation of oxazolidinone cycles is possible from isocyanurate cycles formed, in its turn,
from cyanurate ones.

No CF effect on the conversion process of cyanate groups is observed whereas the PCF, at the
first stage of curing, decelerates shortly the cyanurate groups conversion. The latter is
explained by the reaction of the reactive groups of carbon fibre with epoxy and cyanate

groups of a prepolymer.
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