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ABSTRACT: Polycyanurate networks of different architecture were synthesized using
different curing cycles. Networks with a variable extent of reaction were obtained; the
small variation of the cyanate conversion (0.8 to 1) corresponds to a large variation
of glass transition temperature (150–2907C) and crosslink density. The mechanical
behavior at small and large deformations and the fracture toughness were examined
at room temperature and related to the network structural parameters. To explain the
puzzling variation of the yield stress and yield strain with the cyanate conversion,
recovery experiments were conducted to discriminate anelastic deformation from plastic
deformation. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 65: 2471–2479, 1997
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INTRODUCTION buildup6–8 of cyanate esters has been reported in
several useful articles. However, much less inter-
est has been paid to relationships between molec-The development of new high performance poly-
ular architecture and macroscopic physical prop-mers over the last decade was stimulated primar-
erties of polycyanurates.9,10 Fully cured materialsily by the demands of the aerospace and electron-
are quite ideal networks in which all linkages be-ics industries for high glass transition tempera-
tween crosslinks are identical. Owing to the highture (Tg) materials with low dielectric losses.
crosslink density and aromaticity of the polymer,Epoxy resins are so far the most widely used ther-
very high glass transition temperatures are ex-mosets for structural composites, but their poor
pected, typically in the 290–3007C range. Thishot and wet performances limit the applications
major advantage as compared to conventional ep-in which they may be used. In such circumstances,
oxies is obtained only with a postcure cycle at highhigher temperature performance resins are
temperature. If such a condition is not achieved,needed and cyanate ester resins are among the
an uncomplete reaction will result in a significantcandidates to fulfill this role.
amount of network defects (i.e., chain extensionBifunctional cyanate ester monomers homo-
and dangling chains) that in turn will dramati-polymerize through a cyclotrimerization reaction
cally affect the material properties.to form 3-dimensional networks as depicted in

Our strategy was to synthetize polycyanurateFigure 1. These networks are termed polycyanur-
networks with different crosslink densities byates. The cure chemistry1–5 as well as the network
stopping the polymerization at different extents
of reaction. A statistical approach provided a theo-

Correspondence to: Dr. J. Galy. retical relationship between the cyanate conver-
* Present address: Exxon Chemical Europe Inc., Hermes- sion (i.e., the amount of reacted functions) and

laan 2, 1831 Machelen, Belgium.
the relevant postgel quantities (gel and sol frac-
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q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/122471-09 tions, crosslink density). Then a previous study
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Figure 1 Monomer structure and network formation.

reported the effect of cyanate conversion on volu- EXPERIMENTAL
metric properties.11 Focusing on the latest stages
of cure, we demonstrated that the formation of Materials
bulky triazine crosslinks induces a steric hin-
drance that reduces the network ability to pack The cyanate ester monomer used in this work was

the dicyanate of bisphenol A supplied by Ciba–effectively upon cooling, thus creating an increas-
ing fraction of unoccupied volume holes on a nano- Geigy (commercial name Arocy B10) as a high

purity (ú99.5%) crystalline powder. It was curedmeter scale. This phenomenon was assessed by
positron annihilation lifetime spectroscopy and either with a typical catalytic system consisting

of 200 ppm of Cu// (copper acetyl acetonate) dis-shed some light on the evolution of different mate-
rial properties of practical interest, that is, a de- solved in 200 phr nonylphenol or without a cata-

lyst. Sample preparation and curing cycles werecrease in density and an increase in moisture ab-
sorption as the extent of conversion increases. similar to those previously reported.11 Based on

the results of an isothermal kinetic study, theyKeeping this in mind, we address the relation be-
tween cyanate conversion and mechanical proper- were selected to reach cyanate conversions, x ,

ranging from 80 to 100%. Four uncatalyzed (100,ties with successive emphasis on small strain,
large strain, and fracture properties. A future ar- 95, 90, and 85) and three catalyzed (C100, C91, and

C82) polycyanurate networks were synthesized.ticle will focus on viscoelastic behavior in the
glassy state, with a detailed assignment of the Main characteristics such as cyanate conversion

measured by differential scanning calorimetry orsecondary relaxations in terms of molecular mo-
tions.12 infrared spectroscopy, glass transition, and theoret-
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Table I Main Characteristics of Polycyanurate Networks

Network 100 95 90 85 C100 C91 C82

Tg (7C) 290 265 212 168 275 202 149
x (DSC) 1 0.96 0.91 0.85 1 0.91 0.82
X (mol/kg) 2.39 1.94 1.52 1.14 2.34 1.57 0.91
r 1.207 1.212 1.219 1.225 1.202 1.215 1.225

Glass transition temperature, Tg , and cyanate conversion, x, measured by DSC. Theoretical crosslink density X. Density r.

ical crosslink density are summarized in Table I. Large Deformations
There is a unique one to one relationship between Rectangular samples (15 1 15 1 6 mm3) were
Tg and conversion and it is important to note that tested in uniaxial compression mode at a strain
very different polymer architectures were obtained rate of 1.11 1003 s01 to give the yield stress at
(variations in Tg of more than 1407C and differences the plateau, sp , and the corresponding strain 1p ,
of more than 100% in crosslink density), in spite of before the onset of strain hardening (or 1y and sythe apparently narrow range of conversion. at the maximum).

Fracture ToughnessTechniques

The concept of the linear elastic fracture mecha-All mechanical tests were run at room tempera-
nism was employed. The stress intensity factor,ture.
KIC , was determined using a 3-point bending test
on single-edge notched (SEN) samples. The dis-

Small Deformations placement rate was 1 mm min01 .
Stiffness behavior at small deformations were in-
vestigated by two different methods. Uniaxial ten- RESULTS AND DISCUSSION
sile Young’s moduli, E , were determined at a low
strain rate of 1.66 1004 s01 using rectangular bars Small Deformations
of 100 1 15 1 6 mm3. The deformation measure- The variation of the Young’s modulus of the poly-
ment was accurately monitored using strain gages cyanurate networks with the cyanate conversion
from Vishay micromeasures. In addition, ultra- is shown in Figure 2. The Young’s modulus de-
sonic wave velocity measurements were used to
access the material behavior at extremely high
strain rates. Sound velocities in the longitudinal
(VL) and in the transversal mode (VT ) were deter-
mined at a frequency of 5 MHz from the time of
flights of pulsed signals between parallel free sur-
faces of thick samples (6 mm). Then the ultrasonic
shear (Gu), Young’s (Eu), and bulk compressibility
(Bu) moduli, as well as the Poisson’s ratio (n) were
computed according to the following expression:

Gu Å rV 2
T

Eu Å rV 2
T

3V 2
L 0 4V 2

T

V 2
L 0 V 2

T

n Å 1
2

V 2
L 0 2V 2

T

V 2
L 0 V 2

T Figure 2 Variation of the (j ) Young’s modulus and
(h ) ultrasonic modulus as a function of conversion (un-
catalyzed networks). (s ) Variation of the Young’s mod-Bu Å

E
3(1 0 2n) ulus of catalyzed networks.
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creased as the conversion increased and when a cohesive energy density, Ecoh .12 This energy can
be calculated using the method of group contribu-catalyst was used. The same trend was observed

on diglycidyl ether of bisphenol A/diamine net- tions and the data given by Fedor.13 The cohesive
energy of a partially cured polycyanurate networkworks as the crosslink density was varied either

by changing the stoichiometric ratio,13,14 by add- can be expressed as
ing a chain extender, or changing the curing cycle
as in our case.15

Two phenomena contributed to the elasticity in
the glassy state: molecular motions and cohesion
of the material.

At room temperature the Young’s modulus
measured by a tensile test was a relaxed modulus
because it is dependent upon the molecular mo-
tions that occurred. In polycyanurate networks,

Ecoh(x) 5 Ecoh

1 2 . x . Ecoh 1 2 . (1 2 x) Ecoh(©CßN)©C
N©

©O© ©C©

CH‹

CH‹

©O©

two sub-Tg relaxations b and g are activated at
room temperature; using dynamic mechanical

The cohesive energy is equal to 81.4 kJ/mol forspectroscopy, the b relaxation is evidenced near
a BA unit (without H), and the elementary con-07C and the g relaxation at01007C, at a frequency
tribution of a cyanate function {CGN and ameasurement equal to 1 Hz (Fig. 3). Each relax-

ation is linked to a decrease of the modulus. The u
C

U
|N{ group in a triazine ring are 25.5 and

drop in the elastic modulus is proportional to the
height of the loss peak and the temperature range 16 kJ/mol, respectively. Therefore, it becomes
over which the drop takes place is determined by clear that the cohesive energy decreases with an
the width of the loss peak. As observed on Figure increasing conversion. The relation between both
3, the magnitude of the secondary relaxations in- parameters is
creases with the cyanate conversion. Therefore,
for one part the decrease of the Young’s modulus

Ecoh Å 132.4 0 19xcan be explained by the effect of the sub-Tg relax-
ations. One way to eliminate their influence is to

The cohesive energy density is expressed bymeasure the velocity of ultrasonic waves in the
material. At room temperature and at a frequency
of 5 MHz, b and g relaxations are shifted to higher Ecoh

V
Å Ecoh∗r

M0
temperatures. Indeed b and g relaxations follow
an Arrhenius dependence with temperature and
the activation energies are equal to 42 and 72 kJ/

where r is the density and M0 the molecularmol, respectively, for fully cured networks. Ac-
weight of the monomer. The results are reportedcording to these values, the temperatures of b and
in Table III. They show that a good correlation isg relaxation peaks at 5 MHz are higher than 707C
observed between the cohesive energy density andfor all networks. The results obtained through ul-
the compressibility modulus Bu. Moreover, an ex-trasonic wave propagation are reported for uncat-
cellent agreement is evidenced between our seriesalyzed networks in Table II. Increasing the cross-
of cyanate networks and various series of epoxy/link density has the same effect on the different
amine networks17 (Fig. 4). In all cases an in-moduli: Eu, Gu, and Bu decrease. Eu is then com-
crease in the cohesive energy density leads to anpared to the Young’s modulus measured by ten-
increase of the compressiblity modulus, with asion in Figure 2. Similar variations are observed
proportionality constant of about 10.in both cases, except that the decrease of the

Finally, we have shown that the variations ofYoung’s modulus is less pronounced in the ultra-
the Young’s modulus measured by a tensile testsonic measurements (DE /E Å 10 vs. 18% for ten-
at 257C as a function of cyanate conversion is ex-sile measurements). The difference between
plained by the surimposition of two phenomena:these two values represents the effects of the mo-

lecular motions that are visualized by the second-
ary b and g relaxations. 1. molecular mobility in the glassy state: the

relaxed modulus is linked to molecularThe ultrasonic modulus can be related to the
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Figure 3 Dynamic mechanical spectroscopy: (a) Variation of E *, E 9, and tan d as a
function of temperature for a fully cured polycyanurate (x Å 100%); and (b) tan d
versus temperature as a function of cyanate conversion.
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Table II Characteristics Obtained Using Ultrasonic Wave Propagation on Uncatalyzed Networks

Network VL (m/s) VT (m/s) Gu (GPa) Eu (GPa) Bu (GPa) n

100 2321 1081 1.41 3.84 4.57 0.36
95 2378 1098 1.46 3.99 4.75 0.36
90 2381 1118 1.52 4.14 4.93 0.36
85 2453 1124 1.55 4.23 5.42 0.37

motions that become more important in is unloaded the elastic strain recovers instantane-
ously, the anelastic strain recovers with time, andhigher crosslinked networks; and

2. cohesion: due to the remaining {O{CGN the plastic strain is permanent. However, it has
been observed that plastic deformation (1pl ) canfunctions, the less crosslinked networks

show a higher cohesive energy density. recover in a reasonable time if the polymer is
heated at or above its Tg .18,19 Therefore, we de-
cided to study the recovery of deformation in order

Large Deformations to differentiate anelastic (1an) from plastic defor-
mation.During a tensile test, large deformations cannot

be reached because a brittle failure occurred. On Samples are compressed until the beginning
of the work hardening region. At this step thethe contrary, large deformations can be studied

through a uniaxial compressive test. In this case deformation is called 1def (pure elastic deforma-
tion has been substracted). Then the recovery ofcyanate networks show a high ductility. The yield

characteristics are reported in Figure 5 and an deformation is followed in two different ways:
unexpected variation can be noticed: the deforma-
tion 1y (or 1p at the plateau) increases and the 1. at the test temperature: the permanent or

residual deformation, 1irr , is measuredyield strain sy (sp at the plateau) decreases as the
crosslink density (or the conversion) is increased. after unloading the sample and waiting

near 30 min; orSuch a result is puzzling to explain in terms of
plasticity because it would mean that the most 2. on heating from test temperature to Tg

with a step of 107C: between each step therigid high Tg networks display the higher ability
to undergo permanent flow. Moreover, the slope sample is cooled (to avoid the effect of the
of the curve would be more pronounced if the ex-
periments are done at a constant value of T /Tg .
To perform this experiment the test temperature
T needs to be increased with the network conver-
sion and obviously the yield stress would then
exhibit a decrease. This surprising result led us
to a deeper investigation of the process of network
deformation. It is usual to consider three compo-
nents of the deformation of a polymer: elastic, an-
elastic and plastic deformation. When the sample

Table III Cohesive Energy Density and
Compressibility Modulus as Function of
Conversion for Uncatalyzed Networks

Network Ecoh /V (GPa) Bu (GPa)

100 0.492 4.57
Figure 4 Variation of the compressibility modulus95 0.499 4.75
versus cohesive energy density: (l ) cyanate networks90 0.506 4.93
with a conversion between 0.85 and 100% and (s, h )85 0.512 5.42
epoxy networks.17
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Figure 6 Deformation recovery curve of a deformed
polycyanurate network (x Å 100%).Figure 5 Variation of (j ) sy , (h ) sp , and (m ) 1y ver-

sus conversion x .

the deformation is anelastic, even for defor-
mation reaching the work hardening re-thermal dilatation) and the residual defor-

mation is measured. gion, so it is largely after 1y;
2. the main part of the nonelastic deforma-

tion is recovered at the test temperatureA typical recovery curve and its derivative are
plotted Figure 6 for the fully cured network. Two (room temperature in our case); and

3. the contribution of the anelastic deforma-stages of deformation recovery are observed: the
first one below Tg leads to the recovery of about tion increases as the conversion rises (i.e.,

the permanent deformation after un-90% of the initial deformation and proves the
overwhelming effect of anelasticity upon plastic- loading 1irr is the lowest for the fully cured

network).ity; the second stage appears near Tg and it is
faster and a full recovery is reached.

A similar curve cannot be obtained on partially The anelastic deformation processes of amor-
phous polymers have been described by severalcured networks because the samples undergo fur-

ther reaction as the temperature reaches the glass authors.18–21 They suggest that deformation ap-
pears in preexisting defects, called quasipoint de-transition. There is a competitive mechanism be-

tween the recovery and the crosslink reaction. So fects by Perez.20 These defects are associated with
local fluctuation of density. Under an applicationwe can only compare the network behavior in the

glassy state between room temperature and 0.9 of stress, molecular motions are preferentially in-
duced inside these defects and a localized zone ofTg , the temperature at which the postcured reac-

tion may begin. deformation called shear microdomains (SMDs)
is created. The origin of 1an is linked to the appear-The results of the experiments conducted on

the various polycyanurate networks are reported ance of SMDs. Elastic energy is stored at the bor-
der of SMD; this energy can annihilate to give aTable IV. They show the following trends:
plastic zone of deformation if the SMDs interact
with one another. In polycyanurate networks the1. whatever the network, the major part of

Table IV Recovery of Deformation for Different Uncatalyzed Networks

Network 1def (%) 1irr (%)
1def 0 1irr

1def 10.9Tg
(%)

1def 0 10.9Tg

1def

100 16.7 4.15 0.75 1.86 0.89
95 17.0 5.46 0.68 3.05 0.82
90 15.8 6.49 0.59 3.93 0.75
85 16.3 8.31 0.49 5.65 0.65
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Table V Values of Stress Intensity Factor KIC high Tg networks. They are equivalent to those
and Fracture Toughness GIC for Different found on classical epoxy/amine networks that ex-
Polycyanurate Networks hibit lower Tg of about 1007C. However, partially

cured networks are very brittle: KIC and GIC de-
Network KIC (MPa

√
m) GIC (J/m2) crease very rapidly as the conversion decreases.

Figure 7 illustrates the relationship between KIC100 0.8 170 and sp for catalyzed and noncatalyzed networks.95 0.5 60
A linear relationship is observed: a decrease in90 0.5 55
fracture toughness is related to an increased yield85 0.3 20
stress. During the test, the yield behavior at theC100 0.9 220
crack tip is the main factor governing the defor-C91 0.6 90
mation, regardless of whether this deformationC82 0.4 35
can be recovered or not. The values of KIC depend
only of the ability of the material to undergo large
deformations.nature of the defects involved in the SMDs are

the free volume holes (negative density fluctua-
tion). As a matter of fact, in a previous article11

CONCLUSIONwe reported that positron annihilation lifetime
spectroscopy leads to the conclusion that the free
volume hole increases with an increase of conver- In this work the relationships between cyanate

conversion (or crosslink density) and mechanicalsion because the bulky triazine crosslinks disturb
the packing of macromolecules. The SMD concen- properties in a series of polycyanurate networks

were investigated.tration is therefore the highest for the most cross-
linked network. The decrease of the Young’s modulus with an

increase in conversion was explained by two ef-Now the variation of sy and 1y with the cyanate
conversion is clear because we took into account fects: first, the cohesive energy density was lower

in the more crosslinked networks; second, thethe anelastic deformation and the concept of
SMDs. magnitude of the sub-Tg relaxations, which were

linked to localized molecular motions, were higher
in the network of high crosslink density.

Fracture Behavior The compression tests revealed an unexpected
variation of the yield stress and yield strain: asTable V shows the results of linear elastic fracture

mechanics. The values obtained for fully cured the cyanate conversion was increased, a decrease
of the yield stress was observed. This result wasnetworks are very good and quite unusual for such

Figure 7 Variation of KIC versus sp for (h ) catalyzed networks and (j ) uncatalyzed
networks.
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ogy of Cyanate Ester Resins, Hamerton, Ed., Chap-not explainable in term of plasticity (i.e., perma-
man & Hall, London, 1994, p. 15.nent deformation) and therefore led us to study
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