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Abstract

Polycyanurate derived from bisphenol A dicyanate (BPADCy) is brittle in nature; therefore, different amounts of hydroxyl- or cyanate-
terminated poly(ether sulfone) (as HPES or CPES) was mixed and heated with BPADCy to obtain a thermoplastic-blended polycyanurate.
Morphology of this thermoplastic-blended polycyanurates was investigated by SEM, and their fracture toughness was evaluated by the
propagation of the deformation zone after immersion of the sample film in methylene chloride. The results suggest that polycyanurate
blended with 50 wt% of HPES (or CPES) has higher fracture toughness than sample toughened with 10 wt% of HPES (or CPES). In addition,
polycyanurates blended with CPES usually have higher fracture toughness than those blended with same amounts of HPES. These results can
be qualitatively correlated with the morphology difference observed from the SEM study.q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Rubber particles and thermoplastics have been used for a
long time to improve the toughness of thermosetting resins
[1]. A general description for the toughened thermosetting
system is the two-phase morphology formed during curing
at elevated temperatures. A variety of different morpholo-
gies, and therefore mechanical properties can be obtained
from rubber-toughened epoxy resins [2–6]. The volume
fraction, domain size, and the number of particles of phase-
separated rubber, factors that can be varied by composition,
curing temperature, and gelation time, are all crucial to the
final mechanical properties of the cured products.

Polycyanurate resins prepared from the curing reactions
of aromatic dicyanates [7–9] had gained increasing atten-
tion due to their low dielectric constants, high thermal stabi-
lity, high glass transition temperature (250, 2808C), low
water/moisture sorption and excellent processability. Due to
the brittle nature of the polycyanurate resins, several ther-
moplastics [10–14] such as polycarbonate, poly(ethylene
terephthalate), polysulfone and poly(ether imide) had been
previously used to toughen different polycyanurates. Most
referred studies here had concentrated on the variations of
morphology and composition. Among them, Woo et al. [13]

described the structure variation from a thermosetting conti-
nuity to a co-continuity of both components in a poly(aryl
sulfone)/bisphenol-E dicyanate (PS/BPEDCy) system when
volume % of PS changes. Dynamic mechanical data of these
binary blends [14] were further fitted with a modified
Takayangi model based on the structure changes observed
by optical and electron microscopy.

Previously, we had synthesized hydroxyl- or cyanate-
terminated poly(ether sulfone) (as HPES and CPES, respec-
tively), and mixed them with bisphenol A dicyanate
(BPADCy) and heated to prepare thermoplastic-blended
polycyanurates [15]. Through various reaction conditions
including use of different thermoplastic components
(HPES or CPES), composition, or catalyst for polycyclotri-
merization, the cured products have a two-phase morphol-
ogy of varied structures with different interfacial adhesion
and particle sizes. These structures should consequently
influence the mechanical properties of the cured products,
and correlation between their fracture toughness and
morphological parameters can be thus evaluated.

In this study, thermal properties and fracture toughness
(G) of the toughened polycyanurates were surveyed by
plane stress approach for an infinitely large cracked plate
[16,17]. The method to evaluate the fracture toughness
involves immersion of the sample film with pre-formed
crack and measurement of the deformation zone at different
time period. The related equation isG� ps2a=E (wherea is
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the flaw size,s is the stress level andE is the elastic modu-
lus at fracture). An optical microscope (OM) was used to
observe the process of solvent-induced fracture. The
mechanism of the solvent-induced fracture was therefore
proposed. In addition, differential scanning calorimetry
(DSC), scanning electron microscopy (SEM), and transmis-
sion electron microscopy (TEM) were applied to resolve
thermal properties and fracture surface of the thermoplas-
tic-blended polycyanurates.

2. Experimental

2.1. Materials

HPES and CPES were prepared according to procedures
described previously [18,19]. Molecular weights of HPES
(Mn � 22; 000; Mw � 40;900; MWD � 1:86) and CPES
(Mn � 22; 000; Mw � 41;360; PD� 1:88) were determined
from gel permeation chromatography with THF as eluent
and polystyrene as standard. The densities of HPES, CPES
and BPADCy were measured by the density gradient
method. To a mixture of the corresponding sample in
small amounts of distilled water, 50 wt% aq. NaOH solution
was added drop by drop until the moment the sample was
floated on the solution surface. The density was assumed to
be equal to that of the mixture solution, which can be calcu-
lated by the known amounts of the added NaOH.

Mixtures of HPES (or CPES) and BPADCy were
prepared by melt-mixing method, primarily used by
Brown and Yang [16]. BPADCy was heated to about
1308C and HPES (or CPES) in a fine powder form was
added slowly with continuous stirring. Complete mixing
was judged by the transparency of the mixture. The catalyst
system was prepared by blendingn-nonylphenol and cobalt
acetylacetone (NP/Co(acac)2) at a weight ratio of 100 to 8.
For the catalyzed system, catalysts were added at the later
stage of mixing. The resulting mixture was then vacuum
dried at 1308C to remove air/vapor bubbles. The resulting
homogeneous liquid mixtures were dropped between two
parallel strips of glass fibers (100mm thick) fixed on glass

slides in a longitudinal direction. Then a glass rod was
moved along the longitudinal direction with its two ends
striding over the glass fiber. A thin film of 100mm thick
was thus formed and subjected to further isothermal curing
at 2008C for 90 min, and 2808C for 30 min. The resulting
films were further inspected by POM and SEM.

2.2. Instrumentation

A Dupont DSC 910 cell connected to a DuPont 9900 data
station was used to detect the thermal properties of the cured
products. The cured products were prepared by thorough
mixing of the two components at 1308C before the subse-
quent curing at 2008C for 90 min and 2808C for 30 min.
Cured products of approximately 5 mg were sealed in a
hermetic aluminum pan and heated in the temperature
ranges of 30–4508C. Calibration of the calorimeter was
conducted for each heating rate using an indium standard.

A Nikon Optical Microscope equipped with a THMS 600
hot stage, a Linkam TMS controller and a SONY video
recorder was used for measurement of the flaw size of the
cured products. A thin film of the cured product with a
thickness of 100mm was prepared for the flaw measure-
ment. Since line defects were easily nucleated at the sample
edges if films on the glass slides were directly immersed in
methylene chloride, small holes with a diameter of 100mm
was introduced in the central region of the film with a razor
blade to control the nucleation rate. After immersion in
methylene chloride for different time periods the thin
films were then withdrawn and dried in air before inspection
by POM. Deformation zone lengths developed at different
sample regions and time periods were measured and
recorded. For each measurement, only straight-line defor-
mation was considered since formation of a loop in the later
stage (cf. Fig. 9) was highly possible. Deformation zone
length at 1 min (the time at which a steady flaw growth
started) after initiation was recorded and the average value
of five deformation zone lengths was taken as the flaw size,
a. The stress level,s , was calculated from a rule of mixture,
s � s1v1 1 s2v2 (where, the subscript 1 represents the
cured BPADCy and 2 stands for the second poly(ehter
sulfone) component,vi refers to the volume fraction of
componenti). Analogously, the elastic modulus at fracture,
E, was evaluated fromE � E1v1 1 E2v2: Here, s and E
values of the pure poly(ether sulfone) and cured BPADCy
components were obtained from the literature [20,21]. The
corresponding fracture toughness,G, was then calculated
from G� ps2a=E:

The morphology of the cured resin was examined by a
Jeol JSM-6400 scanning electron microscope operated at a
20 kV accelerating voltage. Thermoplastics-blended
samples were first fractures in liquid nitrogen, then, the
fracture surface was coated with gold by vapor deposition
using a Polaron SC502 vacuum sputter coater.

A Jeol JEM-100S transmission electron microscope was
employed to examine the interfaces between the second
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Table 1
Sample code and weight percentage of the starting mixture of HPES (or
CPES) and BPADCy

Sample code Component 1
(weight
percentage, %)

Component 2
(weight
percentage, %)

Catalyst

BH-10 BPADCy (90) HPES (10) None
BH-50 BPADCy (50) HPES (50) None
BC-10 BPADCy (10) CPES (90) None
BC-50 BPADCy (50) CPES (50) None
BH-10C1 BPADCy (10) HPES (90) Yesa

BH-50C1 BPADCy (50) HPES (50) Yesa

a One wt% of catalyst system (NP/Co(acac)2) was added.



phase and the matrix. The specimen was embedded in a
cured epoxy resin, sectioned to 30–45 nm thick by ultromi-
crotome of Reichert Ultracut E, and then stained with 1 wt%
aqueous solution of ruthenium tetroxide.

2.3. Sample code

The sample code for the starting liquid blends is desig-
nated as BH (or BC)-X shown in Table 1. The first capital B
stands for BPADCy, the second H (or C) for HPES (or
CPES), and the number X after the dash is the weight
percentage of the HPES (or CPES) applied in the starting
mixture. In a catalyzed system, an additional C1 is used to
represent that 1 wt% of the catalyst system was used in this
blend.

3. Results and discussion

Primary characterizations of the cured products were

concentrated on the thermal properties. Selected DSC ther-
mograms of the cured BPADCY/HPES (as BH) were given
in Fig. 1a. Here, all DSC thermograms showed the presence
of two Tgs, indicating a two-phase morphology for all
samples. The pure components, HPES and the cured
BPADCy, have their respectiveTgs appeared at around
225 (curve i) and 2808C (curve v); with the inclusion of
the second component, the cured products in the BH system
all have their twoTgs at,225 and 2808C. This result can be
illustrated by theTg-composition curve shown in Fig. 1b, in
which products ranging from the compositions of 10–
90 wt% exhibit the sameTg values. Suggestively, the
constantTgs versus composition implies little miscibility
between HPES and the polycyanurate network derived
from BPADCy.

DSC thermograms of the cured BPADCy/CPES (as BC)
sample were shown in Fig. 2a. The presence of twoTgs in all
cases also suggests a two-phase morphology in samples of
different compositions; however, in contrast to the cured BH
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Fig. 1. (a) DSC thermograms of (i) pure HPES, and the cured (ii) BH-10, (iii) BH-30, (iv) BH-50, and (v) BPADCy�Heating rate� 108C=min�: (b) Glass
transition temperatures versus compositions for the cured BH system.



system described above, variations of the high-temperature
Tgs with compositions were observed in this system. The
cured CPES has itsTg (curve i) located at approximately the
same position with the low-temperatureTgs of other cured
products in the BC system; in contrast, the high-temperature
Tgs originated from the BPADCy-derived component (as
BPADCy-rich phase or domain) increase with the decreas-
ing CPES content (compare curves iv with ii or iii). This
particular feature can be best demonstrated by theTg-
composition curve shown in Fig. 2b, in which the non-linear
dependence of the high-temperatureTg versus composition
is clearly illustrated. At this moment, we can suggest that
there are certain degrees of mutual miscibility between the
cured CPES and BPADCy components in the BC system.
The Tg reduction of the BPADCy-rich phase with the
increasing CPES content may indicate the incorporation of
the CPES-component into the BPADCy-rich network through
the inter-reactions of the -OCN groups in the CPES and
BPADCy. On the contrary, the intact low-temperatureTg

with composition suggests the absence of the cured
BPADCy in the CPES-rich phase. Further morphological
study in this manuscript will support this point but before
that, the cause for this particular feature should be
discussed. High molecular weight�Mn � 22; 000� CPES is
supposed to have a lower curing rate than the cure of
BPADCy �Mn � 278� in considering the low concentration
of the -OCN terminals in CPES. During the cure of the
BPADCy/CPES mixture, formation of the BPADCy-rich
phase should be the predominant process initially in view
of the higher reaction rate of BPADCy as compared with
cure of CPES. The preferable formation of BPADCy-rich
domain may efficiently reject the CPES chains due to the
concurrent free energy difference accompanied by the cure.
However, at a later stage after most of the uncured CPES
had been removed form the cured BPADCy domains, poly-
cyclotrimerization of CPES became possible since the
produceds-triazine ring would catalyze this less potent reac-
tion [19]. The residual CPES chains remaining in the
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Fig. 2. (a) DSC thermograms of the cured (i) CPES, (ii) BC-10, (iii) BC-30, (iv) BC-50, and (v) BPADCy�Heating rate� 108C=min�: (b) Glass transition
temperatures versus compositions for the cured BC system.



BPADCy-rich domain would be trapped in the BPADCy-
rich domains and cure at a later stage. The CPES chains
ejected at the early stage formed the other phase which is
unaffected by the cured BPADCy.

Fracture surfaces of the selected samples were examined
by SEM to evaluate the morphological difference due to
component, composition, and curing conditions applied in
the preparation step. Our primary test was the neat, cured
BPADCy. With no inclusion of any second component, the
fracture surface of pure BPADCy (Fig. 3) was quite smooth,
indicating the brittle nature of the cured BPADCy. In
contrast to the single-phase morphology of the cured
BPADCy, the fracture surface of the cured BH-10 shows
the discrete–continuous morphology with the matrix phase
continuously interconnected and the other as discrete sphe-
rical particles hidden inside the continuous matrix phase
(Fig. 4). The particle phase can be removed by continuous
extraction with methylene chloride, indicating that this phase
is enriched in HPES. The fractograph of the fractured surface
suggests that cracks propagate along the particle-matrix

boundary, resulting in obvious cavitation and plastic defor-
mation on the matrix side of the interface.

In contrast to the distinct two-phase morphology in the
cured BH-10, several scattered, globule-like particles coated
with a blurring interface can be observed in the cured BC-10
(Fig. 5). This blurring interface comes from the inter-reac-
tions between BPADCy and CPES, through polycyclotri-
merizations by the inherent cyanate groups in both
components, and indicates good adhesion between particles
and matrix. This inter-reaction creates the inter-facial zone,
which was fractured under stress and generated the blurring
interface. To further demonstrate the inclusion of CPES
chains in the BPADCy-rich domain, the cured BC-10
sample was surveyed by TEM. The resulting TEM in Fig.
6 shows that, except in the interfacial region, the dark areas
are scattered in the interior of the bright particle domain.
The dark area is rich in CPES since the inherent –SO2–
linkages of CPES can be selectively attacked by the staining
agent, RuO4. The bright area is therefore the polycyanurate
phase derived from BPADCy. Suggestively, the inclusion of
CPES in the BPADCy-rich particles is responsible for the
high-temperatureTg reduction observed in Fig. 2.

The catalyst system caused a major morphological
change in the cured product. With the inclusion of the
1 wt% catalyst, the cured BH-10C1 loses the distinct two-
phase morphology as BH-10 has. Fig. 7 shows that the cured
BH-10C1 possesses a similar picture as the cured BC-10,
with the scattered particles coated with a layer of blurring
interface. Nevertheless, the particle sizes seem to be more
heterogeneously distributed when compared with the cured
BC-10. The existence of an interface in the cured BH-10C1
may be attributed to the new inter-reaction between the
hydroxyl termini in HPES and the cyanate group in
BPADCy promoted by the catalyst system. This proposal
was supported by a IR absorption at 1650 cm21, character-
istic of the iminocarbonate (–O–C(yNH)–O) bond [22,23]
formed through nucleophilic addition of the –OH group in
HPES to the –OCxN group in BPADCy, found for the
cured BH-10C1.

All samples discussed above possess a morphology of
particle phase dispersed in the matrix phase, however,
different morphologies resulted once we increased the
incorporated thermoplastic HPES (or CPES) content to
50 wt%. A co-continuous interconnected structure for the
cure BC-50 is shown in Fig. 8. This interconnected structure
was possibly generated through a spinodal decomposition
phase-separation process during the cure of BC-50 and a
conclusion had been separated studied by real-time optical
microscopy and TEM in our laboratory [15]. The same
interconnected structure was observed for the cured BH-50.

Qualitative optical photographs taken for the cured BH-
50 were selected and given in 9a–d to illustrate general
features of the formation and propagation of various defor-
mation zones after sample immersion in methylene chloride
for different time periods. Fig. 9a shows that deformation
zone 1 was initiated from the tip of the pre-existing crack
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Fig. 3. Fractograph of the cured BPADCy. The specimen was cured at
2008C for 90 min, and then post-cured at 2808C for 30 min.

Fig. 4. Fractograph of the cured BH-10. The specimen was cured at 2008C
for 90 min, and then post-cured at 2808C for 30 min.



while zones 2 and 3 were initiated from other flaws (dust
particles or scratches). As propagation proceeded, deforma-
tion zone 1 met zone 2 to form a closed loop and zone 3
stopped at the free surface of the pre-existing crack (Fig.
9b). At a later stage, more new zones (such as zone 4 in Fig.
9c and zones 5 and 6 in Fig. 9d) formed and propagated until
they finally terminated at the edge of the pre-existing crack.
To make sure that all deformation zones propagated stea-
dily, deformation zone lengths of different origins were
measured at certain time periods. Fig 10a and b show the
length of a number of deformation zones length as a func-
tion of immersion time for BH-50 and BC-50, respectively.
Clearly, the zones were growing at a constant speed for each
sample; different zones initiated at different times but they
all grew with the same velocity. The zone growth rate was
measured for other samples listed in Table 1. In all cases, the
zones grew at the constant speed.

As indicated above, all deformation zones either formed
loops with other zones or terminated at a free surface. This
process can be schematically explained by Fig. 11. The
stress field around the tip of the deformation zone can be
illustrated by the continuous stress lines. The stress field in

front of the tip of the deformation zone will be compressed
once the zone is approaching a free surface or another
propagating zone. To retain the continuity, stress lines
between the propagating zone and free surface (or other
approaching zones) are denser as compared to the rest of
the areas. In this manner, stress concentration is generated in
certain regions. Consequently, the propagation of the defor-
mation zone will be guided by the stress concentration field,
and, of course, toward the direction of the free surface (or
other approaching zones). Strain energy was completely
released at the free surface (or other approaching zones)
and propagation of the deformation zone stopped.

The deformation zone length after immersion in methy-
lene chloride for 1 min was taken as the value of flaw size
(a), and fracture toughness (G) thus evaluated were
summarized in Table 2. Here, stress (s ) and elastic modulus
(E) were calculated from the rule of mixture based on the
known values of the pure components, HPES [20] and the
cured BPADCy [21]. In addition,s and E values of HPES
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Fig. 5. Fractograph of the cured BC-10. The specimen was cured at 2008C
for 90 min, and then post-cured at 2808C for 30 min.

Fig. 6. TEM images of the cured BC-10.

Fig. 7. Fractograph of the cured BH-10C1. The specimen was cured at
2008C for 90 min, and then post-cured at 2808C for 30 min.

Fig. 8. The fractograph of the cured BC-50. The specimen was cured at
2008C for 90 min, post-cured at 2808C for 30 min, polished and then
extracted with methylene chloride for 24 h.



were used to replace those for the cured CPES due to the
limited amount of CPES samples available for the mechan-
ical study. This may result in an inaccurateG value for the
cured BC system; nevertheless, relative magnitude ofG
values should hold for all samples.

As suggested in Table 2, the cured BPADCy possesses
the lowest fracture toughness among all samples, a result
correlated with the smooth fracture surface shown in Fig. 3.
The cured BH-10, with the toughening effect of the second
HPES component, has itsG value (� 33.5 J/m2) higher than
the cured BPADCy (� 26.6 J/m2). However, the increase of
theG value is limited since only small amounts of thermo-
plastic HPES was used in this sample BH-10, and the result-
ing fracture surface in Fig. 4 suggests the weak interfacial
adhesion between the HPES-rich particle and the polycya-
nurate matrix. The increasing content of the second phase
reasonably increases the surface area between particles and
matrix; and this resulted in higher fracture energy. The
greater toughness increment of BH-50 (or BC-50) in
comparison to BH-10 (or BC-10) can be therefore expected;
however, the contribution from the morphological differ-
ence should not be negligible. As suggested from the
SEM fractographs above, the cured BH-50 (or BC-50)
possesses an interconnected structure, in contrast to the
dispersed particles observed in the cured BH-10 (or BC-
10). In considering the contact surface areas between the
two phases, more energy is supposedly required to unlock
the interconnected structure (i.e. the cured BH-50 and BC-
50) as compared to the dispersed particle cases (i.e. the
cured BH-10 and BC-10).

In case of CPES-toughened polycyanurate, an interfacial
zone formed between the dispersed particles and matrix.

The resulting morphology of the cured BC-10 is therefore
distinct from the discrete particle structure in the cured BH-
10. The presence of the interfacial zone increases the inter-
facial adhesion and the toughness of the CPES-toughened
polycyanurates (i.e. the cured BC-10 and BC-50). Here, the
increment of theG value from the cured BH-50 to BC-50 is
more drastic as compared to that from the cured BH-10 to
BC-10. Suggestively, the large interfacial area in the inter-
connected structure of the cured BH-50 would contribute to
the greater increment of the fracture toughness if an inter-
facial zone was generated as in the cured BH-50C1, a situa-
tion cannot be met by the cured BH-10 system since only
limited interfacial areas are involved here. The interfacial
zone also can be created once cure of BH-10 proceeding
with addition of the 1 wt% of the catalyst system. Therefore,
the cured BH-10C1 has higher fracture toughness as
compared to the cured BH-10; also, the cured BH-50C1 is
tougher than the cured BH-50. Finally, we noticed that both
the cured BC-50 and BH-50C1 have the same calculatedG
value. Here, theG value of the cured BC-50 may be under-
estimated because thats value of HPES, instead of the
cured CPES, was used for the calculation. Nevertheless,
the comparable magnitude of the resolved toughness for
the cured BC-50 and BH-50C1 may indicate that both
samples possess a similar interconnected structure with a
layer of interfacial zone between the poly(ether sulfone)
and the polycyanurate phases.

4. Conclusion

Fracture toughness of the poly(ether sulfone)-blended
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Fig. 9. Propagation of the deformation zone under optical inspection. (a) Initiation of the deformation zone at the edge of the pre-existing crack after film
immersion for 3 min. (b) Zone termination by loop-forming after film immersion for 5 min. (c) Zone termination at a free surface after film immersion for
5 min. (d) Formations of various terminated zones after film immersion for 20 min.



polycyanurates was strongly correlated with the corre-
sponding morphology, and the results for all samples
were listed in Table 2. With increasing content of the
HPES (or CPES) component, the corresponding poly-
cyanurates gained their toughness. With the same ther-
moplastic content, CPES-toughened polycyanurates
possess higherG values as compared to HPES-toughed
cases due to the generation of the interfacial zone in the
cured BC systems. Similarly, the interfacial zone can also
be created by the application of the catalyst in the curing
stage, and this will subsequently increase the fracture tough-
ness of the resulting products.
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Fig. 10. (a) Length of the deformation zone versus time for the cured BH-
50. The slope is 42.6. (b) Length of the deformation zone versus time for the
cured BC-50. The slope is 32.4.

Fig. 11. Mechanism for the propagation of the deformation zone. (a) Stress
at the crack tip. (b) Stress field around the crack tip. (c) Variation of the
propagation direction due to the compressed stress field.

Table 2
Fracture toughness of different poly(ether sulfone)-reinforced polycyanu-
rate

Sample s a (Mpa) ab (mm) Ec (Gpa) Gd (J/m2)

Cured BPADCy 82.7e 4 3.24e 26.6
HPES 75f – 2.4f –
Cured BH-10 81.97 5 3.15 33.5
Cure BH-50 78.85 20 2.82 138.5
Cured BC-10 81.98 12 3.16 80.3
Cured BC-50 78.89 60 2.82 416.0
Cured BH-10C1 81.97 10 3.15 67.0
Cured BH-50C1 78.85 60 2.82 415.6

a s is calculated from rule of mixture,s � s1v1 1 s2v2; where the
subscript 1 represents the cured BPADCy and 2 stands for the second
poly(ether sulfone) component. The volume fraction of componenti, vi ;

was calculated from the density value obtained from density gradient
method (cf. Section 2).

b Flaw size after immersion in methylene chloride for 1 min.
c E is evaluated from rule of mixture,E � E1v1 1 E2v2; where 1 repre-

sents the cured BPADCy and 2 stands for the second poly(ehter sulfone)
component.

d Fracture toughness (G) was calculated fromG� ps2
=E:

e Value was taken from Ref. [20].
f Value was taken from Ref. [21].
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