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ABSTRACT: The toughness of cyanate ester resin (CE)
matrix is improved significantly with addition of
hydroxyl-terminated liquid butadiene-acrylonitrile rubber
(HTBN). The impact strength increased from 4.4 KJ/m?
(pure CE) to 13.3 KJ/m? (CE/HTBN, HTBN 10 wt %). The
curing behavior of the system is studied by differential
scanning calorimetric and Fourier transform infrared spec-
troscope. The results showed that hydroxyl groups on the
HTBN chains have slight activation effect to CE curing
reaction at the beginning of the cure process. The toughen-
ing mechanism is mainly caused by the flexibilizing effects
of the homogeneously dispersed HTBN molecules in the
CE matrix. The toughening mechanism was demonstrated
from the aspect of free volume using positron annihilation

lifetime spectroscopy. With addition of HTBN, the mean
free-volume size of the composite is smaller than pure CE.
The decrease in the mean free-volume size of the system
is mainly related to the partition effects of the finely dis-
persed HTBN molecules to the free-volume holes of CE
matrix. A dramatic increase in the interfacial area occurs
in this highly miscible system. Good interfacial adhesion is
also reflected from the higher I, of the composite. There-
fore, more positrons annihilation in their free state occurs
in the composites containing HTBN than pure CE. © 2009
Wiley Periodicals, Inc. ] Appl Polym Sci 115: 338-345, 2010
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INTRODUCTION

Cyanate ester (CE) resin is one of the most impor-
tant kinds of thermosetting resins and has received
more and more attention for its superior mechanical
properties, low water absorptivity, low outgassing in
curing, high environment resistance, and excellent
dielectric properties. It has been widely used as
adhesives and matrixes for composites. For example,
it is often applied in encapsulation of electronic
devices, high-temperature adhesives, and structural
aerospace materials. However, like most other ther-
mosetting resins, it has the drawback of brittleness.
A number of studies have been carried out to
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improve the toughness of cyanate resins, such as the
preparation of flexibilized cyanate resins, the
incorporation of monocyanates, the utilization of
rubber-toughening technologies, the use of organo-
clay toughening, and the preparation of semi-inter-
penetrating networks have been proven useful.'”
Among them, using reactive elastomers such as lig-
uid nitrile rubber was proven to be one of the most
successful techniques.”'> The great majority of the
studies involve CE’s chemical modification with a
reactive rubber, particularly carboxyl-terminated
butadiene-acrylonitrile rubber (CTBN) rather than
that of the same rubber backbone but amine-termi-
nated or epoxy-terminated. The main reason is often
attributed to higher reactivity of the carboxylic acid
terminated groups. Few studies have focused on
another type of nitrile rubber, ie. hydroxyl-
terminated butadiene-acrylonitrile rubber (HTBN)
affects on the toughening effect to CE matrix. In fact,
in epoxy resin toughening systems, HTBN has near
toughening effects with CTBN."'* An additional
benefit is that HTBN is cheaper in price. Enlightened
from this, HTBN may be a good candidate modifier
to CE matrix like other reactive nitrile rubbers.
Positron annihilation lifetime spectroscopy (PALS)
has been used as a unique technique to probe nano-
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scale voids and the free volume properties of poly-
mers for many years.">'® The positrons emitted are
thermalized by inelastic collisions with the surround-
ing media. The thermalization process will cause ioni-
zation of the media with production of secondary
electrons, which can form a bound positron-electron
pair, Positronium (Ps). There are two kinds of Ps
atoms. The para-positronium (p-Ps), in which the
spins of the positron and electron are antiparallel, has
a lifetime of 0.125 ns by self-annihilation in vacuum,
whereas the ortho-positronium (0-Ps), in which the
spins of the positron and electron are parallel, has a
longer lifetime of 142 ns in vacuum. In molecular sol-
ids three annihilation processes are possible: free posi-
tron, 0-Ps, and p-Ps annihilation. Free positrons have
a lifetime of about 0.4 ns through interaction with the
outer electrons of molecules with which they collide.
0-Ps atoms are preferentially localized in atom-scale
holes, and their lifetime is shortened to about 1-5 ns
by a spin exchange or pick-off annihilation with other
electrons from surrounding molecules. The o0-Ps life-
time 13 directly correlates with the size of free volume
holes, and its intensity I3 contains information about
the free volume concentration. The average radius (R)
of free volume holes on a quantum mechanical model
developed by Tao'® was proposed as follow equation:

1 R 1 2nR
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% { R+AR+2nsm<R+AR)} @

where R is the radius of the free volume hole, AR
(=0.1656 nm) is derived from fitting the observed
0-Ps lifetimes in molecular solids with known hole
sizes.”® A study on the behavior of free volume in
the two-component blends will help us to under-
stand the interaction between the different macro-
molecular chains, the relationship between the
microstructure, and the properties of blends. Our
formal works'**"** has shown that PALS is an effec-
tive tool to probe the atomic-scale microstructure of
thermosetting resin/liquid rubber composites.

The effects of the blend composition on the cure
behavior, phase separation and the properties of
CE/HTBN composites have been studied in the cur-
rent work. Meanwhile, the free volume properties of
CE/HTBN composites have been determined with
PALS. The purpose of this study is to: 1) evaluate
the toughening effects of the HTBN on CE matrix, 2)
discuss the toughening mechanism from the aspect
of free-volume.

EXPERIMENTS
Materials

A phenolic-based CE monomers (melting point:
76°C) was supplied by Jinan Special Structure

Institute of China Aero-Industry (Jinan, China). The
HTBN was provided by Lanzhou Chemical Industry
Compony (Lanzhou, China). The molecular weight
of HTBN was between 3000—5000. The acrylonitrile
content of the used HTBN was 22-25 wt %. The
data of the molecular weight and acrylonitrile con-
tent of HTBN was provided by Lanzhou Chemical
Industry Company (Lanzhou, China). Mold release
agent (JR105 silicone grease) was supplied by Jin-
rong Grease Company (Fuyang, China).

Preparation of the composites

In this study, the blends are designated by the
weight percentage of HTBN components. For exam-
ple, a binary blend containing 95 g of CE and 5 g of
HTBN takes the abbreviation of HTBN 5 wt %. CE
monomers were placed (about 60 g) in a beaker
maintained at 90°C. Selected amounts of HTBN (rub-
ber content: 0, 3, 5, 8, 10, 15 wt %) were added to
the CE resin at 90°C with stirring. After completely
mixing, mixture was quickly poured into a pre-
heated steel mold coated with right amounts of the
mold release agent (just put a cover over the steel
mold) (see supporting information). After degasifica-
tion under vacuum (about 1000 Pa) for 30 min at
110°C, the cure procedure for the samples was as
follows (at normal pressure): 130°C/ 1 h + 150°C/
1h+170°C1h + 190°C 1 h + 210°C/ 1 h +230°C/
1 h + 250°C/ 1 h to form the specimens. Then the
samples were cooled down naturally.

Characterization of the composites

The unnotched impact strength was measured with
a Charpy impact tester (XCJ-5, Chengde Testing
Machine Co., China). The tests were according to the
Chinese national standard methods for impact resist-
ance of resin casting body (GB/T 2571-1995) at
23 £ 2°C. The size of the samples for impact testing
is about: 80 mm x 10 mm x 5 mm. The tensile prop-
erties were measured with a universal materials test-
ing machine (SANS Testing Machine Co., Shenz-
heng, China) with a crosshead speed of 2 mm/min.
The tensile measurements were according to the
Chinese national standard methods for tensile prop-
erties of resin casting body (GB/T 2568-1995) at 23
+ 2°C. The sample for tensile testing is dumbbell
shaped and the scale distance is 50 mm. Five speci-
mens of each group were prepared and tested.

The reactions were tracked by infrared spectrome-
try with Fourier transform infrared spectroscope
(FTIR-Nicolet 740). The prepolymer of CE-HTBN
was blended with appropriate amount of KBr to
form a sheet. The sheet was scanned first by Fourier
transform infrared spectroscope (FTIR) for its initial
curve, and then the sheet was placed in an oven at
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340

MINFENG ET AL.

p y |
- r
¥ 7
/ t
| £6/MAHREY

Figure 1 SEM images of the fractured surface of pure CE and CE/HTBN composites: (a) pure CE; (b) HTBN (5 wt %);

(c) HTBN (8 wt %); (d) HTBN (15 wt %).

170°C for various time intervals and scanned once
again by FTIR for its partial-cure curve.

Differential scanning calorimetric (DSC, Peki-
nElmer DSC-7) measurements were made at a scan
rate of 10°C/min with 4-6 mg samples in a nitrogen
atmosphere.

The morphology of the composites was examined
by JEM-6360 scanning electron microscopy (SEM).
All the samples were coated with gold to improve
SEM imaging. Before a transmission electron micro-
scope (TEM) observation, the composite samples
were cut by a ultramicrotome (Power Tome-PC,
RMC Products by Boeckeler Instruments) to obtain
the ultra thin film of the samples. To view phase
separated rubber phase with a TEM, the ultra thin
sample film was stained with Osmium tetroxide
(0Os0O,) and then observed with a JEM-1200EX TEM.

PALS measurement

PALS was measured with an EG&G ORTEC fast-fast
lifetime spectrometer (ORTEC Co., TN) with a
FWHM = 190 ps for a ®’Co prompt peak of 1.18 MeV
and 1.33 MeV 7 rays. A 6 x 10° Bq of positron source
(**Na) was deposited between two Kapton films
(3 pm in thickness), which was sandwiched between

Journal of Applied Polymer Science DOI 10.1002/app

two identical composite samples. All PALS measure-
ments were performed at room temperature. Every
spectrum contained about 10° counts. The resulting
spectra were consistently modeled with a three-com-
ponent fit with the computer program PATFIT.

RESULTS AND DISCUSSION
Phase structure and morphology

The impact fracture surface of HTBN-modified CE
networks was analyzed by SEM (Fig. 1). The pure
CE shows a brittle fracture surface. SEM micro-
graphs of CE modified with HTBN do not show dis-
tinct separated particles of rubber, indicating fairly
well interfacial adhesion and compatibility between
the blend components. With addition of HTBN, the
composites have much rougher fracture surface con-
sisting of more and shorter crevices and all direc-
tions crack propagation. It infers that there will be a
great improvement in the toughness of these blends.

Usually, during the curing reaction of thermoset-
ting resin/ rubber systems, the rubber phase would
separate and form tiny particles that dispersed in
the thermosetting resin network after cure. To fur-
ther confirm the phase size of the composites, the
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phase structure has been observed with TEM. The
unreacted double bond within the rubber phase can
be stained with Osmium tetraoxide (OsO,) and the
rubber phase exhibited dark zone in the TEM pho-
tos. As shown in Figure 2, HTBN phase do not
aggregate to form regular sphere. The rubber phase
dispersed homogeneously with its size in nano-level
(about 10 nm). The phase size is much smaller than
in CE/CTBN system.’!?* The phase separated rub-
ber particle size of CE/CTBN system is about 1 pm.
It refers that HTBN has much better compatibility
with CE than CTBN though the terminal —COOH
groups of CTBN has higher activity than terminal
—OH groups of HTBN. This difference in phase
behavior might be attributed to the solubility param-
eters of the component and the kinetics of phase
separation. Referring to the literature,? the solubility
parameter of CE is 9.41 (cal/ em®)/2, HTBN? is 9.46
(cal/cm®)'/?, and CTBN is 9.15(cal/cm®)'/2 There-
fore, the better compatibility between the used
HTBN with CE is proposed for their closer solubility
parameters.

Curing behavior of the system

The cyclotrimerization reaction is the dominant
reaction pathway during the cure of cyanate-based
resins to form highly crosslinked polytriazine
networks.”>?® The reaction can be catalyzed by co-
ordination metal catalysts and an active hydrogen
initiator or thermally induced at high temperature
than 190°C. Figure 3 shows the DSC results of the
curing reaction of the composites. The addition of

Figure 2 TEM image of CE/HTBN (HTBN 8 wt %).
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Figure 3 DSC curves of: (a) CE (AHex, = 413.4 J/g); (b)
CE/HTBN (HTBN 8 wt %) (AHexo = 378.37/8).

HTBN relaxed the curing reaction of CE, and the
CE/HTBN system shows a broad and moderate cur-
ing peak compared to pure CE system. The onset
temperature of CE curing shows a slight decrease
with the addition of HTBN. This means that
hydroxyl groups on the HTBN chain have slight
activation effect on the CE curing reaction at the
beginning of the curing process. The reason is that
the hydroxyl groups on the HTBN molecule chain
can supply active hydrogen to the system. Thus, the
onset temperature of the cure process of the system
decreases with the addition of HTBN. As seen in
Figure 3, both the end temperature and the peak
temperature of CE curing show a slight decrease
with the addition of HTBN. But in CE/CTBN sys-
tem,” these two temperatures show a slight
increase. This is because of the better compatibility
of CE/HTBN. The initial homogeneous blend is
almost maintained during the cure process. The bet-
ter-dispersed HTBN molecules had higher activation
effects on CE. In addition, according to the DSC
results, the curing exothermic heat (AHq,) of
CE/HTBN is a bit lower than CE. It suggests the
addition of HTBN did not significantly change
the dominant cyclotrimerization reaction of CE. The
polar groups of the well-dispersed HTBN are capa-
ble to react with the polar groups of CE monomers.
This will lead to a decrease to some extent in the
formation of polytriazine networks. Therefore,
the curing exothermic heat shows a bit decrease in
CE/HTBN system.

FTIR was employed to study the influence of
HTBN on the curing behavior of CE at 170°C. The
reaction during cure process was tracked mainly by
paying attention to the —C=N stretching band at
2272 cm™! as the cyanate group of CE resin. As
shown in Figure 4, the intensity of this absorption
band decreases during the cure process, and the in-
tensity of the absorption band at 1565 cm ™' (—C=N
stretching band of polytriazine) increased. The main
reaction of the system is cyclotrimerization of the

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Curing behavior at 170°C of the composites
studied by FTIR: (a) CE; (b) CE/HTBN (HTBN 8 wt %).

cyanate groups to form highly crosslinked polycya-
nurate network in the absence or presence of the
HTBN (Scheme 1). It suggests the addition of HTBN
did not significantly change the dominant cyclotri-
merization reaction of CE.

As shown in Figure 4(a), a new weak absorption
band at 2330 cm ™' is found during the cure process.
Its intensity increases in the first 20 min and did not
change anymore afterward. This absorption band
could be attributed to the —N=C=O stretching
band. At the beginning of the measurements, the
reaction rate of the cyclotrimerization is relatively
slow, and the cyanate groups of some CE molecules
may have an isomeric change to isocyanate (Scheme
2). According to Figure 4(b), this isomeric change
does not occur in the CE/HTBN system. Because of
the good phase dispersion of the system during the
cure process, CE molecules have great probabilities
to coupling with surrounding HTBN molecules
(Scheme 3). During the latter stage (after 30 min) of
the isothermal curing analysis, it is found that the

Journal of Applied Polymer Science DOI 10.1002/app
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decreases faster in pure CE system than CE/HTBN
(HTBN 8 wt %) system. This means the gelation
time of the pure CE system is a bit faster than in
CE/HTBN system at 170°C. It is due to the steric
effects caused by the well-dispersed HTBN. This
would decrease the collision probability of CE mole-
cules themselves.

Free volume properties of the system

The PALS spectra for all samples were analyzed
with PATFIT for three or more components of life-
time. For all samples a three-component fit was
much better with variances all below a value of 1.2.
Usually, the shortest lifetime 14 is attributed to p-Ps
annihilation. The intermediate lifetime t,, is from the
free positron annihilation. The longest lifetime 13, is
assigned to 0-Ps annihilation. The HTBN content de-
pendence of the o-Ps lifetime 13, its intensity I3, and
the intensity of the intermediate lifetime I, are
shown in Figures 5 and 6. As shown in Figure 5, the
0-Ps lifetime 13 of the composite containing HTBN is
much shorter than pure CE. Its intensity I3 also
decreases as the HTBN added (0-10 wt %). The in-
tensity of the intermediate lifetime I, shows an
increase as the HTBN added (0-10 wt %). The case
of CE containing highest HTBN content (15 wt %)
has relatively higher I3 and lower I, comparing with
CE/HTBN in other blend mass ratio.

These changes in positron annihilation parameters
can be explained as follows. Previous studies®®
have shown that in the case of thermosetting-based
composites, chains are restricted in the rigid network
structure (in which chain units connect with chemi-
cal bond) and their mobility depend much more on
the properties of the network, such as chemical

R—O0—C=HN =% R—N_CTO

Scheme 2 Isometric change of CE.
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Scheme 3 Reaction between CE molecules and HTBN
molecules.

structure and crosslinking density. The size and con-
centration of free volume holes are mainly deter-
mined by the backbone structure, which depends
strongly on the conversion of cure reaction. Accord-
ing to eq. (1), the average radius R of the free vol-
ume holes of pure CE matrix can be calculated and
its value is 0.2870 nm. The free volume radius (R) of
the composites is shown in Figure 7. The changes of
R are similar with the changes of 0-Ps lifetime of the
composites. All the specimens that modified with
HTBN with different weight percentage have
smaller free volume size than pure CE. As discussed
in the curing behavior section, the cured CE/HTBN
has formed a semi-IPN structure and HTBN do not
have big influences on the formation of CE network,
though there are some coupling products formed
between CE and HTBN. The decrease in the mean
free volume size of the CE/HTBN composites is not
mainly caused by the changes in the network struc-
ture of the matrix but the partition effects of the
homogeneously dispersed HTBN molecules. As
shown in Figure 8, the well-dispersed HTBN chains
can enter the free volume holes of CE matrix, lead-
ing to partition effects to the free volume hole of the
CE matrix. Such partition effects would lead to a
decrease in the free volume size of CE matrix. This
is the main factor determining the decrease in the
mean free volume size of the composite. The bigger
R in the case of CE containing highest HTBN content
(15 wt %) is related to the higher trend of rubber
molecules aggregation during the cure process for
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Figure 5 The 0-Ps lifetime 13 of the composites with dif-
ferent HTBN content.
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Figure 6 The intensity of the intermediate lifetime com-
ponent I, the intensity of the o0-Ps component I3 of the
composites with different HTBN content.

its high rubber concentration. In addition, the contri-
bution of o0-Ps annihilation in the rubber phase to
the lifetime component t; of the composite cannot
be neglected anymore when the rubber content is
too high. Generally, the rubber phase is much looser
than the crosslinked CE matrix because of its amor-
phous structure. The size of the free volume holes
within the rubber phase is larger than in the CE net-
work, resulting in an increasing effect on the mean
free volume size of the composites.

Usually, the partition effect to the free volume
hole of CE matrix should lead to an increase in free
volume concentration of the composites. However,
as shown in Figure 6, the 0-Ps intensity I3 is lower
than pure CE as the HTBN added (0-10 wt %). And
higher intensity of the intermediate lifetime I, is
observed. These results are related to the strong
interfacial adhesion between the HTBN phase and
CE matrix. For a polymer base composite filled with
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Figure 7 The calculated free volume radius R of the com-
posites with different HTBN content.
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nano-particles, a correlation is that the interfacial
property of the composites can be reflected in the
intensity of the intermediate lifetime component
1,27 In the interfacial area, all kinds of interfacial
interactions between CE matrix and HTBN phase
come from the interactions of polar groups of HTBN
and CE molecules. The concentrate of polar groups
should be higher in interfacial zone. The polar
groups are often electro-attracting for its high elec-
tro-negativity, and act as electron scavengers and
positron capturers.”>! Therefore, the intermediate
lifetime component comes not only from the free
positron annihilation in the body state of the poly-
mers but also polar groups trapping positrons in the
interfacial layers for its strong interfacial adhesion.
In this CE/HTBN blend system, HTBN dispersed
homogeneously (in nano level) in the CE crosslink-
ing network. A great number of interfacial layers
form between the HTBN phase and CE matrix.
Therefore, more positrons annihilation in their free
state occurs in the composites containing HTBN
than pure CE. Correspondingly, less Ps form and
0-Ps annihilation decreases. In the case of CE con-
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Figure 9 The impact strength of the composites with dif-
ferent HTBN content.
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Figure 10 The tensile properties of the composites with
different HTBN content.

taining highest HTBN content (15 wt %), it has obvi-
ously higher I3 and lower I, comparing with CE/
HTBN in other blend mass ratio. The reason can
also be due to the higher trend of rubber molecules
aggregation during the cure process for its high rub-
ber concentration. Therefore, the amounts of the
interfacial layers decreased and lower I, occurred.

Toughening behavior and mechanism

The impact strength of CE/HTBN composites were
measured and shown in Figure 9. A significant
increase in the impact strength of all the samples
added with HTBN, when compared with that
of pure CE is observed. The best performance
(13.3 KJ/m?) is achieved with 10% of HTBN by
weight. The compatibility and interfacial adhesion of
the composites can be inferred from the changes in
free-volume properties of the composites.

In a thermosetting resin modified with rubber sys-
tem, the impact behavior of the toughened matrix
could be explained by considering both toughening
and flexibilizing effects.*>*> In such CE/HTBN sys-
tem, the dominant effect is the flexibilizing effect.
HTBN dispersed homogeneously in the CE matrix.
A strong adhesion forms between the blend compo-
nents. The CE matrix has been effectively flexibilized
by the finely dispersed HTBN molecules inside the
CE matrix. It is consistent with the PALS results. As
seen from Figure 7, with addition of HTBN, the
mean free-volume size of the composite is much
smaller than pure CE. The decrease in the mean
free-volume size of the system is mainly related to
the partition effects of the finely dispersed HTBN
molecules to the free-volume holes of CE matrix.
Good interfacial adhesion is also reflected from the
higher I, of the composite. Therefore, the toughness
of the composite increases as HTBN is added. The
decrease in the tensile strength and modulus (as
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shown in Fig. 10) of the composites is mainly attrib-
uted to the lower modulus of the rubber component.

CONCLUSIONS

HTBN is a good candidate modifier for the improve-
ment of the toughness of CE matrix. It is highly mis-
cible with CE matrix. This phase behavior might be
attributed to the solubility parameters of the compo-
nent and the kinetics of phase separation. The tough-
ening mechanism is mainly caused by the flexibiliz-
ing effects of the homogeneously dispersed HTBN
molecules in the CE matrix. The toughening mecha-
nism is demonstrated from the aspect of free volume
using PALS. The homogeneously dispersed HTBN
molecular chains can enter the free volume holes of
CE matrix because the functional groups of HTBN
molecular chains are capable to react with CE, lead-
ing to a partition effect to the free volume hole of the
CE matrix. A dramatic increase in the interfacial area
occurs in this highly miscible system. Therefore, more
positrons annihilate in their free state in the compo-
sites containing HTBN than pure CE.
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