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Effect of the cure temperature on the morphology of a
cyanate ester resin modified with a thermoplastic:
characterization by atomic force microscopy
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Abstract

A bisphenol A dicyanate (DCBA) resin has been modified with bisphenol-A polysulfone (PSU) at a concentration
of 15 wt%. Mixtures, postcured at the same conditions, have been precured at different temperatures. The effect of
the curing temperature on the morphology has been studied by Atomic Force Microscopy (AFM). In the present
study, we have also compared Scanning Electron Microscopy (SEM) and AFM in order to demonstrate that AFM
is a powerful tool for the characterisation of polymer mixtures morphology. © 2000 Elsevier Science Ltd. All rights

reserved.
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1. Introduction

Cyanate esters have found use for applications in
the electronic and composite industries where their
excellent properties like low dielectric losses, good ad-
hesive properties, glass transition temperatures in the
range of 250-300°C, solubility in ketone solvents, and
low moisture absorption are demanded [1]. Though
cyanate resins are known to be relatively tough com-
pared with other thermosets, some applications require
improved fracture toughness. Toughening of thermo-
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sets has been achieved through various methods [2]. In
this work, the incorporation of a thermoplastic was
used. The uncured cyanate resins are compatible with
a number of amorphous thermoplastic polymers,
including copolyester, polysulfones, polyether sulfones,
polyarylates and polyether imides [3—-5]. During the
course of curing, most of the mentioned polymers
phase-separate into micron or sub-micron sized
domains exhibiting a co-continuous or phase-inverted
morphology at concentrations > 15wt% because of the
high molecular weight of the thermoplastic [6].

There is a wide range of microscopic instruments
available, which allow characterising polymeric micro-
structural features. Scanning Electron Microscopy
(SEM), undoubtedly one of the most used, and Scan-
ning Probe Microscopy (SPM), a more recent tech-
nique which seems to have a big future for its wide
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range of potential applications [7-12], have been the
techniques used in this work.

2. Experimental

2.1. Materials

The cyanate ester resin used in the present work was
AroCy B10, kindly supplied by Ciba. The catalyst sys-
tem used was a mixture of 360 ppm of copper (II)
acetylacetonate, Cu(AcAc),, and 2 phr of nonylphenol,
both supplied by Aldrich [13].

The thermoplastic used was a polysulfone of bisphe-
nol A (PSU) commercially available as Udel P-1700
from Amoco Chemical (Mn = 38,000) [14].

Chemical structures of the materials used in this
work are shown in Table 1.

2.2. Mixing and curing procedure

The mixture was prepared by dissolving PSU (15

Table 1
Chemical structure of the materials used

wt%) and DCBA monomer in methylene chloride at
room temperature. The solvent was evaporated at
90°C on hot plate and the residual solvent was
removed at 110°C for 2 h under vacuum. The catalyst
system was added to the mixture at 90°C during 5 min.
This catalysed mixture was cured for 3 h at: (a) 160°C
and (b) 180°C, and both systems were post-cured for
2 h at 200°C and 1 h at 250°C.

2.3. Microstructural study

Morphology of the mixtures was studied by SEM
and AFM, analysing the fracture surfaces of specimens
tested by bending.

The SEM examinations were performed in a JEOL
JSM-6400 scanning electron microscope at an acceler-
ating voltage of 15 kV. Samples were coated with a
thin layer of gold. The thickness of these Au coatings
was approximately around 44 nm.

The AFM scanning was carried out using a Scan-
ning Probe Microscope (Nanoscope IIla, Multimo-
de™ from Digital Instruments) by using contact with

Product

2,2’-Bis (4-cyanatophenyl) isopropylidene
AroCy B10
(Ciba)

Polysulfone of Bisphenol-A
Udel P-1700
(Amoco Chemical)

Formula

CH,

Nsc—o—@—$|~@-o—CsN

CH,

Tm: 79°C

CH,

CH,

Mn 38000




Table 2
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Characteristics of the probe tips provided by Digital Instru-

ments [15]

Characteristics

Contact mode

Tapping mode

Material

Cantilever configuration

Cantilever length

Cantilever thickness

Cantilever width
Spring constant

Nominal tip radius of

Silicon nitride
V-frame

200 um
0.4-0.6 pum
35-40 pm
0.12 N/m
20-40 nm

Etched silicon
Single beam
125 pm
3.5-5.0 um
3040 pm
20-100 N/m
5-10 nm

curvature

lateral force mode and tapping with phase imaging
under ambient conditions.

The AFM images shown in the present work have
been obtained by using a (15 x 15 pm) scanner. Table 2
provides information about the characteristics of the
probe tips used.

Several samples were scanned and each sample was
imaged at different areas. Similar images were

obtained, so demonstrating the reproducibility of the
results. All images are shown without any image pro-
cessing except horizontal levelling and contrast
enhancement.

3. Results and discussion

This section is organised in two parts: in the first
part, the effect of curing conditions on the morphology
of the mixture is studied by AFM, and in the second
part the performance of AFM as technique for charac-
terisation of polymer surfaces is discussed.

For this system the critical composition appears at
around a 12 wt% PSU in the uncured mixture.

3.1. Effect of precuring conditions on the morphology:
characterisation by AFM

The DCBA/PSU mixture at the studied composition
(15 wt% PSU) was transparent at the earlier stages of
polymerisation, indicative of homogeneity. However,
as curing proceeded, the mixture became opaque. This

Data type
Z range

Friction
0.310V

Data type
Z range

Fig. 1. AFM images of DCBA/PSU (15 wt% PSU) precured at 160°C: (a) contact mode images, topographical image (left) and lat-
eral force image (right) A; =35 um; (b) topographical image by Tapping mode A, =15 um; (c) topographical 3D image by Tapping

mode A3 =15 pm.
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Fig. 1 (continued)

indicated that the increase of the molecular weight of
the network-forming DCBA induced to phase separ-
ation phenomena giving different phase-separated
microstructures as a function of curing temperature.

Firstly, the morphology of the bending broken mix-
ture precured at 160°C was examined by AFM. This
analysis was carried out using two modes of operation:
contact and tapping in order to select the most suitable
one for this mixture. No problems associated with fric-
tion, adhesion, electrostatic forces, and other difficul-
ties that can plague contact mode were detected.
Moreover, no differences in the images recorded by
both modes were observed.

Fig. 1 shows the AFM images. In Fig. la the topo-
graphical and the lateral force images recorded at con-

tact mode are shown. Both images were recorded
simultaneously in order to enhance the contrast of the
phases. Fig. 1b and c shows a bigger view of the same
sample recorded at tapping mode. Fig. lc shows a 3D
image, which allows having a spatial view of the mix-
ture.

The images reveal that the morphology of the mix-
ture precured at 160°C is a particulated microstructure,
consisting of thermoplastic-rich particles into the con-
tinuous DCBA-rich matrix. These particles are not per-
fectly spherical and have different sizes. However, they
are uniformly dispersed, and although the knowledge
over the effect of the particle dispersion on toughening
is still quite limited [16,17], in this case a rougher sur-
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Fig. 1 (continued)

face is observed such as to become to fracture tough-
ness.

Analysing one particle of around 0.80 um (Fig. 2), it
can be seen that cavitation around the particle could
progress to crack formation, this fact is also character-
istic of toughened thermosets [18,19]. Another infor-
mation from the analysis of the particle is that inside
the thermoplastic domains there are spherical particles,
which possibly are crosslinked DCBA. This means that
a secondary phase separation in the already separated
domains of thermoplastic can have taken place in a
similar way to the morphologies reported by Oyangu-
ren et al. for PSU-modified epoxy mixture [20]. This
fact, together with the different size of the segregated
particles, proves that phase separation occurred via a
spinodal decomposition (SD) mechanism [21].

Subsequently, morphology of the bending broken

mixture precured at 180°C was examined. In this case,
the images obtained by tapping had better resolution
than the images obtained by contact. Thus, only the
tapping images are shown in Fig. 3. Fig. 3a shows the
topographical and the phase image also recorded sim-
ultaneously in order to have a good contrast of the
phases. Fig. 3b shows a bigger view of the same
sample and the 3D image is shown in Fig. 3c.

The images reveal a dual-phase morphology. This
means that two microstructures coexist: a particulated
microstructure where the thermoplastic-rich phase
form small spherical particles in a continuous DCBA-
rich matrix, and a co-continuous microstructure where
the DCBA phase appears as discrete particles in a con-
tinuous thermoplastic-rich phase. These DCBA par-
ticles of around 0.20 pm are bigger than the particles
of DCBA observed inside the spherical domains of
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Fig. 2. Contact mode AFM images of DCBA/PSU (15 wt% PSU) precured at 160°C, topographical image (left) and lateral force
mode image (right) A; =1.78 pm.
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Fig. 3. AFM images of DCBA/PSU (15 wt% PSU) precured at 180°C: (a) tapping mode images, topographical image (left) and
phase image (right) A; =5um; (b) topographical image by Tapping mode A, = 15um; (c) topographical 3D image by Tapping mode
)\43 = 15um
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Fig. 3 (continued)

PSU in the mixture precured at 160°C (around
0.10 pm).

These differences observed on the morphology of
the mixtures precured at different temperatures can
be explained by supposing that phase separation
occurred through a spinodal decomposition (SD)
mechanism as a consequence of the increase on the
molecular weight of the resin through curing. The
mixture precured at 160°C had enough time to
overcome the co-continuous microstructure before
gelating, developing spherical particles. On the con-
trary, the microstructure for the mixture precured at
180°C was earlier fixed so not overcoming the co-
continuous stage. Furthermore, the DCBA had less

time to disperse in the thermoplastic-rich matrix, so
conducting, by a spinodal mechanism occurring in
the PSU-rich phase, to bigger spherical particles
than the spherical particles found in the PSU-rich
phase in the particulated microstructure of the mix-
ture precured at 160°C.

In view of the above images, it can be expected that
the mixture precured at 180°C results in higher fracture
toughness than the mixture precured at 160°C, accord-
ing to several investigators who claim that a co-con-
tinuous structure results in higher fracture toughness
[17]. However, we can not make any statement without
having the mechanical analysis, which will be presented
in future publications.
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3.2. Advantages of AFM in the characterisation of
polymer surfaces

Traditionally, the Electron Scanning Microscope has
been one of the most used techniques to examine mor-
phology of polymers. In the development of the pre-
sent work SEM was also used to characterise the
morphology.

Fig. 4 shows a SEM image of the mixture precured
at 160°C. The morphology of the mixture cured at
160°C is a particulated microstructure, such as was
observed in the images obtained by AFM (Fig. 1). The
similarity of the images can prove the AFM as an
available microscopic technique. Some advantages over
SEM even can be mentioned: no chemical or physical
changes occur during the visualisation, no specific

treatments are needed and AFM has the ability to
differentiate materials by several techniques developed
as extension to the basic SPM.

4. Conclusions

In this study, the effect of the cure temperature on
the morphology of a cyanate resin modified with a 15
wt% PSU has been studied by AFM and SEM.
Results of this investigation can be summarised in the
following.

e Phase separation started from spinodal decompo-
sition induced by the molecular weight increase of
the cyanate matrix during curing.
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Fig. 4. SEM micrograph of DCBA/PSU (15 wt% PSU) precured at 160°C.

e The final morphology of these thermosetting mix-
tures is clearly influenced by the precured tempera-
ture: at 160°C the microstructure is a particulated
microstructure while at 180°C a dual-phase mor-
phology is observed.

e AFM has proved to be a powerful and simple tool
for the characterisation of polymer mixture mor-
phology. Besides, this technique allows selecting the
appropriate modes to suit the material under exam-
ination and the properties of interest. The resolution
obtained with AFM technique can be superior to
that observed in SEM.
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