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Summary:

The fracture toughness has been investigated with single edge notched bending specimens
in solvent-modified epoxies, which were prepared via the Chemically Induced Phase
Separation technique. The generation of a controlied morphology with liquid droplets in
the micrometer range leads to a substantial increase in the fracture energy of nearly 400%
compared to the non-modified epoxy network. The critical stress intensity factor of these
highly crosslinked thermosets does not vary significantly. These results demonstrate the
general potential of the Chemically Induced Phase Separation technique to prepare
porous thermosets, thus combining increased toughness with lowered density.

Introduction:

Epoxies are among the most widely used thermosetting polymers. The wide variety of
curing agents and epoxies with different chemical structures allows for the synthesis of
tailored polymers which can fulfill special demands for advanced applications. These
polymers have therefore found widespread use in electronic and optical packaging
materials, as adhesives, coatings, and as matrix materials for high performance composites
(1). Despite their favorable properties, epoxies are inherently brittle as a consequence of
the formation of a highly crosslinked network structure. The brittleness can be overcome
by the incorporation of second phase particles (2-6). Even though this strategy is a well
established method since more than two decades, there exists still a controversal
discussion concerning the morphological features for most effective toughening. The
nature of the dispersed phase does not seem to play the predominant role for toughening.
A wide variety of thermoplastic (7, 8) or rubbery particles (9), that are generated via
reaction induced phase separation have been used for theses purposes. The
thermodynamic origins of the phase separation process and the influence of internal and
external reaction parameters has been studied extensively for numerous types of
thermoplastic (10, 11) and rubber (12-16) modified epoxies as well as for other classes of
thermosets such as cyanurates (17). This allows to control the morphology and to
optimize the mechanical properties (18). However the generation of a two phase
structure by phase separation leads often to a reduction in thermal stability. A
considerable improvement in toughness can be achieved by using highly branched
polymers, phase separating to dispersed domains (19). Alternatively, the desired
toughening effect can be obtained by blending with core shell particles (20-25). The
degree of agglomeration of this particles can be adjusted by a surface modification.
Conversely to previous strategies to achieve a maximum dispersion of core-shell particles,
very recent investigations show better toughenability, if no surface modification is
realized (20). The higher toughness is attributed to a larger plastic zone size, which is
observed in systems clearly showing interconnected particles. In contrast to its nature,
the size and distribution of the second phase particles seems to be crucial for effective
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toughening. Several research groups observed, that no toughening occurs, if the second
phase particles are smaller than 150 - 200 nm (24, 26). Theoretical considerations predict,
that this is a lower critical size to induce cavitation (27). It could be proven with
scattering techniques, that the cavitation preceeds the formation of shear bands (26, 28,
29), which is recognized as the most important toughening mechanism (9, 30).
Furthermore, the contribution of the plastic void growth, succeeding cavitation, to the
total toughness can become as important as shear banding, especially at elevated
temperatures (31). Cavitation is equal to the generation of a series of voids. Indeed, such a
morphology has been simulated by using either a non reactive rubber (32) or hollow latex
spheres (33, 34) as the dispersed phase. In the first study no insight was given in the
removal of the liquid rubber and only one single composition has been studied. In the
second study, hollow particles were used, thus creating an additional interface. Using
such pseudo-porous systems, both groups indicated the ability of voids to toughen
epoxies in the same manner and in the same magnitude as rubber particles. The same
group calculated the stress distributions of spherical inclusions, being either rubber or
voids, in an isotropic epoxy matrix based on a finite element model (31, 35-37). It was
concluded, that the effect of voids or a rubbery phase is very similar. These inclusions
can release the degree of triaxial stresses at the crack tip. Even though, this model allowed
to predict the possibility of void toughening, the finite element approach does not allow
to take into account the multiple interactions between voids. Therefore a refined model
has been developed, which is based on a zero order approximation and allows to visualize
the stress distributions in porous epoxies (38, 39). This model predicts the buildup of
internal stresses which can initiate multiple shear banding, thus leading to effective
toughening. A better understanding of the cavitation process is crucial to develop new
materials, combining high specific properties with increased toughness. Despite all the
above reports, the cavitation is still described as a side phenomen occuring during the
deformation of toughened epoxies (40).

The experimental verification of the above theoretical predictions of void toughening
requires a technique which yields porous thermosets having closed pores with sizes and
distributions in the pm-range similar to those commonly used for toughening with rubber
or thermoplastic particles. Therefore, we have developed a new technology, termed
Chemically Induced Phase Separation (CIPS) (39, 41-44), for the generation of the desired
morphology which is governed by a phase separation process resulting from a chemical
quench (45). With this method, the epoxy precursor and curing agent are cured in the
presence of a low molecular weight liquid, which turns into a non-solvent upon curing,
thus initiating a phase separation proceeding via a nucleation and growth mechanism. This
process results in the formation of liquid droplets, spherical in shape due to
thermodynamic reasons. The generation of a porous morphology is subsequently
achieved by diffusion of the liquid through the crosslinked matrix without any significant
alteration in the size and distribution of the dispersed phase. This new type of
macroporous thermosets is characterised by a very narrow size distribution in the pm-
range and a significant lower density without any lowering in thermal stability. In a
previous study (43) we have investigated the role of the reaction parameters such as the
chemical nature of the solvent, its concentration and the curing temperature, thus allowing
for morphology control.

It is the purpose of this paper to present the results of our first studies concerning the
evaluation of the fracture toughness of solvent modified epoxies which were prepared by
the CIPS technique. These investigations are intended to throw some light on the ongoing
discussion on the role of the second phase and cavitation for the toughening of
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thermosets. Indeed, we believe, that rubbery particles, liquids or even voids can cause the
desired stress distribution, thus leading to effective toughening.

Experimental:

Materials:

Bisphenol A diglycidylether (DER332 from Fluka) and 2,2-bis(4-amino-cyclohexyl)
propane (HY2954 from Ciba-Geigy) were used as the precursors to build the epoxy
network. Cyclohexane was purchased in analysis grade.

Sample preparation:

Macroporous epoxies were prepared according to the CIPS technique as described below.
First the bifunctional epoxy precursor was mixed at room temperature with the
tetrafunctional diamine in a stochiometric ratio (2:1). This mixture was then degassed in a
vacuum oven at room temperature. After degassing, cyclohexane was added under slight
stirring in the desired amount to yield a homogeneous, transparent mixture. This
homogeneous mixture was then transferred into steel molds designed to yield plates with
a thickness of 4 mm. The molds were placed into an oven at 40°C for 16 h, thus allowing
for curing and in situ phase separation. Then the oven temperature was raised stepwise
with 20K/h to 200°C to allow for partial solvent removal and full cure. Then the samples
were allowed to cool to room temperature in the closed oven for further 16 h to avoid
macroscopic crack formation. After removing from the mold, bars with w= 8mm, b = 4
mm and L= 73 mm in size were machined from the resulting plates for further
characterizations.

Characterization methods:

The critical stress intensity factor, Kj¢, and the fracture energy, Gjc, were determined on
single edge notched bending (SENB) specimens (fig.1) providing plane strain conditions
and strictly following the instructions in (46). The precrack is formed by tapping on a
razor blade, which was placed into the machined notch and has been immersed previously
in liquid nitrogen for around 30 s. A testing speed of 1 mm/min has been choosen for all
experiments. The crack length a is measured prior to fracture under slight bending with a
magnifying glass with integrated scale, thus allowing for an accuracy of 0.1mm. The
distance ] has been choosen as 32 mm.

Density measurements were performed according to the Archimedes principle.
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Fig. 1: Single edge notched bending (SENB) specimens used for fracture toughness testing
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Results and discussion:

When cured at 40°C the desired phase separation is achieved, if the initial amount of
cyclohexane becomes equal or greater than 14 wt%. The onset of phase separation can be
easily detected, as the samples become opaque, thus indicating the formation of a second
phase with sizes larger than the wavelength of visible light. Samples with 13 wt%
cyclohexane or less stay transparent. These observations are in perfect agreement with
previous results reported in (43). However in those systems, sealed glass tubes were used
as reaction vessels, whereas in the present investigation the curing is realized in open
molds. Nevertheless a solvent loss of more than 1 wi% can be excluded as the critical
amount for phase separation is identical for both curing procedures. The sample
morphologies were checked with scanning electron microscopy (SEM), and no difference
concerning the size and distribution of the spherical domains between the two series
could be detected. Typical SEM micrographs for different amounts of cyclohexane are
shown in figure 2.

a) 14 wt% cyclohexane b) 18 wt% cyclohexane
Fig. 2: SEM micrographs of solvent-modified epoxies prepared via the CIPS-technique
with various amounts of cylohexane

Figure 2 shows clearly the increase in domain size and volume fraction associated with
the initial amount of solvent. Furthermore the droplets are spherical in shape as a
consequence of a nucleation and growth process (43). The morphological characteristics
are summarized in table 1 together with the density values after each processing step.

Table 1: Characteristics of epoxies cured at 40 °C in the presence of various amounts of
cyclohexane

wt% droplets volume Density | Density after| Density after
cyclohexane| diameter fraction | prior drying | post curing | complete drying
(m) %) (g/em?) (gem?) (gem3)
0 0 0 - - 1.123
13 0 0 - 1.089 1.121
14 2.3 2.8 1.083 1.083 1.092
15 34 4.5 1.076 1.079 1.072
16 4.1 52 1.073 1.075 1.065
18 4.6 7.7 1.064 1.07 1.037
20 5.4 11.8 1.033 1.066 0.991
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The density measurements after the post curing clearly indicate that the stepwise heating
does not lead to the generation of a truly porous morphology. Thus the two phase
system studied here consists of dispersed, liquid droplets in an epoxy network. The
cavitation ability depends on the modulus of the inner phase, which is practically
neglicable for liquids (47). Therefore these materials, which can be regarded as pseudo-
porous, are used to study the potential of liquids or alternatively voids for the toughening
of epoxies.

In order to ensure a minimum value of the fracture toughness, a sharp crack must be
realized. The total crack length, a, should be in the range of 0.45<a/w<0.55. The values of
fracture toughness K¢ and fracture energy Gic are determined according to equations 1
and 2.

P U

Ke=f—= O “cTrwe @

Therein P represents the maximum force, b and w the sample dimensions as shown in
figure 1 and U is the area under the load displacement curve. The machine compliance has
been taken into account in order to exactly calculate U and consequently the fracture
energy. The calibration factors fand @ in equations 1 and 2 are defined in (46) and depend
strongly on the ratio of a/w. Therefore the exact determination of the crack length a is of
uppermost importance to obtain correct values for K¢ and GJ¢. A natural crack was
initiated by slightly tapping on a razor blade, and the crack length, a, was measured on
both sides of the sample. For our studies, we took the longest crack length visible at the
surface as the value of a. This procedure leads automatically to low values for the
calibration factor fin equation 1 and high values of ® in equation 2, thus ensuring minimal
values of K¢ and GJ¢ respectively. The values of the critical stress intensity factor, Ky,
and the fracture energy, Gic, shown in figure 3 represent mean values on an average of 3
to 6 measurements for each composition and are obtained by strictly following the
guidelines of the testing protocol (46). The sample dimensions were checked to fulfill the
plane strain conditions in accordance with (46). Furthermore only those samples were
taken into consideration, where the value of KIczlGIC does not differ more than 15%
from the corresponding value calculated from the calibration factors and the compliance,
thus satisfying the requirements of the testing protocol (46).

The pseudo-porous epoxies prepared with various amounts of cyclohexane show a
substantial increase in fracture energy, which increases almost lineary with the amount of
cyclohexane above the critical concentration to induce the phase separation (figure 3). The
solvent remaining in the matrix leads to a plasticization only resulting in a slight increase
of the fracture energy as it can be conluded by comparing the non-modified epoxy to the
sample prepared with 13 wt% cyclohexane just below the critical concentration to induce
a phase separation. The substantial increase in fracture energy of up to around 400%
compared to the neat matrix is a consequence of the buildup and interaction of internal
stresses resulting from the generation of a randomly dispersed phase, as concluded from
(38, 39), thus enabling extensive shear band formation. Several micromechanisms might be
associated with this observation. First of all one could imagine, that the crack is deflected
by the liquid droplets. Alternatively, plastic void growth might have occured in the
plastic zone at the front of the crack tip, thus contributing to energy absorption.
Furthermore the radius of the crack tip becomes larger, as the crack penetrates into the
droplets. Ongoing work is dedicated to unravel the detailed micromechanisms responsible
for the substantial increase in fracture energy.
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Fig. 3: Fracture energy GJc and critical stress intensity factor KJ¢ of solvent-modified
epoxies prepared via the Chemically Induced Phase Separation (CIPS) technique with
various amounts of cyclohexane

The epoxy precursor and curing agent choosen for these studies were both low molecular
weight components. They were very suitable for our purposes, as they are liquids at
room temperature thus allowing for mixing below the boiling point of cyclohexane. On the
other hand these precursors lead to a very high crosslink density. It is well known that
the toughening effect strongly depends on the molecular weight between the crosslink
points (21-23). This is reflected in the resuits for the critical stress intensity factor (figure
3). A slight improvement in KJ¢ can be concluded from the generation of a dispersed
phase, whereas no conclusions concerning the dependency of Ki¢ on the initial amount of
cyclohexane can be drawn from this data, as the experimental error is larger than the
variation. To overcome this problem, precusors should be used which yield a lower
crosslink density.

Conclusions:

The synthesis of solvent-modified thermosets via the Chemically Induced Phase
Separation technique can lead to a substantial increase in fracture energy even in highly
crosslinked epoxies. These results demonstrate, that the toughening depends strongly on
the ability of the second phase to generate internal stress concentrations. A further
optimization of the drying procedure is required to yield porous structures, thus allowing
to evaluate the use of voids for the toughening of thermosets. Therefore the present
results provide an intermediate step towards porous thermosets which combine a
lowering in density with a significant increase in toughness.
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