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We have developed a new technology, based on chemically induced phase separation, that allows for the 
synthesis of porous epoxies with a closed cell morphology and a narrow pore size distribution in the 
micrometre range. The potential of this technique for the synthesis of new types of porous thermosets is 
enlightened by the comparison with the current state of the art on technologies for the preparation of 
macroporous polymeric materials. The strategy of the chemically induced phase separation technique, as a 
general approach for the synthesis of macroporous thermosets with controlled morphology is presented. 
The particular system reported is a diglycidylether of bisphenol-A cured with 2,2’-bis(4-amino-cyclohexyl)- 
propane in the presence of hexane or cyclohexane. Depending on the hexane concentration, the morphology 
can be varied ranging from a monomodal to bimodal distribution. By regarding the kinetics and the 
development of a bimodal distribution, we surmise that the phase separation proceeds via a nucleation and 
growth mechanism. The influence of internal and external reaction parameters, such as chemical nature of 
the solvent, solvent concentration and curing temperature on the final morphology are reported. These 
porous materials are characterized by a significantly lower density without any loss in thermal stability 
compared to the neat matrix. Copyright 0 1996 Elsevier Science Ltd. 
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INTRODUCTION 
Porous polymers have found use for numerous applica- 
tions such as foams, membranes, filters, chromatography 
media, and solid support. These materials have many 
useful properties including low density, good thermal 
and electric isolation, and high specific surface. The key 
feature in their preparation is the control of porosity 
leading to either open or closed cell structures of various 
size and size distribution. 

According to a nomenclature proposed by IUPAC, 
porous materials with pore sizes greater than 50nm 
should be termed macroporous’. Based on this termin- 
ology, porous materials with pore diameters lower than 
2nm should be called microporous. The nomination 
mesoporous is reserved for porous materials with inter- 
mediate pore sizes. 

The techniques for the preparation of porous polymers 
can be classified into three main types. 

Firstly, blowing is the most common method to pro- 
duce macroporous foams. The blowing agent may either 
be mixed in or be produced in an exothermic crosslinking 
reaction2. For example, flexible polyurethane foams are 
commercially produced using carbon dioxide, which is 
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generated through the reaction of the isocyanate with 
water. Owing to the high diffusion rate of gases in 
polymers, this technique yields foams with a large pore 
size distribution ranging over several orders of magni- 
tude. Very recently polymeric foams with a bimodal pore 
size distribution have been reported, which exhibit a 
considerable improvement in compressive strength3. The 
generation of such a bimodal pore size distribution 
requires a thermal shock and the use of nucleation agents 
for morphology control. 

Alternatively blowing can be done by a gas nucleation 
technique used since the early eighties for the preparation 
of microcelluar thermoplastic foams, such as PP, PS, PC4 
PVC, PET or ABS, with bubble densities up to 10 
cells cmd3 4J. This method consists of a two step pro- 
cedure. In the first step the polymer is saturated with a 
non-reactive gas at fairly elevated pressures. Upon 
saturation, the polymer is removed from the pressure 
reactor in order to produce a supersaturated sample. 
This supersaturated polymer is then heated to a tem- 
perature near Tg, thus inducing nucleation and growth of 
gas bubbles resulting in a porous structure. Carbon 
dioxide or nitrogen are mostly used as blowing agents. 
The bubble growth is arrested by quenching the samples 
in water at room temperature6. 
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The second technique for the preparation of a foam is 
termed emulsion derived foams’. In this strategy pre- 
formed domains of a liquid component are stabilized by 
surfactants in order to prevent macroscopic phase sepa- 
ration. An emulsion consists mainly of three different 
parts, the continuous or outer phase. the dispersed or 
inner phase and the surfactant. The surfactant is an 
amphilic moiety, which ensures the miscibility between 
the inner and the outer phase. As the volume fraction of 
the inner phase exceeds the highest density packaging of 
spheres (74%). the inner phase can no longer stay 
separated. resulting in a co-continuous morphology. 
This type of morphology is known as high internal phase 
emulsion” or concentrated emulsion’~“‘. If the outer phase 
is a polymerizable monomer, a rigid matrix will form 
upon polymerization. A foam is obtained after removal 
of the inner phase. which is most often a low molecular 
weight liquid such as water. This principle allows the 
synthesis of organic as well as inorganic foams. offering a 
wide range of application. Emulsion derived foams arc 
characterized by highly interconnected pores offering 
density values as low as 0.02 gem-’ and a narrow size 
distribution resulting from a thermodynamically stable 
system. 

In contrast to the highly interconnected pores resulting 
from the above techniques, closed pores can also be 
obtained by microemulsion polymerization. if the initial 
volume fraction of the dispersed phase is lower than 
30%. Recently two systems have been reported. where 
the polymerization of the continuous phase and the 
subsequent removal of the liquid dispersed phase 
resulted in the formation of porous thermoplastic 
materials. such as PS” or PMMA”. However. in this 
case the pore size was observed to be several micro- 
meters, and not the expected nanofoam consistent with 
the microemulsion size ( lo- 100 nm). 

Amazingly small and well organized porous structures 
can be obtained from the self-assembly of tailor-made 
copolymers. Hedrick and coworkers’3 ‘s have explored a 
general methodology. enabling for the synthesis of 
mesoporous polyimides with a well controlled porosity. 
resulting from the self-assembly of triblock copolymers 
consisting of a thermally labile and thermally stable 
block. Thermal degradation of the thermally labile out 
phase leads to a well controlled porosity. Small angle 
X-ray scattering showed closed pores with sizes of 
about 5-20 nm, depending on the length of the thermally 
labile block. The generation of such a mesoporous 
structure results in a significant lowering of density and 
dielectric constant, thus offering great potential for 
applications in microelectronics. 

The third technique to porous structures involves an 
initial phase separation followed by a solidification to fix 
the morpholgy and finally the removal of the minor 
separated phase. If a polymer-solvent film is immersed 
into a non-solvent precipitiation will occur. in accor- 
dance with this mechanism, leading to the formation of a 
polymer rich and solvent rich phase. This technique is 
largely applied to produce membranes, known as phase 
inversion membranes16. The membrane morphology can 
be varied from a sponge-like structure to a finger-like 
structure. depending on the processing parameters’7.‘8. 

Another well known method is the preparation of 
macroporous polystyrene beads for chromatography. 
Recent progress in morphology control has resulted in 

better control of pore size and pore size distribution’y“O. 
In this approach the inner phase consists of a mixture 
containing the reactive styrene and divinylbenzene 
monomers along with an unreactive substance, the 
porogen. After polymerization, the soluble fraction is 
washed out. leaving behind macroporous beads with 
pore sizes between 50 and 1OOOnm depending on the 
polymerization temperature. 

Phase separation followed by solidification can also be 
achieved by a temperature quench. Porous PS foams 
with densities as low as 0.02-0.2 g cm-j are produced by 
pha;F?;eparation starting from a PS-cyclohexane sys- 
tem ‘_-. The phase diagram of this particular system is 
well known and exhibits an upper critical solution 
temperature. Above the critical solution temperature 
the cyclohexane and polystyrene are miscible. A phase 
separation is initiated by cooling below the binodal or 
spinodal line, thus resulting in a two phase morphology. 
Later this method has been termed ‘thermally induced 
phase separation’ (TIPS)23,‘4. Controlling the morphol- 
ogy requires a detailed knowledge of the phase diagram, 
as well as the thermodynamics and kinetics of the phase 
separation mechanism. Depending on the quenching 
temperature, the phase separation proceeds either via 
nucleation and growth or via spinodal decomposition, 
resulting in different morphologies. Thus the pore size 
can be varied from less than 1 pm up to around 100 pm. 
The low volume fraction of the polymeric phase leads to 
a highly interconnected, porous structure. This technique 
allows only for the preparation of films with less than 
1 mm in thickness, which can be used as membranes. 
Furthermore this method is limited to thermoplastic 
polymers since it requires sufficient mobility of the 
polymeric phase below its Tg. 

Very similar to a temperature quench, the pressure can 
be changed, leading to phase separation and solidifica- 
tion and hence to a porous structure. Currently several 
groups are investigating the feasibility to produce porous 
polymers by using supercritical carbon dioxide25,‘6. If the 
gas and the polymer are subjected to supercritical con- 
ditions, they become miscible. Phase separation resulting 
in a porous structure is envisaged by carrying out a rapid 
pressure quench. The concept of copolymeric surfactants 
is applied to stabilize the gas phase and hence to achieve 
a better control of the pore size distribution. 

Our objective is to establish a general strategy to 
synthesize macroporous thermosets with pore sizes in the 
micrometre range. The strategy we sought to employ 
relates to the third group by generating a two phase 
morphology via a phase separation process resulting 
from a ‘chemical quench’. Therefore this technique may 
be termed ‘chemically induced phase separation’ 
(CIPS)“. In fact, this approach is commonly used for 
the generation of a phase separated morphology in 
toughened epoxies with an elastomer or a thermoplastic 
as the dispersed domain2sW3’. The domain size of the 
second phase varies typically between 0.5 and 1Opm. 
Even when toughening with second phase particles is 
well established, there still exists a controversial discus- 
sion concerning the micromechanisms responsible for 
toughening, especially the importance of cavitation32-“7, 
Cavitation is similar to the generation of well dispersed 
voids. Very recently Kinloch and Guild3* calculated the 
stress distribution in the vicinity of dispersed holes in an 
epoxy matrix based on a finite element model. They 
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concluded that well-dispersed voids should significantly 
toughen epoxies. These theoretical predictions are in 
good agreement with previous experimental results. 
Pearson39’40 and Kinloch41 created pseudo-porous 
epoxies by using either hollow latex spheres or unreactive 
rubber monomers as the dispersed phase. Based on these 
model systems, they demonstrated the ability of voids to 
toughen epoxies in the same manner and same magni- 
tude as rubber particles. Nevertheless they did not 
succeed in creating a real porous morphology in perfect 
agreement with the analytical model. It is the purpose of 
this paper to present a general approach for the 
preparation of macroporous thermosets with homoge- 
neously distributed pores and a narrow size distribution 
in the pm-range, without any other alteration of the 
matrix. 

In our concept, the initial system consists of the 
polymeric precursor and a low molecular weight liquid 
having a low boiling point, which will form a second 
phase upon the formation of a crosslinked network. The 
judicious choice of the organic liquid is critical as the low 
molecular weight liquid must be a good solvent for the 
reactive monomers yet poor for the cured network. After 
phase separation, the liquid phase should be removed by 
drying above Tg thus leaving a porous structure. 

EXPERIMENTAL 
Materials 

Diglycidylether of bisphenol A (DGEBPA) (DER332 
from DOW), 2,2’-bis(4-amino-cyclohexyl)propane 
(HY2954 from Ciba-Geigy), hexane and cyclohexane 
(from Fluka) were used as received. 

Procedure 
A general procedure for the preparation and curing is 

given by the following example for a sample with 10 wt% 
hexane. 

4.2 1 g of epoxy and 1.5 g of diamine, giving a stochio- 
metric ratio of 2 : 1, were mixed together with 0.963 ml of 
hexane under gentle stirring in a 20 ml flask. About 1.5 g 
of this clear solution was then transferred into a 5mm 
diameter glass tube sealed at one end and placed in liquid 
nitrogen. After sealing the glass tube under an applied 
vacuum, the sample was homogenized by melting the 
hexane at room temperature. This resulted in a foam, 
which subsequently collapsed, forming a homogeneous, 
transparent solution. The sealed glass tube was then 
placed in a pre-heated sandbath at 40°C for 20 h in order 
to maintain a constant temperature and to avoid damage 
due to the explosion risk. The sample tube was then 
opened and the white solid epoxy-hexane sample was 
heated up to 200°C in a vacuum oven for 120 h in order 
to complete the network formation and to fully evap- 
orate the hexane. 

Characterization methods 
The sample morphology was investigated by scanning 

electron microscopy (SEM) using a Cambridge S-100 
operating at 10 kV. Therefore samples were fractured 
with a razor blade at room temperature and sputtered 
with gold using a Bio Rad SEM coating system E 5400. 
Image analysis was performed using the Optilab Pro2.6 
software on an average of 4 SEM micrographs recorded 
with an acceleration voltage of 10 kV showing at least 

150 pores. The glass transition temperature ( Tg) was 
determined by dynamic mechanical analysis on a Rheo- 
metrics RSAII analyser operating in the compression 
mode with a constant frequency of 1 Hz on cylindrical 
samples, 5mm in diameter and 1Omm in length, in the 
temperature range from 20 to 250°C. The maximum of 
the tanS peak was taken as the Tg value. Densities were 
measured based on the Archimedes principle by using a 
Mettler AT261 balance equipped with the corresponding 
accessory. The time required for complete drying was 
determined by periodically measuring the residual weight 
loss of solvent from the samples using a Perk&Elmer 
thermogravimetric analyser TGA7. 

RESULTS AND DISCUSSION 

The procedure to prepare macroporous epoxies via 
chemically induced phase separation is presented in 
Scheme 1. First the epoxy precursor, curing agent and 
low molecular weight liquid are mixed in the desired 
amount to give a homogeneous mixture. This one phase 
system is transferred into a glass tube and cooled by 
liquid nitrogen in order to freeze the solvent and arrest 
the exothermic curing reaction. Sealing the glass tube 
under the action of an applied vacuum leads to a closed 
system, thus allowing curing temperatures above the 
boiling point of the liquid without any solvent loss. Upon 
isothermally curing at the desired temperature, phase 
separation leads to opaque, solid samples, composed of 
the cross-linked resin and dispersed liquid domains. The 
formation of a porous morphology is achieved by 
heating above the infinite Ts (T,“) of the fully cross- 
linked epoxy network allowing for evaporation of the 
low molecular weight liquid. 

Analysis of the phase separation mechanism 
The key to control the morphology of any type of two 

phase materials, prepared via a phase separation process, 
is the identification of the phase separation mechanism. 

From a thermodynamic viewpoint, a phase separation 
is the result of a change in the free energy of the system. 
For a system composed of a polymer and solvent, the 
free energy of mixing, AG,, had been derived indepen- 
dently by Flory and Huggins in the early 1940s based on 
the lattice model. Considering only weak interactions 
between both components, as well as random distribu- 
tion of the two phases, their calculations led to the well- 
known Flory-Huggins equation4*. 

AG 
>= N11ogh +N2logh +x12$142(N1 +-xN2)(1) RT 

where subscript 1 stands for the polymer and subscript 2 
for the solvent, Ni represents the number of moles, & the 
respective volume fractions, R the gas constant and T the 
absolute temperature. For a thermoset, the volume 
fraction of the cross-linked polymer depends on the 
extent of reaction. The interaction parameter xl2 
depends itself on the temperature as well as on the 
volume fraction of the solvent43. The constant x is given 
by the relationship between the molar volumes of the 
polymer and solvent. 

Regardless of the severe restrictions for the derivation 
of the Flory-Huggins equation, this theory has been 
successfully applied to explain the phase separation 
behaviour of rubber modified epoxies via reaction 
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separation (UPS) 

induced phase separationJ4, wherein the second phase is 
usually an oligomeric moiety containing polar groups. 
The free energy of mixing depends on the molecular 
weight of the polymeric phase and hence is a function of 
the extent of reaction. Schematic phase diagrams (Figure 
I) can be derived from the free energy curves based on 
the Flory-Huggins equation, expressed as a function of 
the reaction extent4j. Such schematic phase diagrams are 
composed of three different regions and are very useful to 
explain the behaviour of our system. At low conversions. 
the polymer and solvent are miscible over the entire 
range corresponding to a one phase region. Entering the 
metastable region, that is enclosed between the binodal 
and spinodal curve, initiates the phase separation via a 
nucleation and growth mechanism. The binodal line 
results from the free energy curve by interconnecting all 

the points, where the two phases have the same chemical 
potential. Hence this represents the equilibrium curve. 
The curve that separates the metastable and spinodal 
region is called the spinodal line. The spinodal line results 
from the summation of inflexion points in the free energy 
curve. As the gradient of the free energy vs. the solvent 
concentration is negative between the inflexion points, 
separated domains are formed by the diffusion from the 
matrix to domains of high concentrations. Therefore this 
type of phase separation has been termed up-hill diffu- 
sion or spinodal decompositon46.47. 

The morphologies that are obtained via nucleation 
and growth can be quite different from those obtained by 
spinodal decomposition. 

The energy balance of a system that phase separates 
via a nucleation and growth mechanism is governed by 
the energy required to enlarge the new surface and by the 
energy gain that results from the formation of a greater 
volume. Hence the second phase will take the shape that 
offers the best volume to surface ratio. Therefore the 
domains formed via nucleation and growth should 
ideally be spherical. 

The morphology development upon spinodal decom- 
position proceeds through various stages48. In the early 
stage of decomposition a co-continuous structure devel- 
ops. A two phase structure with dispersed domains is 
achieved only in the late stage of phase separation and 
the shapes of these domains are not uniform. In our strat- 
egy, using a system composed of a thermosetting polymer 
and a low molecular weight liquid, a co-continuous liquid 
phase, accompanied by a dramatic decrease in stiffness 
and strength, must be avoided. Thus spinodal decom- 
position should be avoided. 

We are therefore looking for systems, where the phase 
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separation proceeds via a nucleation and growth 
mechanism, thus resulting in the formation of a closed 
cell structure, wherein the dispersed phase consists of a 
low molecular weight liquid and the matrix of a highly 
cross-linked polymer. Then the amount of solvent is 
limited by the phase inversion concentration, that is 
given by the interception of the binodal and spinodal line 
(@pi in Figure 1). By this strategy, the final morphology is 
a result from the competing effects between the growth of 
the separated liquid domains and the continuous 
advancement in crosslinking. 

The experimental identification of the phase separa- 
tion mechanism is not trivial. Inoue and Yamanaka49 
investigated the phase separation of rubber in an epoxy 
matrix with light scattering measurements. Therefrom 
they conclude a spinodal decomposition. Lee and Chen 5d 

examined a similar system with optical light microscopy 
and concluded a nucleation and growth mechanism. 
However, the later observations can also be consistent 
with a coalescence in the late stage of spinodal decom- 
position, as it is not possible to visualize nucleation with 
optical microscopy. It is not in the scope of this paper to 
investigate the phase separation mechanism experimen- 
tally. Nevertheless the phase separation process can be 
identified easily, only based on the schematic phase 
diagram, derived from the Flory-Huggins equation and 
presented in Figure I, and a fundamental knowledge of 
the kinetics of this type of phase separation. 

For the system diglycidylether of bisphenol A and 2,2’- 
bis(4-amino-cyclohexyl)propane, the desired phase sep- 
aration is achieved, if hexane or cyclohexane are used as 
the low molecular weight liquid. Further discussion of 
the phase separation behaviour requires a more detailed 
regard to the schematic phase diagram, as presented in 
Figure 4. The critical amount for phase separation, &, is 
given by the intercept of the binodal line and the con- 
version at gelation. Hence no phase separation occurs if 
gelation is reached before the metastable region is 
entered. If hexane is chosen as the selective solvent, the 
curing temperature is limited to 40°C to maintain homo- 
geneous samples. Upon isothermally curing at 40°C 
samples with concentrations of 5 wt% hexane or lower 
stay transparent and no sign of separated domains can be 
detected even with transmission electron microscopy. 
This corresponds to situation in Figure 4. Phase sep- 
aration resulting in the formation of white, opaque 
samples is only observed at concentrations above 6 wt% 
hexane. Hence, 4, (40°C) is found experimentally to be 
situated between 5 and 6 wt% hexane. 

SEM micrographs of the opaque samples prepared 
with concentrations above &, such as 6 and 7Swt% 
hexane are shown in Figures 2a and b. It can be clearly 
seen that the desired closed cell morphology including a 
narrow pore size distribution has been successfully 
achieved. 

The fracture is influenced by the presence of voids 
leading to a fracture surface not representing a cut 
through the sample. Furthermore the voids may have 
been fractured at the centre or at the bottom or top. 
Hence, the domains seen with SEM on the fracture 
surface deviate from the true size of the voids. In 
addition the electron beam penetrates into the material 
and one does actually see holes in the bulk slightly below 
the real surface. These holes are likely to show the real 
radius but lead to an overestimation of the volume 

b 

E 

Figure 2 (a) SEM micrograph of macroporous epoxy prepared via 
CIPS with 6 wt% hexane cured at T = 40°C. (b) SEM micrograph of 
macroporous epoxy prepared via CIPS with 7.5 wt% hexane cured at 
T = 40°C. (c) SEM micrograph of macroporous epoxy prepared via 
CIPS with 10 wt% hexane cured at T = 40°C 

fraction of voids from the SEM micrographs. However, 
as the acceleration voltage has been kept constant for all 
samples, SEM provides a good representation of both 
size and distribution, allowing us to compare different 
systems and conditions. 

Scanning electron microscopy including image analysis 
were performed prior to and after the thermal removal of 
the hexane. These studies clearly indicate an increase in 
mean pore size, pore size distribution and volume fraction 
with increasing amount of hexane, once the critical 
concentration necessary for phase separation has been 
passed. These situations resulting in the formation of a 
narrow pore size distribution corresponding to lines B 
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Figure 3 (a) Pore size distribution for macroporous epoxies prepared 
with 6 and 7.5wt% of hexane cured at T = 40°C. (b) Pore sire 
distribution for macroporous epoxies prepared with 10 wt% of hexane 
cured at T = 40°C 

and C are represented in the schematic phase diagram 
(Figure 4). The pore size distributions calculated from 
image analysis of the sample with 6 and 7.5 wt% hexane 
are plotted in Figure _?a, clearly showing a narrow size 
distribution and an increase of pore size with increasing 
hexane concentration. 

A further increase in the amount of solvent leads to the 
development of a bimodal pore size distribution. as 
observed with SEM (Figure 2~) as well as image analysis 
(Figure 3b) of a sample prepared with lOwt% hexane. 
Such bimodal distribution has also been reported in 
rubber modified epoxies5’.5’ prepared via phase separa- 
tion. Regarding the kinetics of phase separation allows 
an explanation of the development of such a bimodal 
distribution and to identify the phase separation 
mechanism. 

Supposing a homogeneous nucleation, the nucleation 
rate is given by” 

where No represents the number of nuclei at the start of 
phase separation, AC, is the activation energy for the 
creation of a nuclei, and R and T are the universal gas 
constant and absolute temperature respectively. In the 
case of a thermosetting material, the diffusion constant D 

is a complex function that depends on the temperature 
and the viscosity, which itself changes with the contin- 
uous advancement in cross-linking density and hence 
with time. The integration gives rise to an exponential 
decrease in the number of nuclei with time after the start 
of phase separation. 

The growth rate, characterized by the change of the 
radius with time, is proportional to the driving force for 
the phase separation, given by the differences of the 
chemical composition of the second phase in the 
continuous phase at any time, &, and its equilibrium 
composition given by the binodal line, 4iq. The pro- 
portionality factor, given by the quotient of the diffusion 
constant D and the radius r. is called the mass transfer 
coefficient. O;, represents the initial solvent concentra- 
tion. This is mathematically expressed by54 

dr D (& - 45”) 

z=u(ho-@) (3) 

As the growth rate is inversly proportional to the 
domain radius, smaller domains are able to grow faster 
than larger ones, thus giving rise to a narrow size 
distribution. 

Based on equations (2) and (3) the development of a 
nearly monomodal or bimodal distribution can be 
qualitatively explained without the detailed knowledge 
of the real phase diagram nor the exact dependency of 
the diffusion constant as a function of time. The final 
morphology depends mainly on the extent of reaction at 
which the metastable region is entered, as discussed 
below. 

For concentrations slightly above &, the phase 
separation starts at high conversions (lines B and C in 
Figure 4), hence with an initial high viscosity. Even 
though the diffusion constant is low, the initially formed 
small domains grow fast [equation (2)]. After a certain 
period, the growth rate slows down to zero owing to 
two different contributions. First, as the composition 
approaches the equilibrium concentration, the driving 
force tends to approach zero and second, as gelation, 
accompanied by a dramatic increase in viscosity, is 
reached. This situation is responsible for the generation 
of a narrow size distribution at concentrations slightly 
above 4,. The time evolution of the nucleation and growth 
rates responsible for the generation of a narrow pore size 
distribution are schematically shown in Figure 5~. 

At higher concentrations of hexane, however, the 

I/ 1 ! ! I I Low molecular 
A BCDti weight hquid 

II” phax phase phW 
rrparatm separatl”” I * I”V.X,lO” 

Qc @PI 

Figure 4 Schematic phase diagram for macroporous thermosets 
prepared via chemically induced phase separation (UPS): 1. no phase 
separation: 2. phase separation via nucleation and growth; 3, phase 
separation via spinodal decomposition 
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Figure 5 (a) High nucleation rate (N) and low growth rate (G) 
resulting in narrow size distribution. (h) Low nucleation rate (N) and 
high growth rate (G) resulting in bimodal size distribution 

metastable region is entered at lower conversions, hence 
lower viscosity. Thus the diffusion constant is higher, 
leading to a very fast growth of the separated domains 
immediately after the start of the phase separation. This 
allows the system to reach the equilibrium concentration 
after a short period. As a consequence the driving force for 
the phase separation becomes nearly zero, and the growth 
rate is slowed down considerably well before gelation. At 
this time however, nucleation is still active, as shown in 
Figure 5b, representing the corresponding nucleation and 
growth rates. Only the small domains formed after this 
period are able to grow significantly, but their final size will 
be smaller than for the droplets formed in the early stage of 
phase separation. This finally leads to a bimodal distribu- 
tion. This behaviour is schematically represented by lines 
D and E in Figure 4. Based on this model it can be 
concluded that the phase separation, resulting in a bimodal 
distribution, proceeds via nucleation and growth rather 
than via spinodal decomposition. The chemical quench at 
low curing temperatures allows a continuous and smooth 
transition from the stable to the metastable region and 
therefore favours the nucleation and growth mechanism. 
In contrast spinodal decomposition has been observed 
very often as a consequence of a temperature quench 
especially in systems where the exact phase diagram is not 
known in advance. Therefore the CIPS technique allows 
for the synthesis of macroporous thermosets with con- 
trolled morphology ranging from a narrow to a bimodal 
distribution. 

Influence of chemical nature of phase separating liquid 
In the previous section, we discussed the phase 

separation behaviour for the synthesis of macroporous 
epoxies by using hexane to form the dispersed phase. In 
the following, we will discuss the influence of several 
internal and external parameters, such as the chemical 
nature of the solvent, its concentration and the curing 
temperature on the morphology. 

Experimentally, it is found that cyclohexane is also a 
candidate to give phase separation in the DGEBA- 
diaminocyclohexane system. The solubility parameters 
of hexane (SheX = 14.9 (J crne3)l12) and cyclohexane 
(&hex = 16.8 (J cm-3)‘/2) are reported in literature55. 
The solubility parameter of the epoxy-cycloaliphatic 
diamine system can be calculated based on the mole- 
cular contributions as proposed by Hofytzer and van 
Krevelen56. Upon curing it increases from 18.3 (J crne3)li2 
for the non-reacted components to 20.4 (Jcme3)‘j2 for 
the crosslinked system. Even when the solubility para- 
meter of hexane and cyclohexane does not vary sig- 
nificantly, a great difference in the phase separation 
behaviour is observed. Choosing an identical curing 
temperature of 40°C phase separation resulting in the 
formation of white, opaque samples is observed at 
concentrations equal or above 14 wt% cyclohexane. This 
behaviour is not surprising. As the solubility parameter 
of cyclohexane is closer to that of the crosslinked epoxy, 
a higher amount of cyclohexane can be dissolved in the 

a 

b 

Figure 6 (a) SEM micrograph of macroporous epoxy prepared via 
CIPS with lSwt% cyclohexane cured at T = 40°C. (h) SEM micro- 
graph of macroporous epoxy prepared via CIPS with 20wt% 
cyclohexane cured at T = 40°C 
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matrix. These experiments reveal that a change in solu- 
bility parameter of the solvent causes a decay in the 
critical amount of phase separation, oc, given by the 
intercept of the conversion at gelation and the binodal 
line. Currently, we are studying several systems to find a 
relationship between the difference of solubility para- 
meter from solvent and matrix material and 0,. 

I@ience qf’concentration @phase separating liquid 

Regardless of the large difference in oc. the morphol- 
ogies that are obtained by using either cyclohexane or 
hexane as the selective solvent are very similar at 
concentrations slightly above &. Figure 6 shows the 
SEM micrographs of samples cured isothermally at 
T = 40°C with 15 and 20 wt% cyclohexane. It can be 
seen that the desired closed cell morphology. including 
a very narrow pore size distribution. is successfully 
achieved. The mean pore size as well as the pore size 
distribution increases with increasing amount of solvent 
as confirmed by image analysis from SEM. Figure 7 
shows the dependence of pore size and pore size 
distribution as a function of the cyclohexane concentra- 
tion. In contrast to the hexane system. no bimodal 
distribution is detected up to the solubility limit of 
cyclohexane at 25 wt%. At higher concentrations much 
of the solvent is expelled, and these results are not 
considered for the study of the influence of concentration 
on the structure-property relationship. 

In comparison to the results obtained for the samples 
prepared with hexane, it is concluded that the pore size 
and volume fraction do not depend on the initial 
concentration of the solvent, &,, but only on the differ- 
ence between 4, and 4, (Figure 8). Similar qualitative 
results are also reported for rubber modified epoxies 
prepared via reaction induced phase separation5’. 

Dynamic scanning calorimetry (d.s.c.) measurements 
were also carried out in attempts to verify the generation 
of separated domains. Interestingly, an endothermic 
peak at around 7”C, corresponding to the melting point 
of cyclohexane, could only be detected at concentrations 
higher than 25 wt% cyclohexane. The appearance 01 
such a melting peak is either linked to the formation ot 
largely interconnected pores or pores overcoming a crit- 
ical size necessary for crystallization. For this particular 
epoxy-cyclohexane system, d.s.c. is therefore not a 
useful tool to detect dispersed domains with diameters 
lower than 10 pm. 

Ii$luence of’ curing temperature 

The influence of curing temperature and concentration 
of cyclohexane on the phase separation behaviour is 
summarized in Figure 9. It can be seen that the critical 
amount of phase separation, &, can be lowered by 
decreasing the curing temperature. 

Regarding this temperature dependence, we wanted to 
find out whether it is possible to lower the pore size b> 
approaching the start of phase separation to the onset of 
gelation, that is widely regarded as the end of phase 
separationj8. Thus we chose a constant cyclohexane 
concentration of 20 wt% and cured a series of samples 
isothermally at temperatures ranging from room tem- 
perature to 120°C. Thus phase separation occurs at curing 
temperatures at or below 104°C and transparent samples 
are obtained by curing at temperatures above 105°C. 
Figure 10 shows the SEM micrograph of the sample 
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Figure 7 Pore size distributions of macroporous epoxies prepared via 
ClPS with cyclohexane cured at T = 40°C 
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Figure 9 Phase separation behaviour of macroporous epoxies 
prepared via CIPS with cyclohexane 

prepared at 104’C, exactly at the point where the start of 
phase separation should occur quasi-simultaneously with 
gelation. Pores with diameters ranging from around 1 to 
6pm appear. It seems, that the smallest domains are 
inhibited to grow further. Nevertheless, approaching the 
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Figure 10 SEM micrograph of macroporous epoxy prepared with 
20% cyclohexane cured at T = 104°C 

phase separation line by either increasing the curing 
temperature for a constant concentration or raising the 
concentration for a given curing temperature does not 
allow for the preparation of pore diameters substantially 
less than 1 pm. In contrast, it is generally assumed, that 
the size of nuclei is typically less than 10 nm. There is still 
a controversal discussion, whether the end of phase 
separation is identical with the onset of gelation, or if a 
limited growth of the separated domains in the gelled 
state is still possible. Studying the phase separation 
behaviour in rubber modified epoxies, several authors 
have shown experimental evidence for the assumption, 
that phase separation is still possible after gelation594’. 
Based on the above morphological observations, we 
conclude that, for our particular system, a time delay 
between the end of nucleation and the end of phase 
separation, allowing the nuclei to grow to around 1 pm, 
must exist. Therefore, we surmise that nucleation is 
stopped at gelation, whereas the liquid domains are able 
to grow further after gelation. 

Development of porous structures 
After phase separation, the creation of a porous 

morphology is achieved by treating the sample at a 
temperature well above the boiling point of the selective 
solvent and in the rubbery state of the fully cross-linked 
network, yet below the decomposition temperature of 
the network. Thus removal of the low molecular weight 
liquid was conduced by heating the samples above the 
TgoO of the neat matrix (Tg” = 170°C) at a temperature of 
200°C for 120 h. The complete removal of the solvent 
was controlled with t.g.a. Figure 11 shows the weight loss 
of samples prepared via CIPS with initially 20 wt% 
cyclohexane prior and after the drying procedure. The 
phase separation was achieved by curing at T = 80°C 
thus 11 K above the boiling point of the cyclohexane. 
The t.g.a. measurement of the sample prior to drying 
clearly shows a weight loss of 20%, identical with the 
initial amount of solvent added, up to the onset of 
decomposition reactions at temperatures above 300°C. 
Thus no solvent loss occurs during the preparation of the 
phase separated samples. Furthermore, it can be 
concluded that temperatures above Tg are required to 
facilitate solvent evaporation. However, after the ther- 
mal drying, no weight loss is detected with t.g.a. below 
the decomposition temperature, hence the drying is 

: 
: 
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Figure 11 Weight loss of epoxies prepared via CIPS with 20wt% 
cyclohexane prior and after the drying procedure 

1.15 , 
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Figure 12 Density of cyclohexane modified epoxies prepared via CIPS 
prior to and after the drying procedure 

completed. As the drying is performed via a diffusion 
process, the time for drying depends mainly on the 
drying temperature, the crosslink density of the network, 
the molecular structure of the liquid and the sample 
dimensions. Scanning electron microscopy including 
image analysis were performed prior to and after the 
thermal removal of the liquid phase. These investigations 
revealed no change in morphology, thus neither ripening 
or coarsening nor collapse of the dispersed domains 
occurred during the drying procedure. 

The influence of the drying procedure on the density, 
both prior and after evaporation of the low molecular 
weight liquid, is plotted in Figure 12 for samples cured 
with various amounts of cyclohexane. It can be clearly 
seen, that after drying, a considerable drop in density 
results from the formation of a porous morphology at 
concentrations above 4,. However, no decrease in den- 
sity is measured after the drying of transparent samples. 
In this case, the low molecular weight liquid is not 
involved in the formation of separated domains and after 
drying the fully cross-linked network is achieved by 
solvent evaporation from the matrix. Similar results were 
also obtained for macroporous epoxies prepared with 
hexane. 

Prior to drying, the cyclohexane dissolved in the 
matrix has a plasticizing effect, thus lowering the Tg of 
the cross-linked product. This is shown in Figure 13 
where the Tg is plotted against the solvent concentration 
both prior and after thermal removal of cyclohexane. 
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Figure 13 r, of cyclohexane modified epoxies prepared via CIPS prior 
and after the drying procedure 

Amazingly, no lowering of Tg is observed after the 
drying procedure, even at initial high amounts of cyclo- 
hexane. Thus, the final TE of the matrix is independent of 
the amount of the selective solvent and Tp” of the neat 
matrix can be reached upon drying. This shows that the 
solvent removal is achieved completely and a post-curing 
is realized simultaneously with the drying procedure. 
Chemically induced phase separation therefore allows 
for the synthesis of macroporous thermosets without 
lowering the dimensional stability or Tg of the fully 
cross-linked network. This is in contrast to rubber 
modified epoxies, where the network modifier fraction 
that is not involved in the phase separation, remains in 
the epoxy matrix after cure and hence leads to a decrease 
in Tg. 

CONCLUSIONS 

Macroporous epoxies with a narrow pore size distribu- 
tion and a closed cell morphology are successfully 
synthesized by the chemically induced phase separation 
technique. The phase separation strongly depends on 
the chemical nature and amount of solvent, as well as 
on the curing temperature. A small change in solubility 
parameter can result in a large difference in the critical 
amount for phase separation, 4,. The pore size and 
volume fraction depend mainly on the difference 
between the initial amount of solvent and @,. Pore 
size and volume fraction increase with the solvent 
concentration, once 4, has been passed. Lowering 
the curing temperatures enables one to lower & for 
the epoxy-cyclohexane system. Thermal removal of the 
solvent acts as a simultaneous post curing, hence the 
final Tg is independent of the initial amount of low 
molecular weight liquid. The chemically induced phase 
separation allows for the synthesis of macroporous 
epoxies with controlled morphology and considerable 
lower density without any other alteration of the cross- 
linked matrix. 
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