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Abstract The Flory—Huggins equa-
tion has been used to model the
equilibrium phase behaviour of a
solvent-modified epoxy resin in-
tended for the fabrication of porous
components by chemically induced
phase separation followed by evac-
uation of the solvent after curing.
Points in composition—temperature
space corresponding to a transition
from homogeneous to heteroge-
neous postcuring microstructures
have been identified for a variety of
solvents using a thermal gradient
oven. Assuming this transition to
coincide with the cloud-point curve

corresponding to the gel point of the
resin, the data were used in con-
junction with the predictions of the
Flory—Huggins equation to estimate
the interaction parameter and its
temperature dependence for each
solvent. Phase diagrams in compo-
sition—conversion space were then
calculated for a range of curing
temperatures.
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Introduction

Chemically induced phase separation (CIPS) is a
potentially versatile means of producing porous ther-
mosets as has been demonstrated for epoxy- and
cyanurate-based materials [1-4]. CIPS often occurs
during the curing of an initially soluble mixture of an
epoxy resin and a low-molecular-weight solvent, mainly
as a consequence of the increase in molecular weight of
the resin and the accompanying decrease in the entropy
of mixing. The solvent may then be removed by
evaporation to give a porous solid. The aim of the
present work is to obtain a working approximation to
the equilibrium phase behaviour in such systems using a
simple method for estimating the interaction parameter,
¥, based on the assumption that phase separation
becomes inhibited when the degree of cross-linking
exceeds the gel point and that y depends only on
temperature. Although this latter assumption may be
questionable [5], particularly in systems showing strong

specific interactions [6, 7], the present approach is
anticipated to be of wide interest for microstructural
control in porous thermosets, since the attainable
degrees of porosity as well as the pore size and
connectivity depend strongly on the evolution of the
miscibility with solvent content and the extent of curing
[2, 4]. However, the discussion will be limited here
to the specific case of diglycidyl ether of bisphenol A
(DGEBA) (M, = 340 g/mol) cured with p-amino-
cyclohexylpropane (PACP) (M, = 234 g/mol) and
modified with a number of different solvents. Moreover,
to maintain simplicity, a statistical model is used to
calculate the moments of the molecular-weight distri-
bution as a function of the extent of curing. This
provides a reasonable first approximation to the beha-
viour of systems such as DGEBA/PACP that have
relatively simple reaction paths, providing an indication
of the divergence of the number- and weight-average
molar masses at the gel point. However, in a more
detailed approach, and in the case of more complex
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systems, it would be necessary to take into account local
changes in reactivity and mobility within a more flexible
framework, such as that provided by a kinetic model
[8, 9].

Thermodynamics

According to the Flory—Huggins theory, the free energy
of mixing, AGy,, of a binary blend is given by [10, 11]

AGy,

S = g+ S0 gy + 1hay (1)

kT
where ¢, and ¢ and Np and Np are the volume
fraction and effective degree of polymerization of the
respective components (N is the number of lattice
sites in the Flory—Huggins model occupied by a given
molecule). The qualitative, and in some cases, quanti-
tative behaviour of binary blends may usually be
accounted for by Eq. (1), in so far as the components
may be considered to be monodisperse. If only one
of the components is monodisperse, Eq. (1) may be
replaced by [12]

AG i
k—T:Z:f/iilnqui""%ln‘bB"‘X(] —¢p)ds ,  (2)

where ¢,; is the volume fraction of molecules of 4 with
an effective degree of polymerization Na; and ¢y is the
volume of the monodisperse component, which we shall
henceforth refer to as the solvent.

Equation 2 is particularly appropriate to blends
containing thermosets, in which high degrees of poly-
dispersity are anticipated at degrees of conversion
approaching the gel point [9]. However, an idea of the
size distribution of the resin at any given point in the
reaction is needed. To obtain this, we adopt a statistical
model based on the assumption that all functional
groups react with equal probability, o.

In the present case, if P(N,M) is the probability that a
given molecule in a partly cured stoichiometric mixture
of DGEBA and PACP contains N PACP and M
DGEBA molecules, the corresponding volume fraction
of such molecules is

_ NWpacp + MVpGesa
¢N,M - N(

P(N,M);
2VbGeBA + Veace) ( )

N>1, N-1<M<3N+1,

$0.1 = 2Vbcesa/ (2Vbgesa + Yeace)P(0,1) (3)

where V' are the molar volumes of each component.
By considering all the possible ways of forming a
molecule containing N PACP and M DGEBA mole-
cules (intramolecular reactions are ignored), it may be
shown that

CABN)I(1 — o)V FE2N2
- (N-1)!(2N +2)!
y (2N +2)! ML
BN+1—-M)!(M—-N+1)! ’
N>1, N-1<M<3N+1

PO, 1) = (1 —a)* . @
and that
3N+ 4(3N)1 2N =D (1 — 2)2N2
P(N) :M;lP(NaM) -4 (])v— 1)!(§N+2>)! ’
(5)

which is equivalent to the expression given by Flory and
Stockmayer [13, 14] for the volume fraction of molecules
with a degree of polymerization, N, resulting from
the condensation of identical tetrafunctional monomers
(here o is effectively equal to the probability that two
functional groups belonging to two of these molecules
react).
Equation 2 may now be written

AGp 3l (1- ¢B)¢N,M
A O S v Ul R0
—|—%ln d)B + X(l - (:bB)d)B ) (6)
B

where NN,M = (NVPACP + MVDGEBA)/VO and VD is
the volume corresponding to a lattice site in the Flory—
Huggins model. Combining Egs. (3)-(5) gives

_ NVeacr + MVbGega P (7)
N(2VbGesa + Veace)

with f(M) = P(N,M)/P(N) being defined by Egs. (4)

and (5) Setting VB/VO = Ny and (ZVDGEBA+ VPACP)/

Vg = n, the first term on the right-hand side of Eq. (6)
becomes

1= gy
; nsneN M§71

x [m (::%) +InP(N) + Inf(M) + In(1 — %)1

d)N,M Nf(M) )

P(N)f(M)

-yl ¢BP(N){ In[(1 — ¢g)P(N)]
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As o tends to o = (1/3)"/? &~ 0.58, which defines the gel
point, the terms in M become negligible and in place of
Eq. (6) we obtain
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Assuming y to be independent of composition, either
Eq. (6) or Eq. (8) may be used to estimate the cloud-
point curves close to the gel point, following the
approach of Clarke et al. [15] briefly outlined in the
Appendix. As well as being relatively simple, Eq. (8) has
the advantage that a simple power-law approximation
may be substituted for P(N), so the cloud-point curve at
the gel point, which is of particular importance for the
following section, may be derived in a straightforward
manner. On the other hand, Eq. (6) is more appropriate
for estimating cloud-point curves at lower degrees of
conversion, where the terms in M can no longer be
neglected. Critical points, ¢, and spinodal curves are
calculated from either ¢y, or P(N), again as described
in the Appendix. The spinodal curve provides a
convenient check of the calculated cloud-point curve at
o since it should be asymptotic to this latter as o tends
to o for modifier contents greater than ¢, [15].

Experimental

A stoichiometric blend of DGEBA (DER332 from Dow) and
PACP (HY2954 from Ciba-Geigy) was mixed with analysis grades
of hexane, octane, decane, cyclohexane, methylcyclohexane or 2,6-
dimethyl-4-heptanone in the required proportions. The mixtures
were then transferred to a 5S-mm-diameter glass tube sealed at one
end and stored in liquid N,. After sealing the other end of the glass
tube under vacuum, each sample was homogenized by brief heating
in a silicon oil bath at 60 °C. The tube was then placed in a thermal
gradient oven, a schematic representation of which is given in
Fig. 1.

The temperature gradient was maintained by cooling one end of
the oven with water and by placing the other end in contact with a
hot plate with an integrated thermocouple, allowing temperature
control to within 1 K. The temperature of the tube was estimated
using thermocouples inserted at regular intervals along the oven wall
and connected to a multichannel data logger (Kontron Poly-
Rec30+ 5). By thermally insulating the oven walls a linear temper-
ature gradient was obtained over the entire length of the sample [4].

After heat treatment, uncoated samples were examined after
fracture in liquid N, using a Philips XL30 scanning electron
microscope equipped with a field emission gun operating at about
1 kV.

Results
Estimating the interaction parameter

x in polymer—solvent systems is generally temperature
dependent. This may result in either an upper critical
solution temperature or a lower critical solution temper-
ature, depending on whether y decreases or increases
with temperature. However, for the model epoxy—solvent
system under consideration here, the miscibility of the

Water cooling Top view

bt o
- Ziﬂiii

<+ 100 mm —»

Thermocouples

Thermal insulation

+— 350 MM ———————p

Multichannel

Hot plate data-logger

Fig. 1 Schematic representation of the thermal gradient oven

resin was observed to increase with temperature for all
the solvents investigated, so phase separation was
expected to occur at progressively higher o as the curing
temperature was raised, as shown schematically in Fig. 2.

Using the thermal gradient oven, it was found that
within certain ranges of solvent content there was a
critical temperature, T;(¢y), above which no phase
separation occurred even after curing was complete. It
was assumed that this corresponded to the intercept of
the cloud-point curve with the gel-point line as shown in
Fig. 2 (the rapid increase in viscosity as o approaches o,
is expected to suppress nucleation of second phase
domains). Hence by calculating the cloud-point curve in
¢p, nsy space corresponding to o = o in a given system
and combining this with the 7; data shown in Fig. 3,
nsy could be estimated as a function of temperature
(assuming it to be independent of composition). In other
words, if ngy.(¢g) are points on the calculated cloud-
point curve for o = o, then given T;(¢yg), one can obtain
nsy.(T.), which is necessarily a subset of ngy(T).

For all the solvents it was found that

nsy =A+B/T )

provided a convenient analytical description of the
derived interaction parameter, where 4 and B are
adjustable parameters. In Fig. 4, best-fit values of A4
and B have been used to recalculate ngy (¢g) from
A+ B/T.(¢p) and the results are compared with the
calculated cloud-point curve for the epoxy—decane
system and o = a,. Since all the solvents investigated
had similar molar volumes, their calculated cloud-point
curves were very close in the range of compositions
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Fig. 2 Schematic of the form of the cloud-point curves in ¢, o space
for T} > T, > T;. Phase separation is assumed to be inhibited at all
T., where T is the temperature at which the cloud-point curve crosses
the gel-point conversion line for a given composition. This compo-
sition may be identified with a value of ngy by calculating the cloud-
point curve in ¢, nsy space for o = o.. T is determined using the
temperature gradient oven
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Fig. 3 1/T. versus 1 — ¢y for different solvents measured using the
thermal gradient oven. For 1 — ¢y to the /left of a given curve, no
phase separation is observed after curing for that solvent
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Fig. 4 The calculated cloud-point curve corresponding to the gel
point in a decane-modified epoxy resin, onto which the data in Fig. 3
have been superposed as described in the text
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Fig. 5 Estimated values of ngy from Eq. (9) for different solvents
plotted against temperature

shown, accounting for the apparent superposition of the
data points in this figure. Finally, ngy(7) are compared
in Fig. 5 for all the solvents considered.
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Table 1 gives values of y calculated from solubility
parameters, estimated in turn from group contribution
theory as described elsewhere [2, 4], an approach which
is currently widely used for polymer-based systems [16].
Also given in Table 1 are room temperature values of
nsy/ Vs estimated from the data. To make the compar-
ison meaningful both sets of values have been normal-
ized by dividing by the respective values obtained for
hexane. Reasonable agreement is obtained for the linear
alkane series, for which both the solubility parameter
approach and the present model are expected to provide
relatively good descriptions (owing to the absence of
specific solvent-resin interactions and the comparable
architecture). The agreement is also reasonable for the
more polar solvent dibutyl ether, but it is less good for
2,6-dimethyl-4-heptanone, cyclohexane and methylcy-
clohexane. A simple explanation for this in terms of the
solubility parameter approach is that the comparison in
Table 1 implicitly assumes V, to be identical for all the
solvents, whereas the conformational freedom of 2,6-
dimethyl-4-heptanone, cyclohexane and methylcyclo-
hexane will be restricted with respect to that of the
linear molecules, and this assumption becomes ques-
tionable. One would anticipate a higher effective V, for
cyclohexane than for hexane, for example, leading to a
lower value of ¥/ nexane than given in Table 1.

Such problems do not arise when ngy is estimated
from T, since V, is not required to calculate the cloud-
point curves. Thus there is a progressive decrease in
Vhexane/s )X/ VBMs hexane hexane O going from hexane to
cyclohexane to methylcyclohexane, which is assumed
to reflect the progressively more limited conformational
freedom. Similarly, although the solubility parameter
approach suggests dibutyl ether to be a better solvent
than 2,6-dimethyl-4-heptanone, this would be offset by
the more limited conformational freedom of the latter.
Nevertheless, it should be borne in mind that particu-
larly in the case of the more polar solvents, the
assumption that y is independent of composition is
difficult to maintain.

Phase diagram predictions

In the remainder of this section we shall discuss the
predicted phase diagrams in the light of the estimated

temperature dependence of ngy for the different solvents.
Representative cloud-point curves in ¢pg,ns) space are
shown in Fig. 6 for different values of o < o, and for the
decane epoxy mixture. It may be seen from Fig. 5 that
for this system, the derived values of ngy are substan-
tially greater than 2 in the temperature range under
consideration, so one infers that miscibility is restricted
to a relatively narrow range of epoxy-rich compositions,
consistent with observation [1, 3]. Indeed all the linear
alkanes investigated here were predicted to be of limited
interest as solvents if one is seeking to obtain a material
with a relatively high pore content by CIPS.

The above trends are shown explicitly in Fig. 7,
where we have replotted the results in o, ngy space
for different values of ¢y for decane epoxy and 2,6-
dimethyl-4-heptanone epoxy mixtures, which are the
least miscible and most miscible systems, respectively.
In the latter case, CIPS was predicted to be possible
over the whole range of ¢p and the whole range of
temperatures between 21 and 150 °C. Indeed freshly

Solvent content (¢B)
1 09 08 0.7 06 05 04 03 02 0.1 0

spinodal lines

0 0.1 0.2 0.3 04 05 06 07 0.8 0.9

Resin content (1-¢g)

Fig. 6 Predicted cloud-point curves for a decane epoxy mixture for
the degrees of conversion indicated, along with the cloud-point curve
at the gel point, the spinodal curves corresponding to the gel point and
to the uncured epoxy, and the critical points (open circles)

Table 1 Estimates of the room

temperature (21 °C) interaction ~ Solvent 7/ nexane Vhexane/1s 1/ V87 hexane Knexane
parameters relative to that of (solubility parameters) (Te)
hexane, based on the solubility
parameter approach and on the Hexane 1.00 1.00
T. measurements, as described Octane 0.99 0.90
in the text Decane 0.98 0.99
Cyclohexane 0.99 0.75
Methylcyclohexane 0.97 0.65
Dibutylether 0.58 0.53
2,6-Dimethyl-4-heptanone 0.69 0.42
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Fig. 7 Predicted cloud-point curves for decane (hatched curves) and
for 2,6-dimethyl-4-heptanone (solid curves) as a function of epoxy
conversion for the temperatures indicated. Critical points (open circles)
and the spinodal curves for 21 and 150 °C are also given for 2,6-
dimethyl-4-heptanone

prepared 2,6-dimethyl-4-heptanone epoxy mixtures were
observed to be fully miscible at and above 21 °C. The
results are also consistent with those of previous work
in which the broad range of miscibility of this system
was exploited to generate a wide variety of postcuring
morphologies using low to intermediate solvent contents
[2].

According to Fig. 7, CIPS should also be possible
from very dilute solutions in 2,6-dimethyl-4-heptanone,
suggesting that it might be possible to obtain stable
spherical epoxy particles by choosing conditions such
that precipitation occurs when « is close to o.; however,
it should be borne in mind that the assumption of
uniform concentration implicit in the Flory—Huggins
theory will break down at high dilutions, particularly for
large o, that the curing reaction will not only be retarded
at high dilutions, but also by potentially significant
departures from stoichiometry in the phase-separated
domains once precipitation has occurred [15] and that
the concentration dependence of y may lead to large
systematic errors when the present model is used to
extrapolate over wide ranges of composition. In practice
it was found to be possible to obtain spherical epoxy
particles at low dilutions and high temperatures, but
they remained “‘sticky” even after relatively long curing
times. In the absence of stirring they rapidly agglomer-
ated and cocontinuous structures such as that shown in
Fig. 8 settled out of the solution.

After evaporation of the excess solvent and postcur-
ing at 80 °C, followed by drying under vacuum, it was

possible to obtain rigid foams from the particle agglom-
erates precipitated from dilute solution. On the other
hand, if one wishes to exercise direct control over the
pore volume fraction by varying the initial solvent
volume fraction, it is arguably better to work at
¢p < ¢, where the epoxy-rich phase should be contin-
uous at least in the early stages of phase separation. At
and around a solvent volume fraction of 50% the
morphology will nevertheless tend to evolve towards a
cocontinuous structure, regardless of the initial phase-
separation mechanism, so some degree of kinetic control
is necessary in order to produce closed cell foams under
these conditions. Based on Fig. 7, one possible approach
might be to heat-treat a blend containing 50% solvent at
150 °C until o is close to o. (i.e., where there is a
significant increase in viscosity) and then to cool the
sample so that it passes through the metastable regime
of the phase diagram at some intermediate temperature,
such that nucleation and growth of solvent-rich domains
is able to take place, but their coalescence is limited. The
result of air-cooling from 150 °C to room temperature
after partial curing at 150 °C is shown in Fig. 9. After
standing for a few days at room temperature, the sample
was postcured at 80 °C and dried under vacuum to
give a closed-cell foam with a pore volume fraction
approaching 50 % (isothermal curing under these
conditions results in a cocontinuous morphology [2]).

Another phase diagram of practical interest for CIPS
in epoxy resins is that of cyclohexane (Fig. 10). Al-
though the range of miscibility is in this case predicted
to be somewhat reduced compared with that of 2,6-
dimethyl-4-heptanone, it is substantially greater than
that of the linear alkanes, including hexane, as again
reflected by the variety of morphologies which can be
obtained from this system [1]. This indicates that altering
the configuration of a relatively inert nonpolar structure
provides an effective alternative to increasing the
polarity at fixed molar volume when looking to improve
the range of compositions for which CIPS is feasible
within a given temperature range.

Conclusions

The thermal gradient oven provides a rapid and simple
means of determining points in composition—tempera-
ture space corresponding to the transition from homo-
geneous to heterogeneous postcuring microstructures. In
using this data to estimate y(7') our main assumption
was that this transition coincides with the cloud-point
curve corresponding to the gel point of the resin.
Moreover, for the present purposes we also assumed
that %(T) is independent of composition and that the
molar mass distribution of the epoxy resin may be
approximated using a simple statistical branching mod-
el, both of which would need to be reconsidered in a



Fig. 8 Microstructure of the precipitate from a 5% epoxy 2,6-dimethyl-4-heptanone solution cured at 150 °C and postcured at 80 °C
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Fig. 9 Microstructure of a 50% epoxy 2,6-dimethyl-4-heptanone mixture partially cured at 150 °C, cooled to 21 °C and postcured at 80 °C
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Fig. 10 Predicted cloud-point curves for cyclohexane as a function of
epoxy conversion for the temperatures indicated

more detailed approach (detailed discussion of these
points is beyond the scope of the present work).
However, we believe the results to be of practical
interest in that even a very approximate idea of the
relevant phase diagrams permits a rational approach
to the control of the morphologies of macroporous
thermosets prepared by CIPS, as briefly illustrated here,
requiring only inexpensive equipment.
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Appendix

The relevant formulae are given here for the case where
Eq. (8) is assumed to describe the free energy of mixing
(the case of Eq. (6) is described elsewhere). In a
multicomponent blend, the spinodal curve is given by

1 1

%+2(1 _¢B)neNW ’ (A1)

nsy =

where

v _ Ty NPY)

o= M) (A2)
>.n P(N)
At the cloud point, it may be shown that
o 1 1
s (15) o (o)
1 1+, 10)

(mr)m(E) o A
with

_ . " ¢B
o =2nsy(¢ — ¢p) +1In{ 7] (A4)

B
1 _ "

= B A5
Vo 1 — ¢g ) ( )
v _ 2nPWN)
N, = ﬂ , (A6)

N
1= ¢y = (1—¢p) Y P(N)exp(—on.N) (A7)
N

and
i ZN P(N)exp(—aneN)
Ny = ZN P<N>6XF])\§7MCN) (Ag)

(the double primes refer to the incipient phase). For a
given o and hence for a given P(N) Eq. (Al) may be
solved numerically for any given ¢y by varying the
separation factor, o, subject to the condition that for
dp > ¢", 0 <0 and for ¢y < 3", o > 0, where the

crit

composition at the critical point, ¢g", is given by
_ -1
_ n,)! /2

crit — 1 (}’le E A9

B ( + I’ler ’ ( )
with
- P(N)N?
N, = M . ( AIO)

2n PIN)N

nsy may then be determined from Eq. (A2).
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