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Abstract

The phase behavior of a Poly(2,6-dimethyl-1,4-phenylene ether) (PPE)/diglycidyl ether of bisphenol A type epoxy (DGEBA)/diethylto-
luenediamine (DETDA) blend during reaction induced phase separation is predicted using Flory—Huggins theory. DGEBA and DETDA are
treated as a single pseudo-component in order to reflect the crosslinking polymerisation that occurs between them, and both the PPE and the
DGEBA/DETDA pseudo-component are treated as polydisperse. The Flory—Huggins y parameter was determined by measuring the extent
of reaction at the on-set of phase separation for different compositions and temperatures and comparing the results with theory. The x
parameter is then used to determine the coexistence curves as a function of conversion of the DGEBA/DETDA pseudo-component, from
which the extent of reaction at which vitrification occurs is predicted. The model is shown to be in good agreement with experimental results.

© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In blends of thermoplastics, phase separation is induced
by a ‘thermal jump’ into the immiscible region; such
demixing is called ‘thermally induced phase separation’ [1].
Following a quench into either the metastable or the
unstable region of the phase diagram, phase separation will
proceed via nucleation and growth or spinodal decompo-
sition [2], respectively. In blends of thermoplastic/thermoset
polymers, however, phase separation may also be induced
by a ‘chemical jump’ as the molecular weight of the
thermoset increases during cure, and as a consequence the
entropy decreases. This demixing process is referred to as
‘reaction induced phase separation’ or ‘chemically induced
phase separation’. Again the mechanism of phase separation
may be nucleation and growth or spinodal decomposition;
the process dictates the morphology development, which is
eventually frozen for one of two reasons. Either the gelation
of the thermoset and the subsequent formation of an infinite
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network prevent further phase separation, or the glass
transition temperature of one of the phases, which decreases
as the cure proceeds, falls below the processing temperature,
and vitrification occurs. In the case of the latter, the extent of
branching that has taken place has important consequences
on the mechanical properties of the blend. In this paper we
develop a model to predict the extent of conversion at
vitrification for blends in which it is known that vitrification
occurs prior to gelation.

Many experimental studies have been performed on
systems undergoing reaction-induced phase separation, but
due to the complex interaction between phase separation
and crosslinking, there have been few theoretical attempts to
explain the observations [3—6]. Clarke et al. [7] have
utilized the Flory—Huggins theory, which was modified to
account for polydispersity by Konigsveld and Staverman [8]
and Solc [9], to calculate the phase diagram of a
thermoplastic/thermoset blend prior to the gel point. In
this treatment, the thermoset was regarded as a polydisperse
branched polymer with power law statistics, which is only
valid as the gel-point is approached. Since many systems
phase separate well before gelation, we extend the model in
this paper to include a more realistic model for the
molecular weight distribution of the thermoset component,
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valid during the reaction up to gelation. In addition, in Ref.
[7], the thermoplastic component was assumed to be
monodisperse. In this paper, we also extend the model to
include the complete molecular weight distribution of the
thermoplastic.

To quantitatively calculate phase diagrams, it is necess-
ary to estimate the Flory—Huggins y parameter. Normally,
the y parameter can be determined by fitting the Flory—
Huggins equation to a binary phase diagram, which is
obtained experimentally. However, it is difficult to measure
the phase diagram of a thermoplastic/thermoset blend
containing a curing agent, because once heat is applied,
the curing reaction will start and the molecular weight
distribution of the thermoset will change. Ignoring the
curing agent will result in a different parameter. Elliniadis
et al. determined the y parameter of a partially cured
epoxy/deuterated-polyarylsulfone/diamine mixture using
small angle neutron scattering (SANS) [10]. From the
results, the temperature dependence of the phase diagram
was obtained for a range of degrees of conversion of the
epoxy. Although the y parameter reflected the contribution
of the amine component the use of deuterated samples leads
to the possibility of isotopic substitution effects, which are
known to alter, in some cases significantly, the phase
behaviour of polymer blends.

For thermoplastic/thermoset blends, a more convenient
method to determine the y parameter is from the onset of
phase separation. In Fig. 1, we show schematically how the
evolution of the phase diagram leads to reaction induced
phase separation. If we measure the conversion of the
thermoset at the point at which the mixture enters the
spinodal region, the y parameter can be calculated, by
determining the corresponding molecular weight distri-
bution of the thermoset, and utilizing an appropriate model,
which in this paper is the Flory—Huggins theory.

In a previous paper [11], time-resolved small angle light
scattering with DSC was described and the kinetics of phase
separation of a Poly(2,6-dimethyl-1,4-phenylene ether)/
diglycidyl ether of bisphenol A type epoxy (DGEBA)
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Fig. 1. Schematic representation for the development of the phase diagram
during reaction induced phase separation, as a function of p, the conversion
and temperature (for a blend that phase separates upon cooling). At a fixed
temperature, as p increases, the blend becomes more unstable.

blend with an aromatic amine hardener was interpreted in
terms of the extent of reaction. The conversion at the onset
of phase separation was measured. In this paper, the y
parameter is determined using this data and the polydisperse
Flory—Huggins model is applied to the mixture to predict
the phase behavior during polymerization, and the extent of
conversion at vitrification, by using the Fox equation for the
glass transition temperature of the blend.

2. Model for phase separation

There are three major assumptions beyond that of the
original Flory—Huggins theory, modified by Solc and
Konigsveld to account for polydispersity of each component
[15].

1. The most significant consequence of the branching
process, as far as phase behaviour is concerned, is the
wide polydispersity of the branched polymer. The
distribution function we use is described in a later
section.

2. Each component is chemically stable; i.e. the phase
diagrams are calculated assuming the system equilibri-
ates or phase separates fully for each degree of
conversion. Physically, this corresponds to assuming
that the dynamics of phase separation are faster than the
dynamics of crosslinking.

3. The only interaction is between PPE and epoxy/diamine
pseudo-monomers; i.e. we treat the DGEBA and the
hardener as one component. We also assume that the
interaction between components does not change during
crosslinking.

The Flory—Huggins free energy of mixing for two
polydisperse polymers is [12],

Frnix i ¢j
— = —1In ¢, —1n ¢,
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where ¢; and N; are the volume fraction and degree of
polymerization of component i of polymer A, and ¢, and N;
are the volume fraction and degree of polymerization of
component j of polymer B. Note that the conditions of
incompressibility, > ;¢; = ¢da, D¢ = ¢p, and P, +
¢ = 1, are applied throughout. From the Flory—Huggins
free energy, Eq. (1), all the properties of the phase diagram
are determined as a function of y. The phase diagram
changes as branching proceeds since the molecular weight
distribution function of the epoxy/diamine pseudo-com-
ponent alters with conversion. For each degree of conver-
sion, various features may be determined.

The simplest is the spinodal curve, which represents the
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boundary between the mixed state being unstable and
metastable. If a blend is taken into the spinodal region phase
separation occurs by spinodal decomposition; fluctuations
in the composition become unstable and grow rather than
decay, as occurs within the one-phase region. It is such
fluctuations that are probed by small angle light scattering;
thus permitting the spinodal to be accessed experimentally.
The experimental results in Ref. [11], i.e. the appearance
and growth of a peak in the structure factor, were shown to
be consistent with phase separation via spinodal decompo-
sition. Although it has also been shown [13] that in certain
circumstances nucleation and growth may also lead to a
peak in the structure factor, the measured growth rate of the
structure was also shown to be well described by the Cahn—
Hilliard theory [14] for spinodal decomposition. Hence we
shall assume that this is the phase separation mechanism.
The spinodal curve up to the gel point in terms of the
molecular weight distribution, which for the epoxy/diamine
pseudo-component depends on the degree of branching, can
be determined analytically from Eq. (1). It depends only on
the weight average degrees of polymerisation, N,, and
Ngy, and is given by,

1 1 1
= _ _ + _ 2
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The coexistence curves determine the equilibrium compo-
sitions of coexisting phases. Due to the polydispersity of
each component, for each blend composition there is a
unique set of coexistence curves. They are determined by
the condition that the chemical potential of each component
is identical in each phase. After a considerable amount of
algebra [15], the equations describing the coexistence
curves are found to be,

L= ¢r—¢p=0 (3)
and
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where (') and (") denote the various properties of the two
coexisting phases, o, and op are known as separation
factors, and represent how much of the higher molecular
weight chains of one species has fractionated from the lower
molecular weight chains. The coexisting compositions,
@\B> Pap. and the number-average degree of polymeris-
ation of each component in each phase, Ny, g,, Na,p,. are
given by,
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where r = ¢ — dpa/dp — P4. In Egs. (5) and (6) the
second relation arises from the condition that the total
amount of each polymer, and the overall number-average
degree of polymerisation, Ny,p, = [o dap@)AN/ [§ X
¢ap(N)/N dN, are conserved. Eqs. (3) and (4) are non-
linear simultaneous equations which can be solved numeri-
cally by fixing r and then determining the corresponding
values of o, and op, and hence ¢, and ¢4 can be found.
Once the solution has been found the corresponding value of
x is found from,

Op — 0B
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3. Molecular weight distribution function

It is evident from the above that in order to be able to
predict the familiar temperature-composition phase diagram
one needs the molecular weight distribution of PPE and the
epoxy/amine pseudocomponent. Furthermore, to predict the
evolution of the phase diagram under cure, the molecular
weight distribution for the latter at different times during the
curing process must be known or modelled.

There are two functions commonly used to describe the
polydispersity of linear polymers, the log-normal,

_ _ [log(NIN,) + o*12
¢s(N) =k eXp{ = } ©)
and the exponential
¢p(N) = kN” exp(—bNIN,) (10)

where N, = [§ ¢(N) dN/ [§ $(N)/N dN is the number
average degree of polymerization, k is a normalization
constant, such that, [§ ¢g(N)AN = ¢p = Pepoxy» b and o
determine the higher order moments of the distribution
function. (The volume fraction of the epoxy-amine
pseudocomponent is denoted by ¢epoxy-) To fit Eq. (9) or
(10) to the data, IV, is fixed by the experimental value, whilst
b =12.232 and ¢ = 0.3765 are chosen to give the correct
value of N,. Table 1 lists molecular weight averages
corresponding to the distribution functions and GPC results
for PPE. As can be seen from the data, the log-normal
function provides a better approximation, in that the
predicted value for, N, = [§ N?¢pg(N)AN/ [§ Nepp p(N)
dN, the z-average molecular weight, is closer to the
experimental value, than that predicted by the exponential
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Table 1
Molecular weight averages corresponding to the two distribution functions and the measured GPC results for PPE
M,/g mol ! M,/g mol " M,/g mol !
Distribution function Exponential (b = 2.232) 29000 42000 47501
Log-normal (¢ = 0.3765) 29000 42000 52837
GPC 29000 42000 59000

distribution function. Thus, the log-normal function is used
for the following calculations.

We use the Stockmayer model [16] for the volume
fraction as a function of degree of polymerisation, N, of a
branched polymer arising from an RA; (i.e. the epoxy) and
RB;¢ (i.e. the diamine with f = 4, to represent the reaction of
the two primary amines to epoxy groups, each of which
results in a secondary amine, which can also react with an
epoxy monomer) polymerisation, which leads to,

PA(N) = kN i m(n, s) (11)

Nmin

where k is a normalisation constant, such that f8° A (N)
dN = ¢, = dppg, (Pppg is the overall volume fraction of
the thermoplastic). The sum is taken over the number of all
n,s-mers in the mixture that have the same total degree of
polymerisation, N. If we denote the degree of polymeris-
ation of an RA, monomer by g, and that of an RB,
monomer by g,, then for a stoichiometric mixture (such as
the experimental system considered in this paper),
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where p is the conversion and,
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Finally, n,,;, is the smallest integer greater than or equal to,
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1
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In order to proceed it is essential to assume that g; = g,,
without such an assumption there is no longer a direct
mapping from molecular weight distributions to degree of
polymerisation distributions and the problem becomes
intractable. For computational purposes, for large n, the
summation in Eq. 11 is replaced by an integral with
appropriate limits.

4. Experimental

PPE, epoxy (AER 260), and Diethyltoluenediamine-
(DETDA) are used as received and were mixed in a
Brabender Plastograph Kneader. Details of the materials
and blending were described in the previous paper [11].

Time-resolved light scattering with DSC has been used
to measure reaction induced phase separation phenomena
in-situ. Light scattering gives the onset of phase separation,
whereas the Linkam DSC gives enthalpy data and, there-
fore, the extent of reaction at the onset of phase separation
can be deduced. The set-up of the apparatus was also
described in a previous paper [11]. As already discussed, we
assume that the onset of phase separation as measured by
light scattering corresponds to the blend crossing into the
spinodal region, hence, the data may be correlated with
predictions for the spinodal curve.

The premixed PPE, epoxy, and diethyltoluenediamine
were sliced and mounted into DSC pans, which had punched
holes, and mica windows were made to establish an optical
path. For isothermal measurement, the sample pan was
inserted into the DSC stage at room temperature, and the
temperature raised rapidly. As soon as the temperature
reached the curing temperature, a series of scattering images
were taken at approximately 5-second intervals. Fig. 2
shows typical development of scattering intensity and extent
of reaction during cure at 195 °C, the extent of reaction at
the onset of phase separation is measured as 7.8%, for a
mixture containing 50% PPE. Table 2 summarises the
results for three compositions cured at two different
temperatures.

| e 03
i .... ]
508 702
g L 7 5
> L 2102 %
206 ] 3
§ [ J0.15 e
R=| - 477
4 o
B 04 ] 3
3 [ -0.1 5 onsetof
s - ]4—3— phase
202 3 0.05 separation
sekoopeceeet® ... ]
0 0
50 100 150 200 250 300

Time / sec

Fig. 2. Onset of phase separation and extent of reaction. The data was taken
simultaneously. The blend contains 50 wt% PPE. The curing temperature is
195 °C.
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Table 2
Onset of phase separation time and conversion

Isothermal temperature (°C) PPE content (%) Onset of phase separation

Time (s) Conversion (%)

175 30 705 15+03
40 114 £5 27x02
50 216 £5 53*02
195 30 79+5 21x04
40 101 =5 48=*=04
50 158 £5 78 04

5. Results and discussion

Preliminary modelling was conducted using the x
parameter determined from the PPE/epoxy phase diagram
determined by optical microscopy, DSC, and rheology [11].
However, the resulting fit was poor; the calculated
conversion at the temperatures for the onset of phase
separation was much higher than the experimental data.
This suggests that the y parameter for the actual ternary
mixture system of PPE/epoxy/DETDA is very different
from that of the PPE/epoxy blend. Clearly, DETDA affects
the phase diagram and we require a better approximation of
the effective y parameter.

As a function of temperature, the spinodal, according to
the Flory—Huggins theory, is given by,

+b 1
:a —_— = —
Xs T )

1 1
x 4 _ (16)
( ¢PPEN wPPE (I—= d’PPE)N Wepoxy )

where N,,ppf is the weight average degree of polymerization
of the PPE component given by N, ppz = 371 in this study,
and Nwep(,xy is the weight average degree of polymerization
of the epoxy/DETDA component. From this equation, if a
and b are known for any degree of conversion from which
Nwepoxy can be calculated, the concentration corresponding
to the onset of phase separation can be determined.
Conversely, if the conversion, as a function of concentration
at which phase separation first occurs, is known for a given
temperature the above equation can be fitted to determine a
and b. Hence, the data obtained from time-resolved small
angle light scattering and DSC is used to calculate the
temperature dependence of the y parameter. The degree of
polymerisation of the monomer of the epoxy/amine unit is
set as g; = g, = 3.42, which was determined by fitting Eq.
(2) to the PPE/epoxy binary phase diagram.

The dimensionless y parameter is thus obtained by using
the Stockmayer model to determine the weight average
degree of polymerisation for a given conversion. A least-
squares fit of Eq. (16) to the data using the two parameters, a
and b, and the six data points determined by SALS with

DSC as given in Table 2, leads to,

118

The resultant fit to the data is plotted in Fig. 3 as conversion
at onset of phase separation against composition. It is clear
that (i) the fit is not particularly good, suggesting that the
assumption that either the y parameter is dependent on the
concentration and the extent of reaction, and (ii) that as a
consequence the fit predicts that the blend is actually
unstable prior to any reaction having taken place for ¢ppg =
0.3. Nonetheless, since our principal interest is the
behaviour of the mixture much further into the reaction,
we shall use Eq. (17) to calculate the phase behaviour for the
system. From a physical viewpoint we can imagine that the
model corresponds to one of two situations. Firstly, whilst at
lower temperatures the initial mixture is unstable, it is
mechanically mixed to a homogenous blend prior to curing.
Under these circumstances the prediction of the coexistence
curves is valid, even for the initial mixture. Secondly, the y
parameter is such that the blend is initially homogenous, but
changes during the reaction, our assumption is then that Eq.
(17) is valid for the later stages.

As discussed in a previous paper [17], the vitrification of
the blend is due to vitrification of the PPE-rich phase and
can be estimated simply by the Flory—Huggins theory and
Macosko’s recursive theory [18]. This point of vitrification
of the thermoplastic/thermoset blend is regarded as a
Berghmans point [19]. Using the coexistence curves
predicted from the model presented in this paper in
conjunction with the T,-composition curves, it is possible
to predict the point of vitrification. In Figs. 4—6 we plot the
calculated values of the composition of the PPE in the PPE-
rich phase at temperatures of 150, 160 and 175 °C,
respectively, as a function of conversion. In each case the
coexistence composition has been determined for three
different bulk PPE compositions. As can be seen, the
coexistence composition is only weakly dependent on the

0.10 -
- = -195°C (theory) /
0.084 .. 175°C (theory) // A
g A 195°C (experiment) , [
‘® 0.064 v 175°C (experiment) /
L
(0] 4 v
> ] A/
S 0.041 7
O | 7.
/ v
0.02 - . L7
’
’
0.00
0.3 0.4 0.5
¢PPE

Fig. 3. The conversion at which phase separation occurs, as measured by
light scattering, for three different bulk compositions at 175 and 195 °C.
The lines show the least-squares fit to the model as discussed in the text.
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Fig. 4. The coexistence composition of the PPE-rich phase as a function of
conversion for three different bulk compositions, (a) ¢ppr = 0.3, (b)
¢ppe = 0.4 and (c) ¢ppr = 0.5, determined using the theory outlined in the
text, for T = 150 °C. The solid line (d) is the composition, as a function of
conversion, at which the glass transition temperature is 150 °C.

bulk composition at these temperatures. This is due to the
fact that for the values of conversion shown, the system is
deep into the two-phase region of the phase diagram.
However, we can see that as the bulk composition of PPE
decreases, the coexistence composition at a given conver-
sion also decreases. We have not shown the composition of
the epoxy-rich phase since it is indistinguishable from
¢ppg = 0, and it is of no interest in determining the point of
vitrification. It is the PPE-rich phase that will vitrify first due
to the much higher T, of the PPE at the extent of reaction of
interest. In each figure we also plot the composition, as a
function of conversion, at which the glass transition
temperature is 150, 160 or 175°C, as appropriate. To
determine the 7, line we have used the Fox equation,

i _ Pee 1 — dbpe
PPE CPOXy
T, T, T,

(18)

where @ppg is the volume fraction of PPE in the PPE-rich
phase. The glass transition temperature of the epoxy/amine
was determined by using the data shown in Fig. 6 of Ref.
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Fig. 5. The same as Fig. 2 except for T = 160 °C.
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Fig. 6. The same as Fig. 3 except for 7= 175 °C.

[17]. Hence, the curves labeled d in Figs. 46, are given by
rearranging the above equation as,

/ 1 1 1 1

== - / - 19
d’PPE ( Tg Tgpoxy ([7) ) ( TgPE Tgpoxy (P) ) (19)
The notation Tg""?(p) is used to clarify that the glass
transition of the epoxy is dependent on p, the extent of
reaction. Note that the experimentally determined extent of
reaction is the average for the two phases. The point at
which this curve intersects the coexistence curve is the
Berghmans point for each composition.

In Fig. 7, we show the Berghmans point for three
compositions at three different curing temperatures for
which experimental data exists. The data corresponds to that
first presented in Fig. 11 of Ref. [17]. The qualitative
agreement between this aspect of the theory and experiment
is excellent, and the quantitative agreement is reasonable
given the assumptions made in the model. The conversion at
vitrification is predicted and observed to increase as the
weight fraction of PPE decreases, there is only a small
compositional dependence of the conversion at vitrification

0.5+
0.4
C a B
[e)
‘® 0.3 = ®
) R A o 0.3 (Expt)
E . o 0.4 (Expt)
o 0.24 & 0.5 (Expt)
O = 0.3 (Theory)
¢ 0.4 (Theory)
0.14 4+ 0.5 (Theory)
0.0

150 155 160 165 170 175
Temperature / °C

Fig. 7. Comparison of the predicted conversion at vitrification with the
experimentally determined values. The error in the experimental measure-
ments range from 0.01 to 0.03 as indicated by the error bars.
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at any given temperature, and, since this blend exhibits
UCST behaviour, the conversion at vitrification increases as
the temperature increases.

6. Conclusions

Using the model first presented in Ref. [7], and extended
in this paper to allow for polydispersity of both the
thermoplastic and the epoxy/amine pseudocomponent, it is
possible to predict the phase diagram of a curing PPE/
epoxy/amine blend. In Ref. [7] the molecular weight
distribution of the epoxy/amine pseudocomponent was
modeled using a power-law distribution which is only
valid as the gel-point is approached. Since the blends
discussed in this paper phase separate well before the gel-
point we have utilized a more realistic distribution function
derived by Stockmayer [16], which is valid for the entire
reaction process. The y parameter was determined from
time-resolved small angle light scattering with DSC and
reflects the nature of the quasi-binary mixture. There are
clearly discrepancies between theory and experiment,
particularly with regards to the ability of the polydisperse
Flory—Huggins model to reproduce the spinodal of the
blend at very small values of conversion. The quantitative
agreement may be improved if a concentration and extent of
reaction dependent y parameter was used, but this would
require further measurements at different temperatures and
compositions in order to allow for a reasonable statistical
analysis.

Nonetheless, we have shown that modelling has reached
a stage where we can make quantitative predictions about
the behaviour of these blends. In particular, we can predict
phase diagrams as a function of temperature or conversion,
and we can determine the conversion at vitrification. The
latter as well as being important in dictating properties of

the blend, is also a reasonable guide to the time at which
vitrification will occur.
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