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Abstract

Four binary and two ternary experimental cloud point curves (CPC) for systems formulated with styrene (S), a dimethacrylate resin
(DMAR), and poly(butadiene-co-acrylonitrile) liquid rubbers terminated in vinyl (VITBN) or carboxyl groups (CTBN), are presented.
Measured CPCs of the binaries DMAR-CTBN, DMAR-VTBN and S—-DMAR show upper critical solution temperature (UCST), while
CPCs of the ternary S-DMAR-rubbers show liquid—liquid partial miscibility on the DMAR-rubber binary sides. A Flory—Huggins (F—H)
thermodynamic analysis of the three measured binary cloud-point data allows the calculation of the respective interaction parameters and
their temperature dependence. Interaction parameters for the other two binaries, S—-CTBN (VTBN), were selected as the set of values that
produced calculated spinodals, for the S-DMAR-rubbers ternaries, tangent to the respective experimental cloud-point diagrams at the
critical point. The thermodynamic analysis was done taking into account the molecular polydispersity of CTBN, VIBN and DMAR
components. Final morphologies of CTBN modified cured materials, obtained with two different molecular weight DMAR, were well

correlated with the predicted miscibility for both systems. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Dimethacrylate resins (DMAR) are some of the most
important polyunsaturated monomers for composite formu-
lations in industrial applications and in biomedical uses. The
materials formulated with these resins show valuable
properties, such as excellent resistance to corrosion and
solvents, good adhesion, reasonably high glass transition
temperature and modulus, as well as good electrical
isolation [1]. As a consequence, these multifunctional
unsaturated monomers have found a wide range of applica-
tions such as surface coating varnishes, coatings for printed
circuits, aircraft and ship production, housing, ultraviolet
cured inks, medical applications in dental and bone
cements, etc. [2].

Like most thermosetting matrices, DMAR have been
blended with several modifiers to improve their properties.
For example, the impact properties of the cured S—-DMAR
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thermosetting system have been improved by the addition of
the liquid elastomers, carboxyl terminated poly(butadiene-
co-acrylonitrile) (CTBN) and vinyl terminated poly(buta-
diene-co-acrylonitrile) (VTBN). These systems show
heterogeneous morphologies constituted by domains rich
in the S—-DMAR copolymer and others domains rich in
the additive [3,4]. As in the case of unsaturated polyester
thermosets, during the curing of DMAR a high shrinkage of
the materials occurs, that may produce several molding
problems such as poor surface quality, dimensional changes,
internal cracks, etc. that can be efficiently reduced by the use
of low-profile additives (LPA) [5-8]. In most of these
systems, the developed morphologies are formed by a
mechanism denominated polymerization induced phase
separation (PIPS). This mechanism appears when polymer-
ization is started in a homogeneous mixture of comonomers
and modifier. During the cure reaction, the system separates
in two phases due to the presence of the new copolymer
component, as well as the change of the relative concentra-
tions of the comonomers and formed copolymer as the
reaction proceeds and the degree of crosslinking
increases. At the end of the reaction, most of the crosslinked
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copolymer belongs to the major phase, while the additive is
present in the minor phase. A complex combination of the
liquid—liquid phase transition and the rate of cure reaction
during polymerization results in the final network
morphology and properties.

The understanding of the thermodynamic phase behavior
of this reactive system is important for the development,
production, and processing of polymeric materials with
low-profile or toughening modifiers. During copolymeriza-
tion, the reactive system is constituted by four components,
S, DMAR, rubber additive and formed copolymer. At a
given conversion, the phase transformation diagram is
represented by a tetrahedron with one component in each
vertex. The S—-DMAR-rubber triangular face of the tetra-
hedron represents the phase behavior for the reactive system
at zero conversion, meaning a ternary phase diagram for the
physical mixture of the three components. The characteris-
tics of the ternary phase diagram and the initial composition
of the ternary homogeneous mixture, greatly determine the
beginning of the phase separation by the PIPS mechanism,
and the morphology generated during the copolymerization.

Studies on similar ternary reactive systems formulated
with styrene, unsaturated polyester (UP) prepolymer and
LPA, S-UP-LPA, demonstrate that the morphology
developed can be correlated with the initial system
miscibility, i.e. the position of the initial system in the
ternary phase diagram [6,9—12]. Suspene et al. [6] have
showed that the phase separation during copolymerization
is mostly determined by the miscibility of S—UP binary,
which presents lower miscibility than the other two pairs.

Poor DMAR-rubber or DMAR-LPA compatibility has
been cited as a significant problem to achieve the suitable
morphology to obtain toughening or low-profile effects
[3,4,8]. However, no detailed studies of the initial misci-
bility of the modified systems, and the influence of the
cure conditions on the phase separation process, are avail-
able from the literature.

In general, miscibilities in binary and ternary physical
mixtures are severely affected by the molecular properties
of each component, such as molecular weight, poly-
dispersity, chemical copolymer composition, the presence
of specific chain end groups and molecular association
[13-19]. Liquid-liquid phase diagrams for systems formu-
lated with styrene, DMARs and the liquid rubbers CTBN or
VTBN have not been previously reported. The thermo-
dynamic analysis of ternary phase diagrams needs that the
interaction parameters of the corresponding three binaries
S-DMAR, DMAR-CTBN (or VITBN), and S—CTBN (or
VTBN) have been previously determined. The simplest way
to calculate these parameters is to apply the F—H lattice
theory to the analysis of the quasibinary and quasiternary
cloud point curves (CPCs) measurements [17,18,20,21].

In this paper, the initial miscibility of the unreacted
system is measured and modelled. The miscibilities of the
binaries S-DMAR and DMAR-CTBN (VTBN) as well as
the ternaries S-DMAR—-CTBN (VTBN) at 50 and 70°C

were determined by measuring their CPCs which were
further analyzed with the F—H lattice theory.

In the first part of this work, the determination of the
x-parameter equations for all the binaries system is
discussed. The ternary diagrams were calculated from the
binary interaction parameters. A brief discussion of the final
morphology and its relation to the initial miscibility of the
system is also included. A thermodynamic model capable of
explaining the morphologies developed during the cure
reaction of S-DMAR and S—-DMAR-CTBN systems will
be presented in a following paper.

2. Theoretical background

Different polymer-solution theories have been developed
during the last fifty years, the best known is the F—H lattice
theory, originally developed to describe polymer binary
solutions behavior [13]. Tompa [14] was the first to extend
the theory to ternary systems. Later, different authors
[15,22-29] have done a detailed analysis on the dependence
of the CPC, shadow curves (ShC), coexistence curves (CC),
spinodal curves (SC) and critical solution point (CSP) in
quasibinary and quasiternary polymer solutions with the
relative molar volumes of the components, polydispersities
and types of polymer molecular weight distributions.

In this study, the simplest version of F—H lattice theory
was applied considering the binary interaction parameters as
composition independent and inversely proportional to
temperature, and taking in account the effect of each compo-
nent polydispersity. However, despite its simplicity, this
thermodynamic model is still suitable to obtain valuable
quantitative information from these complex systems.

The expression derived from the F-H theory for the
dimensionless mixing Gibbs free energy per mole of
lattice sites in a multicomponent system with polydisperse
polymers is given by the following equation [15]:

Ao = AG™ ¢ % ¢
G = MRT _gj:zlr_ijnd’ij"'ZXik(bi(ﬁk- €))

i<k

The symbols i, k = 1,2,3 represent components; j =
1,2,...,N; the polymerization degree of different molecular
species corresponding to the i component molar mass-
fraction distribution; ¢;; is the volumetric fraction of the j
molecular specie of the i component and ¢; = Y ; ¢; is the
volumetric fraction of the i component; x; = xi; 1S the
composition independent binary interaction parameter. M
factor is given by

Ni
i j=

which represents the mole number of lattice sites in the
system; n;; is the number of moles of the ij molecular specie
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and r;; its relative molar volume, defined by

V.
rj = 7’: . 3)
In this equation, Vj; is the molar volume of the j molecular
specie of the i component, and V; is the reference volume,
usually taken as the molar volume of the smaller component
or the smaller polymer monomeric unit.
The mass balance for all the ij species in the mixture gives

]\]j
53
i j=

From Eq. (1), the dimensionless chemical potential differ-
ence per mole of lattice sites, between a generic ij molecular
specie in the solution and in the pure state, is given by its
definition

Api [ d(AG™ /MRT) J
r,,RT on PT M

Dpi=1 )

- ®)
ij
The expression for Au; of a §j molecular specie in the

mixture is given by the following general equation, valid for
a binary or ternary system

A[.LU ln d)l] (l)l]
= + X1k¢k(1 ¢l
riRT r,», ijl i I;

= XD b
(6)

where i(k,/) =1,2,3 are the components in a ternary
system, and i(k) = 1,2 with ¢, = 0 in a binary. It can be
seen that the third and fourth term in the second side of this
equation are determined by the global composition, ¢;.

The spinodal curve (SC) in a multicomponent system
represents the stability limit of the one phase homogeneous
mixture. Inside this limiting curve the mixture must be sepa-
rated in two phases. The SC thermodynamic requirement, at
constant pressure and temperature, is that the determinant of
the square matrix of the second derivatives of the molar
Gibbs free energy with respect to the independent composi-
tion variables, be identical to zero

|AGmi"N =0 P and T are constants. 7

The determinant dimension is fixed by the total number of
molecular species [15], (N + N, + N3 — 1) X (N; + N, +
N3 — 1), and the result for a ternary system with three poly-
disperse components is given by Eq. (8)

1 1
(il s o)
2 rwéi 3 ®3 .

2
— X2~ X13) =0. (8)
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+
Fw®i )
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rlwd)l

For a binary mixture of two polydisperse polymers, the

SC curve is given by Eq. (9)
1 1
+
rlwd)l T2y ¢2

In these equations, r;, is the weight average relative molar
volume. In a binary or ternary mixture of polydisperse poly-
mers, the spinodal curve is unique and retains the same
shape and significance than in a true binary or ternary
system, it only depends on weight average relative molar
volume and not on the polymer polydispersity. That means
that a quasibinary (or a quasiternary) system of polydisperse
polymers has the same SC that a true binary (or true ternary)
system of monodisperse polymers with the same average
relative molar volumes than those of the polydisperse
system.

At the CSP, in addition to Eq. (7), it must be simul-
taneously satisfied that the determinant of square matrix
of the third derivatives of the molar Gibbs free energy
with respect to the composition of each molecular specie,
be also zero [15]

|AGmi"W =0 at constant P and 7. (10)

As in the SC analysis, for a ternary mixture of three
polydisperse components the CSP composition shows
dependence with the polymer average relative molar
volumes and the three pair interaction parameters [15]

3
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Similarly, the corresponding expression for a binary
mixture of two polydisperse polymers is

rlz . rzz
(rlw¢1)2 (r2w¢2)2

In all the previous equations, parameters r;,, r;, and r;, are
the number, weight and zeta, averages of the relative molar
volumes of all j molecular species in the i polymer compo-
nent distribution. In the framework of the Flory—Huggins
(F-H) lattice theory, the three averages determine different
properties of the phase diagram; r;, determines the cloud

=0. (12)
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point and coexistance curves; r;, the SC and both r;, and r;,,
the CSP.

3. Experimental
3.1. Materials

A low molecular weight dimethacrylate resin,
DMAR(583), was synthesized by reacting an epoxy resin,
diglicidyl ether of bisphenol A (DGEBA MY 790, Ciba
Geigy, equivalent weight 176.2 g/equiv.), with methacrylic
acid (Norent Plast S.A., laboratory grade reagent) using
triphenylphosfine as catalyst (Fluka A.G., analytical
reagent). Final conversion reached was higher than 93%
for all batches. Synthesized DMAR(583) was stabilized
with 300 ppm of hydroquinone [30,31]. A high molecular
weight commercial dimethacrylate resin, DMAR(1015)
(PALATAL A 430 BASF AG) was used during the study
of the S-DMAR binary.

Molecular weights were measured by size exclusion
chromatography (SEC) using oligomer fractionation
columns. Although a polystyrene calibration was used, the
measured molecular weight for the DMAR(583) was in very
good agreement with the value estimated from the initial
reactants (M, cae. = 517 g/mol). Similarly, the value
measured for the commercial DMAR is in agreement with
values reported in the literature [8]. The SEC technique also
allowed to obtain the polydispersity index for all the initial
samples.

The two liquid rubbers used as additives were copolymers
of butadiene and acrylonitrile (BF Goodrich), which had
either carboxyl end groups (CTBN, 1300 X 8) or vinyl end
groups (VIBN, 1300 X 8).

Table 1 summarizes the molecular parameters and the
density experimentally measured for all the components
used in the thermodynamic study.

The final morphologies were observed in samples of
DMAR crosslinked with styrene and with added rubbers.
The reaction was initiated by an amine-accelerated system
using benzoyl peroxide (Luzidol 75%, Akzo Chemicals
S.A.) as initiator and N,N-dimethyl aniline (Akzo Chemicals
S.A.) as promoter. All the materials were used as received.

Table 1
Physicochemical characteristics of the used components

3.2. Cloud-point curve determination

A series of binary mixtures with different compositions
were prepared and introduced in a cell with controlled
temperature programs. The cell was a glass cylinder-with-
jacket of 10 cm® capacity. The fluid circulating in the jacket
was supplied from an external bath at programmable heating
rates. A rate of 2°C/min was used in the heating and cooling
programs. Cloud point temperatures of each binary solution
were determined by averaging the measured values of the
onset of turbidity during cooling and the onset of trans-
parency during heating. The solutions were thoroughly
stirred during measurements to assure that the temperature
was uniform throughout the sample.

For ternary systems, cloud point compositions were
obtained by a simple titration method. Initially hetero-
geneous fluid mixtures of two or three components of
known global concentrations were prepared. A fixed volume
of this mixture was introduced in the glass cell equipped
with a magnetic stirring bar. At a constant temperature,
these solutions were titrated with liquid styrene, that acts
as solvent of the heterogeneous mixture. In all cases, the
styrene was added to the initial mixture from a burette with
0.1 cm”’ precision. The measurement of the amount of liquid
styrene required to achieve the onset of transparency in the
initially heterogeneous mixture, allows the calculation of
the final system composition. In this work, the system
composition at the transparency-point was taken as same
as that corresponding to the ternary cloud-point. These
final global compositions, expressed as volumetric frac-
tions, generate the cloud-point curve (CPC) in a ternary
phase diagram.

3.3. Electron microscopy

Plates of 2mm of thickness were molded from
40.5%S—-49.5%DMAR(583)-10%CTBN and 40.5%S-
49.5%DMAR(1015)-10%CTBN resin mixtures. The
samples were isothermaly cured for 2 h at 30°C and post-
cured at 170°C during 1h. Concentrations of benzoyl
peroxide and dimethyl aniline were 3 and 0.3%, respec-
tively. Fractured specimens were gold coated and then
observed by scanning electron microscopy (SEM). Samples

Styrene (S) (1) DMAR (2) synthesized DMAR (2) commercial CTBN (3) VTBN (3)
M, (g/mol) 104 583* 1015% 3600° 3600°
DI 1 1.06 1.74 1.81 1.81
Density p (g/cm3) (25°C) 0.89 1.16 1.16 1.06 1.06
Ty 2.05 8.82 16.51 59.62 59.62
Ty 2.05 8.82 28.19 107.67 107.62
r, 2.05 8.82 54.82 155.7 155.62

* Measured by SEC, THF solvent at 1 ml/min.
® Taken from the supplier’s catalog.
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to be studied by transmission electron microscopy (TEM)
were previously stained with OsO, (immersed in OsO,
solution during 7 days). Then a thin slice was obtained by
microtoming the specimen to be observed by TEM. Only the
unreacted C=C bonds are stained by this technique. Since
the DMAR and S are already reacted through their unsatura-
tions, only the less reactive internal unsaturations of the
butadiene comonomer in the liquid rubbers are stained.
Electronic microscopy was carried out using a Jeol JSM
35 CF microscope.

4. Results and discussion

Usually, phase diagrams for quasibinary or quasiternary
systems are presented using two sets of coordinates T—¢,
and ¢—¢,, respectively. They are different projections of
the T-P—¢; hypersurfaces representing different states of
polymer fractionation during the liquid—liquid macrophase
separation of these systems. As a consequence, the CPC and
the shadow-curve (ShC), that represent the onset of phase
separation in the system, do not superimpose with any of the
coexistence curves (CCs), that would represent the system
at different degrees of macrophase separation.

Under constant temperature and pressure, thermo-
dynamic requirements for liquid—liquid phase equilibrium,
at the cloud-point or coexistence conditions, in a mixture
with polydisperse components are given by the following
equations:

A = A,LLS-, (13)

where o and 3 represent the mother and emergent phases in
equilibrium at the cloud point conditions, respectively, or
the equilibrium coexistence phases during macrophase
separation.

Numerical methods to analyze and calculate CPCs, ShCs,
SCs, CSPs and CCs, in mixtures with polydisperse compo-
nents have been proposed and discussed in the literature
[15,23-28]. The procedure developed by Kamide et al. for
quasibinary [29] and quasiternary [18] solutions was used in
this study.

4.1. Quasibinary systems

4.1.1. DMAR(583)(2)—CTBN(3) and DMAR(583)(2)—
VTBN(3)

Figs. 1 and 2 show experimental CPCs diagrams for
systems formulated with DMAR(583) and two liquid
rubbers CTBN and VTBN, respectively. An upper-critical
solution behavior is observed in both CPCs.

In order to apply the F—H theory to these systems, it is
necessary to define the reference volume for the unit cell.
Based in previous studies on systems with the same type of
liquid rubbers, the value V, = 59.962 cm®/mol correspond-
ing to the acrylonitrile rubber comonomer was adopted
[32,33].

110
DMAR(583)-CTBN
100 4 -
| ~
| I |
90
80
5
- 70
60
50
40 — T T 1
0.00 0.05 0.10 0.40 0.4%

Fig. 1. DMAR(583)-CTBN quasibinary system: B experimental cloud-
point data; — calculated cloud-point curve; - - - calculated shadow curve;
--- spinodal curve.

At the cloud-point, the use of the general phase equi-
librium condition (13) together with expression (6) for
the chemical potential of a ij generic molecular specie,
leads to the equations for equilibrium calculation in the
DMAR(583)-CTBN or DMAR(583)-VTBN quasibinary
systems. For the rubber component, the expression is

B a
SR RCREl
r T3n r T3n
2
+ m[(cﬁ?) —(¢>§‘)2] =0. (14)
For the DMAR(583) component, a similar equation with

changed subindex holds. Here, o3 (or o) is the separation
factor, its value determines the fractionation extension of

DMAR(583)-VTBN

-———

T(C)

SoOt——T— 7T T T T T T T T T T T
0.00 0.05 0.10 0.15 0.20 025 0.30 0.35 0.40 0.45 0.50 0.55 0.60

®

Fig. 2. DMAR(583)-VTBN quasibinary system: B experimental cloud-
point data; — calculated cloud-point curve; - - - calculated shadow curve;
.-+ spinodal curve.
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each molecular specie of the rubber component between the
two equilibrium phases. In the framework of F—H theory,
the separation factor depends only on number average
relative molar volumes, r;,, and components compositions
in both equilibrium phases, ¢*®. As a consequence, at a
given pressure and temperature, o3 has the same value for
all the 3j molecular species included in the rubber distribu-
tion function, W, Its definition is

g3 = Lln (¢3j)8
: ry (3™’

where ¢3; = Wy;¢5 and d)_% = W;d5e”"9.

This distribution corresponds to that of the mother o
phase, since at the cloud point condition, only an infinitesi-
mal amount of rubber is in the emergent phase. The Schulz—
Zimm distribution function was used in this work, its
expression for the two rubbers is given by the following
equation:

as)

h+1
y+

h
Wi = Ths1) r3exp(—yr3;), (16)

where y = h/ry, and h = ((r3,,/r3,) — 1)~". The values for
the number and weight relative molar volume averages for
the rubbers, r3, and r3,,, are given in Table 1. As can be also
observed in Table 1, DMAR(583) has a low polydispersity
index (DI = 1.06), for this reason it is considered as mono-
disperse in the calculations.

In addition to Eq. (14), written for each of the two compo-
nents of the mixture, a mass balance for the emergent 3
phase must be included in this analysis. This balance is
given by the equation:

N3
D ¢sWyexp(ryos) + ¢Sexp(ryo,) = 1. (17)
=1

The experimental cloud point phase diagram (7 vs. ¢;)
was analyzed with Egs. (14)—(17) to obtain the interaction
parameter and the composition of the emergent (3 phase, at
each temperature. ShC is represented by the locus of
emergent [3 phase compositions. During the calculation,
the rubber molecular mass-fraction distribution, given by
Eq. (16), were truncated at r3; = 800 (molecular weight
M;; = 50, 800), because truncation at higher values did
not change the results.

Calculated values of the interaction parameter are repre-
sented in Table 2 for both quasibinary systems. Continuous

Table 2
Constants a and b of the interaction parameter equation

Binary pair a b (K)

S-DMAR —0.161 158.516
S-CTBN —0.194 44316
S-VTBN —0.306 94.171
DMAR-VTBN —0.0058 37.479
DMAR-CTBN —0.051 15.561

0.110

0.105

X23

0.100

0.095

0.090 —— 71—
00026 00027 00028 00029 00030 00031  0.0032

UT (K™Y

Fig. 3. Temperature dependence of the interaction parameters:
(a) DMAR(583)-VTBN quasibinary systems; (b) DMAR(583)-CTBN
quasibinary system; B values calculated from the experimental cloud-
point data; — results of the linear regression equation.

lines in Fig. 3 represent y vs.1/T behavior fitted linearly as

X3 = (18)

a-+ K

Figs. 1 and 2 show that miscibility of DMAR(583)—
VTBN system is lower than that of DMAR-CTBN.
This observation is well correlated with calculated
values for the interaction parameters in both systems,
X(Dpmar—vien = X(Tpmar—cteN- Since the relative sizes
of both rubbers are essentially the same, the different
miscibility behavior of these systems can be explained by
the only difference between both liquid rubbers, their chain
ends groups. Presumably, the favorable dipolar interactions
between the terminal carboxyl end groups of the CTBN and
the ester and alcoholic groups of the DMAR improve the
miscibility of the DMAR-CTBN system in comparison
with the less favorable interactions between the terminal
vinyl groups of the VITBN and the polar groups of the
DMAR in the DMAR-VTBN system. The best fitting para-
meters of Eq. (18) for the quasibinary systems are given in
Table 2.

Calculated CPCs, ShCs and SCs for both systems are
shown in Figs. 1 and 2, they were obtained using x(7')
values given by Eq. (18) from the inverse calculation.
Comparing experimental and calculated CPCs, it can be
concluded that this y-parameter equation describes quite
well the experimental quasibinary cloud-point phase
diagrams for these systems.

Fig. 4 shows the emergent 3 phase normalized mass-
fraction distribution function for VTBN molecular species,
as a function of their relative molecular volume, r;. Each
curve in this figure represents the VIBN mass-fraction
distribution for a point of the shadow curve in Fig. 2. At
the critical temperature, T = T, the emergent phase has the
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Fig. 4. Calculated molecular mass fraction distribution for VITBN in the
emergent phase, in function of their relative molecular volumes at different
temperatures 59, 75, 108.3, 106.9, 101.5°C.

same distribution than the mother phase. At temperatures
lower than the critical conditions, T < T, the emergent
phase shows a narrow distribution rich in low molecular
weight VTBN species (MP < M%). At temperatures higher
than critical condition, T > T, the emergent phase presents
a broad distribution rich in high molecular weight VTBN
species (MP < M2). The rubber polydispersity affect the
liquid-liquid phase diagram causing molecular fraction-
ation from the a-mother phase toward the B-emergent
one. As a consequence, the rubber component has different
average molecular properties in each equilibrium phase.

4.1.2. S(1)-DMAR(1015)(2)

Cloud-points corresponding to the liquid—liquid phase
separation in S—-DMAR(583) solutions could not be
measured during cooling, due to the DMAR(583) low
molecular weight. Instead, a solid-liquid transition is
observed at temperatures below the melting point of styrene,
242 K, at which solid styrene is separated from DMAR(583)
liquid solution. On the other hand,S-DMAR(1015)
solutions showed measurable cloud-points below room
temperature.

In the framework of the F—H theory, binary interaction
parameters are only temperature dependent and not con-
centration or molecular weight dependent. Under this
assumption, it is possible to assign to the unmeasured binary
S—-DMAR(583) the same y-parameter calculated from the
experimental CPC measured on S—-DMAR(1015) solutions.
Fig. 5 shows the experimental CPC measured for this binary
system.

The calculation of the y-parameter for this system,
requires the previous knowledge of the molar mass-fraction
distribution of DMAR(1015). As can be observed in Fig. 6,
the size exclusion chromatogram (SEC) of this resin
shows a wide molecular weight distribution, with

40

S-DMAR(1015)
35

30
25

20

T()

154
10

5 -

04—
000 005 010 015 020 025 030 035 040 045 050
@,

Fig. 5. S-DMAR(1015) quasibinary system: B experimental cloud-point
data; — calculated cloud-point curve; - - - calculated shadow curve;
--- spinodal curve.

narrow peaks in the low molecular weight region, and
a long tail at high molecular weights. This feature
requires that DMAR(1015) be considered as a polydisperse
component in the thermodynamic calculations. Because of
the complex experimental molecular weight distribution, a
discrete distribution including 40 pseudo-species was
introduced in the model instead and it is shown in Fig. 6
as a bar plot. The average molecular weights M, M,, and M,
calculated with the discrete distribution are in very good
agreement with those measured by SEC.

The constants a and b (Eq. (18)), for this quasibinary
system are given in Table 2. Inverse calculation of CPC,
ShC and SC was performed using the expression found for
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0 2500 5000 7500 10000 12500
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Fig. 6. DMAR(1015) mass fraction distribution as a function of the
molecular weights: — actual SEC distribution; bars: pseudocomponents
discrete distribution.
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the y-parameter. The curves plotted in Fig. 5 represent the
results of the calculations. As can be seen, experimental
and calculated CPCs show very good agreement. The ability
of this y(T) equation to represent the S—DMAR(583)
interaction parameter correctly was further confirmed by
successfully using it in the analysis of the ternary systems
CPC.

4.1.3. 8(1)-CTBN(3) and S(1)-VTBN(3)

As in the S—-DMAR(583) system, the cloud-points corre-
sponding to the liquid—liquid phase separation in S—-CTBN
and S—VTBN solutions could not be measured during cool-
ing, due to the high solubility of the S—-CTBN and S—VTBN
systems. Consequently, the solidification of S takes place
before any liquid—liquid phase separation occurs.

At a constant temperature and pressure, the CPC and SC
of any ternary system are tangent at the critical point. This
property was used to calculate yi; from the experimental
data of the S—-DMAR(583)-CTBN and S-DMAR(583)—
VTBN quasiternary systems.

Simultaneous solution of Egs. (8) and (11) allows us to
calculate the quasiternary critical composition, (¢ 1c, ¢p2c),
for a given system at a selected temperature. A trial and
error method was used to find the y,; value that allows to
calculate a SC curve tangent to the experimental quasi-
ternary CPC at the ternary critical point. Fig. 7 illustrates
the procedure. For each quasiternary system, this metho-
dology was applied to the experimental CPC obtained at
two different temperatures. With the two calculated xi3
values, a x(T) equation was estimated for the S—-CTBN
and S—VTBN systems. Table 2 shows the calculated constants
aand b of the y(T') equations for all the binary systems studied.
Calculated interaction parameters are in the order
X(T)s_vren = X(T)s_cten- As in the DMAR-CTBN and
DMAR-VTBN quasibinaries, this behavior can be

0.275
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0.200
0.175 4
0.150 1 — - H
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Fig. 7. Sensibility test of the experimental CPC and calculated SC with the
S—VTBN interaction parameter. CPC is the best fit to the experimental
data of the quasiternary system, S-DMAR(583)-~VTBN at 70°C.

explained through the different chain end groups present
in the two rubber molecules.

4.2. Quasiternary systems

4.2.1. S(1)-DMAR(583)(2)-CTBN(3) and
S(1)-DMAR(583)(2)-VTBN(3)

Combination of the required thermodynamic condition
for the equilibrium of phases (Eq. (13)), the expression for
the chemical potential of an ij molecular specie (Eq. (6)) and
the mass balance equation for the 3 phase, allows us to
calculate the compositions for the two liquid phases in equi-
librium at the cloud-point condition. The locus of these
compositions determinate the CPC for the mother phase
and the ShC for the emergent phase.

From the equilibrium conditions between the phases
(Eq. (13)), three equations can be written, one for each
component in the ternary mixture. For the styrene (com-
ponent 1) the equation is:

e b N (b b s\
”1“5*@*;)“5*@*5”]
+ xial(a(1 — d))P — (ho(1 — h))*]

+ xi3l(s(1 — d))P — (P31 — h))*]
— xo3[(h23)P — (hrp3)*1 =0 (19)

and similarly, two other equations are written for
DMAR(583) and VTBN (or CTBN) components.
The mass balance for the emergent phase is

N;
D 5 Wyjexp(ryos) + d3exp(r0) + diexp(rioy) = 1.
=

(20)

The substitution of the mass balance equations for the
mother phase (Eq. (4)) and for the emergent phase
(Eq. (20)) in the three equilibrium equations (Eq. (19))
leads to a system of three equations with four unknown
variables. If the binary interaction parameters are known
at a given temperature, this three equations system (19)
can be solved numerically for the unknown independent
global compositions, (¢, ¢3) and (Hf, ¢5), assuming
one of them as fixed. In this way, the CPC and ShC can
be predicted. In the calculations, each polydisperse compo-
nent was represented by the same distribution function that
was used in the analysis of the corresponding quasibinary.

Fig. 8a and b show the experimental data and calculated
CPCs, ShCs, SCs and CSPs for the S-DMAR(583)-VTBN
quasiternary system at 50 and 70°C, respectively. A good
agreement between the experimental and calculated CPCs is
obtained. Polydispersity effect can be clearly observed
because CPC and ShC are not coincident, although they
intercept at the CSP, when both phase compositions are
equal.
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Fig. 8. S-DMAR(583)-VTBN quasiternary system at 50 (a), and 70°C
(b); W experimental cloud-point data; — calculated cloud-point curve;
- - - calculated shadow curve; --- spinodal curve.

Fig. 9a and b show experimental and calculated results for
S-DMAR(583)-CTBN quasiternary system at 50 and
70°C, respectively. The general behavior of this system is
qualitatively similar to the S-DMAR(583)-VTBN, the
only major difference is the higher miscibility showed in
the system containing CTBN, in comparison with that
containing VTBN. This difference is caused by the higher
values of the interaction parameters of the quasibinary
systems formulated with VIBN in comparison with those
formulated with CTBN.

4.3. Morphologies of the modified materials

Commercial vinyl ester resins are usually formulated
to be crosslinked at room temperature (close to 30°C),
with cobalt organic salts or amines to promote the cure
reactions. Typical concentrations of comonomers and addi-
tives in these applications are 40.5%S + 49.5%DMAR +
10%CTBN. Point N in Fig. 10 shows this typical
commercial formulation in the corresponding quasiternary
phase diagram. Predicted cloud-point phase equilibrium
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Fig. 9. S-DMAR(583)-CTBN quasiternary system at 50 (a), and 70°C
(b); B experimental cloud-point data; — calculated cloud-point curve;
- - - calculated shadow curve; --- spinodal curve.

behavior for DMAR(1015) modified system at 30°C is
represented by the upper CPC and SC in this diagram,
while the behavior of the low molecular weight DMAR
(583) formulated system is represented by the bottom
curves. The position of point N indicates that the
DMAR(583) mixture is homogeneous at this composition,

1.0 1.0
0.9 Ho9
| ) S-DMAR(1015)-CTBN |
0.8 N 30°¢C 0.8
0.7 0.7
0.6 .06
% 0.5 H o5

| - ]
0.4 : S-DMAR(583)-CTBN | g4

| T 30°C ]
0.3 : 403
0.2 - Ho0.2
0.1 44 . . . . . 0.1

0.00 0.05 0.10 0.15 0.20 0.25 0.30

Fig. 10. Calculated quasiternary CPC and SC at 30°C: (a) S-
DMAR(1015)-CTBN system; (b) S—DMAR(583)-CTBN system; B
40.5%S-49.5%DMAR-10%CTBN sample composition.
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b

Fig. 11. SEM micrographs of the fracture surface: (a) 40.5%S-
49.5%DMAR(583)-10%CTBN  sample; (b) 40.5%S-49.5%DMAR
(1015)-10%CTBN sample.

just over the CPC. On the other hand, DMAR(1015) mixture
is phase separated even before the curing process, prediction
that has been experimentally confirmed, since the unreacted
mixture becomes macroscopically separated in two different
phases at room temperature. In consequence, the material
obtained from the modified DMAR(1015) mixture will be
heterogeneous from the beginning of the cure reaction
and the final morphology will be greatly dependent on the
initial mixing step. Actually, this morphology will be very
different from that developed by the DMAR(583) modified
system, which is the result of the phase separation originated
by the PIPS mechanism from an initial homogeneous
solution.

Fig. 11a and b show fracture surfaces (SEM micro-
graphs) of the final cured materials originated from these
two reactive quasiternaries, 40.5%S-49.5%DMAR(583)—
10%CTBN and 40.5%S—-49.5%DMAR(1015)-10%CTBN,
respectively. Fig. 12a and b show the TEM micrographs of
those same samples, after OsO, stainning. These figures
show the rubber rich phase as dark gray areas, since the
internal rubber double bonds have reacted with OsQOy,,
while the nodular phase in Fig. 12a and b and the continuous
phase in Fig. 12b (poor in CTBN) look light gray [34,35].

Fig. 12. TEM micrographs of OsO, stained fracture surface: (a) 40.5%S—
49.5%DMAR(583)-10%CTBN  sample; (b) 40.5%S-49.5%DMAR
(1015)-10%CTBN sample.

White areas in Fig. 12a represent holes or voids in the thin
stained sample. The final morphology differences between
these two samples have a clear correlation with the initial
miscibilities of the unreacted quasiternary systems. The
material obtained with DMAR(583) shows an uniform
nodular morphology (Fig. 1la) constituted by nodules
with diameters in the range of 1-5 pum [34,35]. Nodules
are formed by S—-DMAR(583) crosslinked copolymer.
Surrounding the nodules, there is a continuous minor
phase rich in CTBN liquid rubber, as shown by the dark
gray areas in Fig. 12a.

Cured materials prepared with DMAR(1015) show large
spherical domains surrounded by a continuous phase
(Fig. 11b). These domains, with sizes in the range of 20—
60 wm and internal nodular microstructure, were originated
at the start of the reaction. Initially two separated macro-
phases are present: the low-density CTBN-rich phase,
which will be the minor phase in the final material and the
high-density CTBN-poor phase, which will form the major-
ity of the continuous phase. Both separated macrophases
could be considered as independent reactors during the
curing step. Phase separation process by the PIPS
mechanism takes place at different rates in each of the
two initially homogeneous macrophases. Inside the spheri-
cal domains, rich in the CTBN modifier, a nodular structure
is generated in the same way than in the DMAR(583)
system (light gray regions in Fig. 12b), with a continuous
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phase rich in the rubber component (dark gray regions in
Fig. 12b). Outside the domains, the continuous phase under-
goes phase separation forming very little, well dispersed
CTBN rich spherical particles, as shown in Fig. 11b. The
flaky structure of the continuous phase have an aspect very
similar to that of the fracture surfaces of the unmodified
cured S—-DMAR system, which is a brittle material [34,35].

5. Conclusions

Experimental CPCs measurements for the quasibinaries,
S-DMAR(1015), DMAR(583)-CTBN and DMAR(583)—
VTBN, and the quasiternaries, S-DMAR(583) —CTBN and
S-DMAR(583)-VTBN, were used to calculate all the
binary interaction parameters according to the F—H lattice
theory. Liquid CTBN and VTBN rubbers and DMAR(1015)
polydispersities were taken into account in the calculations.
Definition of pseudocomponents from DMAR(1015) SEC
mass-fraction distribution was an effective method to
represent its complex actual distribution. The interaction
parameters determined for the binary mixtures allowed us
to predict the liquid—liquid phase diagrams of S-DMAR—
CTBN (VTBN) ternary mixtures at different temperatures.
The predicted phase diagrams give useful information about
the initial miscibility of modified S—-DMAR systems and
allow us to explain major differences between the final
complex morphologies of the crosslinked materials.
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