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Abstract Phase equilibria were investigated in uncured mixtures composed of an epoxy oligomer, polysulfone, and tetraethoxysilane. Pairwise
interaction parameters were calculated and binodal curves were constructed. The mutual diffusion coefficients of the components were deter-
mined and the influence of tetraethoxysilane on the diffusion processes in both binary and ternary systems was examined. Phase diagrams of the
binary and ternary systems were established using optical microscopy and dynamic light scattering, and the boundary compositions correspond-

ing to the single-phase region were identified.
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INTRODUCTION

Epoxy oligomers (EOs) remain among the most popular binders
for composite material production. The prevalence of epoxy
resins is attributed to their unique physicochemical and techno-
logical properties.l'! However, to obtain materials with the re-
quired combination of strength, wear resistance, and heat resis-
tance, epoxy matrices must be modified.~'"]

Well-known modifiers of epoxy resins are thermoplastic
polymers such as polyetheretherketones,['2-4 polyethersul-
fones,l>161 and polyetherimides.l'’-1°1 Thermoplastic modi-
fiers significantly improve the thermomechanical characteris-
tics of cured compositions and can impart specific properties
to the final product, such as increased crack resistance, chem-
ical resistance, and improved adhesive strength.['2-14.17-20]
Polysulfone (PSF) is a common thermoplastic used to modify
epoxy oligomers based on bisphenol A.21-23]

Several authors have demonstrated an increase in the im-
pact toughness of composites based on EO and PSF, while
maintaining the thermal stability of the material.2":221 Howev-
er, a decrease in the flexural strength was noted. Sun et al.
found that with an increase in the PSF content, an increase in
the fracture toughness parameter of the composite by al-
most two times was observed compared with the unfilled
EOQ.[22

The use of modifiers, particularly polysulfones, can lead to
an increase in the mixture viscosity, which affects the process-
ing conditions of the product and limits its applicability (for
example, as an impregnation of fibers). Low-molecular weight
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diluents are typically used to reduce the viscosity of binders.
Such components reduce the viscosity of the system at the
stage of obtaining the composite and add functional proper-
ties to the matrix after its curing.2425) In a number of studies,
alkyl glycidyl ether,[2426271 furfuryl glycidyl ether,2°! diethy-
lene glycol,’281 and 1,2-cyclohexanediol diglycidyl ether,i29]
have been considered as active diluents. Thus, owing to their
structure, glycidyl ethers can be incorporated into the polye-
poxy network by reducing the viscosity of the uncured sys-
tem, improving adhesion with discrete fibers, and increasing
the elasticity of the cured composite.[27.30-331

Kurbatov V.G. et al. introduced furfuryl glycidyl ether into
the EO system with PSF, which led to a significant decrease in
binder viscosity.?2l The glass transition temperature of the
cured epoxy polysulfone mixtures remained virtually un-
changed with the introduction of the active diluent, FGE. The
authors demonstrated the possibility of reducing the viscosi-
ty of the binder while maintaining a high modifier content to
ensure the crack resistance of the matrices and reinforced
plastics based on them. Qiao et al. introduced alkyl glycidyl
ether into EO and cured this mixture using two different hard-
eners.?’l The greatest effect on viscosity reduction was ob-
served with the introduction of up to 10% active diluent,
while maintaining the high mechanical properties of the
cured composites.

Orthosilicic acid esters and ethyl silicates are a class of ac-
tive EO diluents.[34-381 Because of their low intrinsic viscosity
and limited compatibility with EO, these components con-
tribute to a significant reduction in the viscosity of mixtures
during processing into products, followed by transformation
into oligosiloxanes. A characteristic feature of this type of
substance is the formation of silicon dioxide particles with a
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uniform distribution throughout the volume owing to the in
situ hydrolytic polycondensation reaction in a thermosetting
matrix.35:39-411

Recent studies on binary and ternary polymer blends have
demonstrated complex phase behavior governed by thermo-
dynamic incompatibility and kinetic stabilization effects. In
particular, the role of the third component in tuning the mis-
cibility windows and controlling the phase separation path-
ways has been widely reported.[2431

The inclusion of tetraethoxysilane (TEOS) in a PSF/EO solu-
tion is of interest to obtain composites with a developed in-
terphase surface and the possibility of obtaining PSF-concen-
trated compositions with low viscosity for possible use as im-
pregnating binders in the preparation of continuous fiber-
based prepregs, including those suitable for 3D printing.

However, high concentrations of diluents can lead to a de-
crease in the strength of composites and deterioration in
their thermal stability, as shown in articles.27:30-331 A low-
molecular-weight component can cause stratification of the
mixture, making it unsuitable for processing. Therefore, for
ternary epoxy oligomer/diluent/modifier systems, compo-
nent compatibility is an important issue. The study of phase
equilibria in ternary systems will make it possible to predict
and control the multicomponent curable composition struc-
ture and properties. The main objectives of this study were to
analyze the mutual solubility of the EO/TEOS/PSF ternary sys-
tem components, calculate the paired interaction parameters,
and construct a ternary phase diagram.

EXPERIMENTAL

Materials

An epoxy oligomer based on bisphenol A (ED-20, Armplast, Rus-
sian Federation) was used as the epoxy binder. The degree of
polymerization was n=1-4, M,,=390 g/mol. Polysulfone with
M,,=3.5x10* g/mol (PSK-1, Joint-Stock Company G.S. Petrov In-
stitute of Plastics, Moscow, Russia) was used as a thermoplastic
modifier. Tetraethoxysilane (special purity grade, 99.9% purity;
EKOS-1, Russia) was used as the organosilicon modifier.

To analyze the compatibility of the systems, binary mix-
tures of TEOS in EO (TEOS concentration range of 15 vol%-90
vol%, 5 vol% increments), PSF solutions in EO (PSF concentra-
tions of 5 vol%, 10 vol%, and 15 vol%), and three-component
EO/TEOS/PSF systems were prepared. All compositions were
designated as EO/TEOS/PSF, TEOS/EO, and PSF/EO, with con-
centrations indicated as volume percentages (the volume
fractions of EO, PSF, and TEOS sum to 100%).

Solutions and Emulsions Preparation

PSF was predried under vacuum for 4 h at a constant tempera-
ture of 110 °C. The epoxy oligomer was heated to 150 °C and
PSF was gradually added until the polymer was completely dis-
solved. The resulting mixture was cooled to 100 °C, TEOS was
added, and the mixture was stirred for 4 h.

Polysulfone films were prepared to study the samples by
interferometry. The films were produced by casting*445! from
a 5% polymer solution in dichloroethane. The samples were
dried at room temperature and then stored in a drying oven
at 85 °C until constant weight was reached. The thickness of
the film was 60 um.

The Cloud Point Method (Dynamic Light Scattering)
The phase states of the mixtures were measured using a Zeta-
sizer Nano Photoanalyzer (Malvern Instruments, England). The
turbidity-onset temperature of the TEOS/EO mixtures was de-
termined from the change in the intensity of light scattered at
an angle of 173° and detected at a fixed focusing position (3
mm). Before testing, the prepared mixtures were heated by stir-
ring at 90 °C (above the upper critical mixing temperature) to
obtain a transparent homogeneous solution. One milliliter of
the solution was poured into a heated quartz cuvette, and the
cuvette was placed in the analyzer cell. The experiment was car-
ried out in cooling and heating modes in the temperature range
of 0-90 °C with a step of 1 °C. The sample was equilibrated at
each temperature for 1 min, followed by signal accumulation (1
min per point). To prevent separation of the low-viscosity emul-
sion (in the case of tests under heating), the experiment was
carried out by stirring the sample immediately before measure-
ment for each temperature.

Optical Microscopy

The morphology of the resulting mixtures was studied using a
Biomed 6 PO optical microscope (Russia). A drop of the mixture
was placed on a glass slide and pressed with a coverslip to re-
duce the risk of atmospheric moisture ingress and TEOS evapo-
ration. The samples were heated from room temperature (25 °C)
to 200 °C. Changes in the morphology of the solution droplet
upon cooling were studied in the temperature range from 100
°C to 30 °C. A Mettler Toledo FP900 thermal system equipped
with an FP 82 hot stage (USA) was used in this study.

Optical Microinterferometry Method

The optical interferometry method was used to evaluate the in-
terdiffusion of the components of the PSF/EO, TEOS/EO, and
EO/TEOS/PSF systems.*64”] The laboratory interferometer setup
was constructed based on a POLAM L-213M microscope (Joint
Stock Company "LOMO,” Russia). A monochromatic laser with a
wavelength of 532 nm was used as light source. The experi-
ment was performed using a generally accepted technique.*#4%
The sample was placed in a wedge-shaped gap (a<2°) between
two glass plates. A reflective coating based on titanium alloy
was applied to the contact surfaces of the plates. The formation
and changes in the interference pattern during the contact of
the components were monitored. The systems of interference
fringes with different pitches corresponded to the refractive in-
dices of the components under study. Mutual diffusion of com-
ponents leads to the emergence of a concentration gradient
and, consequently, a gradient of refractive indices and curva-
ture of the bands on both sides of the phase boundary.>%"!

To study the two-component PSF/EO system, a PSF film
was placed between the glasses and brought into contact
with EO. To analyze the phase state of the three-component
EO/TEOS/PSF system, a PSF solution in EO was brought into
contact with TEOS. All experiments were carried out in the
isothermal mode at a fixed temperature, as well as with step-
wise heating, in the temperature range of 25-200 °C (depend-
ing on the system). At each stage, the system was maintained
at a given temperature until equilibrium was reached for at
least 30 min. Analysis of the obtained interference patterns al-
lows the construction of concentration profiles of the compo-
nents in the diffusion zone and the calculation of the interdif-
fusion coefficients of the components.
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RESULTS AND DISCUSSION

Theoretical Calculation of Compatibility Using the
Hansen Method
The selection of a method for assessing component compatibil-
ity in complex systems is a key step in the development of poly-
mer and composite materials. There are several empirical and
semi-empirical methods of theoretical solubility that are widely
used in polymer chemistry and materials science: the Hilde-
brand method is based on the energy required to break inter-
molecular interactions,”>~>% a method based on the Flory-Hug-
gins thermodynamic model,”>*® a Hansen method (Hansen
Solubility Parameters, HSP),*”®! and other experimental meth-
ods based on phase analysis. In this study, the Hansen method
was used because it provides a deeper and physically sound de-
scription of the interactions between the components.>%°% This
method considers three independent types of intermolecular
forces: dispersion interactions (§4), polar interactions (5,), and
hydrogen bonds (). The solute is represented by the center of
a sphere with radius R, in space, &4, &, and 4,,. Solubility is esti-
mated by the distance between the solute and solvent (R,):

R2 =4+ (8ap — 84s)” + (Spp = Ops)” + (Shp — Bns)’ (1

The index p refers to the polymer and the index s refers to
the solvent.

Substances for which the 6 values lie within this sphere are
“good” solvents.6621 A “bad” solvent is located outside the
radius of the polymer sphere. The ratio of the interaction ra-
dius (R,) to the radius of the polymer solubility sphere (R) is
known as the relative energy difference (RED). If R, for a sol-
vent is less than R, for a polymer, then this solvent is compati-
ble with the polymer (RED<1). If R, for a solvent is greater
than R, for a polymer, then this solvent does not interact with
the polymer (RED>1). The equality between R, and R, is the

solubility/insolubility boundary (RED=1).

The solubility of epoxy oligomers, such as that of polysul-
fones, has been studied in considerable detail, 23263250631
while a search of the literature on the solubility parameters
for various epoxy oligomers based on bisphenol A and
epichlorohydrin yielded rather contradictory data on specific
solubility parameters. The spread of published experimental
data for PSF is also significant. Table 1 lists the solubility pa-
rameters for the epoxy matrix and polysulfone from various
peer-reviewed sources (Table 1).

Among the various grades of materials studied, the choice
was made in favor of PSU ULTRASON S and ED-20.

Based on the literature data obtained for the studied com-
ponents (EO, PSF, and TEOS), the cohesive energies were cal-
culated, and the RED parameters were determined. For the
calculations, R, values of 8 MPa®s for polysulfonel®”! and 20.5
MPa05 for EO571 were used. Tables 2 and 3 list the calculation
results. According to calculations for two-component sys-
tems, the PSF/EO pair has a RED value below unity, indicating
the mutual compatibility of the components. Physically, this
means that the energy required to mix the components is
lower than the cohesive energy of each individual; therefore,
the interaction between the polymer segments and oligomer
molecules is thermodynamically favorable. For PSF and TEOS,
RED>1 was found because of significant differences in the in-
teraction parameters, primarily dispersion, indicating the in-
compatibility of these components. The RED values obtained
for the TEOS/EQ pair indicated a "good" affinity between the
components (Table 3).

Based on the RED data for EO and TEOS in relation to PSF, a
graph of the dependence of the solubility of PSF in a mixture
of TEOS/EO solvents at different ratios was constructed
(Fig. 1).

With a further increase in the TEOS content, the mixture

Table 1 Hansen solubility parameters for polysulfone and epoxy oligomer.
Epoxy oligomers
Brand Epoxy number 84 (MPa>?) Sp (MPaO‘S) 8n (MPa>?) Ro
DGEBA4 0.25 17.15 6.92 8.22 -
Epikote 82857 0.185-0.192 23.10 14.60 5.00 -
E828[6° 0.19-0.2 17.02 834 8.85 -
ED-201%¢! 0.19-0.225 19.79 5.06 5.21 20.5
DGEBA epoxy!®’! 0.445-0.5* 20.7 5.6 10.8 -
Polysulfones
Brand M, x1073 54 (MPa®?) 8, (MPa®?) 5, (MPa”®)
PSU ULTRASON Sb7! 62 19.70 8.30 83 8
PSUB7] 16 6 6.6 9
Polysulfone UDEL® P-3500!°] 77-86 18.38 16.48 7.49 -
Polysulfone Udel P-1700 NT 116! 22-32 19.02 5.90 6.13 -
PSU pellets Aldrich
Chemical Co70 35 18.50 8.50 7.00 9.4
*75% in xylene.
Table2 Hansen solubility parameter data for PSF with EO/TEOS.

Component 84 (MPa®?) 8, (MPa”®) 8y (MPa®®) RED
PSFB7! 19.7 83 8.3 -
EQI66] 19.79 5.06 5.21 0.56

TEOSE”! 13.9 43 0.6 1.81

https://doi.org/10.1007/510118-026-3783-6
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Table 3 Hansen solubility parameter data for EO with TEOS.

Component 54 (MPa™) 8 (MPa™) 8h (MPa*) RED
EOfee! 19.79 5.06 5.21 -
TEOSP”! 13.9 43 0.6 0.62
20 Fig. 2 shows the typical dependence of the scattered light
—a— PSF:(EO/TEOS) intensity on temperature for a TEOS/EO mixture with a ratio
1.8 e of 25/75 (V/V): in the cooling mode from 75 °C to 5 °C (blue
16k Va curve) and in the heating mode from 5 °C to 30 °C (red curve).
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Fig. 1 Dependence of the relative energy difference for PSF on the
composition of the TEOS/EO mixture. As can be seen from the
presented dependence, at low TEOS concentrations in the mixture
with EO, the RED value remains less than unity, indicating the
preservation of the thermodynamic compatibility of the system. In
this range, EO partially compensates for the differences in the
thermodynamic compatibility parameters of PSF and TEOS and
stabilizes the solution, preventing early phase separation.

solubility parameters gradually shifted away from those of
PSF, especially in terms of §, and &y, As a result, the thermo-
dynamic distance R, increases, and because PSF has a rela-
tively small solubility radius R, even a moderate increase in R,
produces a noticeable increase in the RED value. Therefore,
although the & differences change only gradually at low TEOS
contents, the RED parameter increases steadily and crosses
the miscibility threshold (RED=1) at approximately 45 vol%
TEOS.

Upon reaching a critical concentration, when RED>1, the
system enters the region of conditional thermodynamic insta-
bility, the intermolecular interactions of the PSF are no longer
compensated by the presence of EO, and the formation of
two phases in the mixture becomes energetically more favor-
able.

A significant result of the literature search and computa-
tional experiments was the relatively broad compatibility
range of these systems. However, Hansen's computational
method allowed for a significant narrowing of the concentra-
tion range for the subsequent compatibility experiments.
Based on the calculations, compatibility ranges for the
TEOS/EO and ternary EO/TEOS/PSF systems were preliminari-
ly selected for more convenient and rapid experimental anal-
ysis of the mixtures.

Analysis of TEOS Solubility in EO

Previously,*”! the solubility of TEOS in various epoxy oligomers
at high epoxy oligomer concentrations was studied using the
cloud-point method. In addition, we used a similar method to
determine the full solubility limits of TEOS/EO over the entire
concentration range using light scattering and optical mi-
croscopy.

10 20 30 40 50 60 70

Temperature (°C)

Fig. 2 Dependence of the change in light scattering intensity on
temperature for a TEOS/EO mixture in a ratio of 25/75 (V/V).

The heated solution was homogeneous and did not scat-
ter any light. As it cools, the morphology of the solution
changes, which leads to a change in light scattering. Three re-
gions of macroparticle formation in the TEOS/EO system can
be distinguished in the given dependence. The first is a quasi-
linear region at temperatures from 75 °C to 60 °C, correspond-
ing to the existence of the solution. The second is a transition
region from 60 °C to 20 °C, corresponding to the appearance
of nuclei of a new phase and their growth, with a proportion-
al increase in the intensity of light scattering in the system.
This stage ends with a critical point at which a regime of con-
centration fluctuations and phase separation kinetics consis-
tent with spinodal-type phase separation occurs, in accor-
dance with article by Chalykh, A. E. et al.”"l The third is the re-
gion of aggregate particle formation. Macroseparation of the
mixture into two phases was observed: one was enriched in
EO with dissolved TEOS and the other was enriched in TEOS
with dissolved EO. In this case, the light scattering decreased
sharply and did not change further with changing tempera-
ture.

The light-scattering data correlated well with the optical
microscopy data. Cooling of a homogeneous TEOS/EO solu-
tion resulted in the formation of an emulsion. Depending on
the component ratio, both direct and reverse emulsions can
be formed, with a transition point occurring at a TEOS/EO ra-
tio of 1:1. This process is reversible and can easily be repro-
duced by cyclic heating. Examples of these solutions and
emulsions are shown in Fig. 3.

Fig. 3 shows that at 25 °C, the TEOS/EO mixture exhibited
macrophase separation. The two equilibrium phases formed
emulsions with different TEOS droplet sizes in the EO. When
the emulsion was heated above the upper critical solution
temperature (UCST), the mixture formed a solution. When the

https://doi.org/10.1007/510118-026-3783-6
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Fig.3 TEOS/EO system solutions and emulsions micrographs in a ratio of 47/53 depending on the change in the medium temperature: (a) before

heating, (b) after heating to 100 °C with gradual cooling at a constant rate.

cell is cooled to 40 °C, the system begins to exhibit the first
signs of phase separation (indicated by the blue arrow): small
TEOS droplets form. As the mixture temperature decreased
further, the number of TEOS droplets increased, and localized
areas of the emulsions merged, starting at 35 °C, while the
TEOS droplet size remained unchanged.

Fig. 4 clearly shows that the TEOS/EO solution with a ratio
of 25/75 was homogeneous, while the concentration of 31/69
formed an emulsion.

25/75 31/69

Fig. 4 Photographs of solutions and emulsions of the TEOS/EO
system with different component ratios at 25 °C.

The critical points obtained using optical microscopy and
dynamic light scattering were plotted on the phase diagram
of the TEOS/EO system (Fig. 5).

Optical interferometry was used to analyze the phase state
of the TEOS/EO binary system. Interdiffusion of the compo-
nents was studied in the temperature range of 25-55 °C. The
typical interferograms are shown in Fig. 6. Initially, a phase
boundary was observed in the contact zone of the compo-
nents (Fig. 6a), with bends in the interference fringes ob-
served on both sides. This indicates the interdiffusion of TEOS
and EO. Ten minutes after contact between the components,

oLight scattering
AMicroscope Solutions
40 | »Interferometry o A

T(°C)

20r Emulsions

101

0 20 40 60 80 100
TEOS concentration (vol%)

Fig.5 Phase diagram of the TEOS/EO system.

the diffusion front expanded, and the boundary disappeared,
indicating complete dissolution of the EO in TEOS (Fig. 6b).

A series of interferograms were obtained at different tem-
peratures. The calculated boundary concentrations of the
components were plotted in a phase diagram (Fig. 5).

The phase behavior of the TEOS/EO binary system is char-
acterized by amorphous separation at an upper critical solu-
tion temperature (UCST). Complete component compatibility
was achieved at temperatures above the UCST. Below the UC-
ST, the system is separated into two heterogeneous phases.
The solubilities of the components increased with increasing
temperature.

Interdiffusion coefficients were determined for the
TEOS/EO system.[?672731 The typical concentration depen-
dence is shown in Fig. 7. The obtained curve is typical for sys-
tems with complete component compatibility.[*85% The diffu-

N—

Fig. 6 Interferograms of the diffusion zone in the TEOS/EO system recorded (a) 5 s and (b) 10 min after the components were brought into
contact. T=55 °C.

https://doi.org/10.1007/510118-026-3783-6
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sion coefficient changed smoothly with a change in the com-
ponent concentration. Translational mobility in TEOS/EO so-
lutions decreases with increasing oligomer concentration,
which, in this case, is determined by a significant difference in
the viscosity coefficients of the components.

1070
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=
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10—11 ' ' ' L L
0.1 03 05 0.7 0.9

EO volume fraction

Fig. 7 Concentration dependence of the interdiffusion coefficient
for the TEOS/EO system at 55 °C.

Compatibility of Three-component Systems
EO/TEOS/PSF

Numerous studies on systems based on epoxy oligomers and
polysulfones of various grades have shown that such systems
are characterized by amorphous separation with a UCST.[?>°072
The system under study behaved in a similar manner. Interfer-
ometry revealed the temperature-dependent miscibility of the
PSF/EO system. At 100 °C, a residual interdiffusion boundary is
still observed (Fig. 8a), indicating a partially mixed state. A fully

developed continuous diffusion zone, corresponding to a sin-
gle-phase state, was achieved only at higher temperatures (Fig.
8b, 200 °C), consistent with UCST-type phase behavior. The typi-
cal interferograms are shown in Fig. 8. At temperatures below
the UCST, the components exhibit limited compatibility (Fig. 8a,
zone |); the interferogram shows a phase boundary and bends
of fringes on both sides, indicating the diffusion of PSF into EO
and EO into PSF. At temperatures above the UCST, the phase
boundary disappears and a continuous diffusion zone can be
observed in the interferogram (Fig. 8b, zone ll), indicating a
transition toward a single-phase state of PSF and EO.

When cooled to room temperature, all the studied PSF/EO
systems remained kinetically stable during the observation
period without detectable phase separation (at least a week).
This behavior can be attributed to the high viscosity of the re-
sulting solutions, where solution stabilization occurs because
of the limited mobility of the large oligomer that penetrates
the swollen polysulfone macromolecule upon heating.

The phase states of the ternary systems were assessed by
optical microscopy and interferometry. In the case of optical
microscopy, the phase separation process was recorded by
the onset of the second-phase droplet appearance upon slow
cooling of the system. Figs. 9(a) and 10(a) show that a system
with a TEOS content of 23 vol% is homogeneous over a wide
temperature range (from 25 °C to 200 °C). A similar result was
observed for the systems with a TEOS concentration of 26
vol% (Figs. 9b and 10b). An increase in the TEOS concentra-
tion in the ternary system (68/28.5/3.5) led to phase separa-
tion, even at elevated temperatures (Fig. 9c, 100 °C). Upon
cooling the mixture, the separation became more pro-
nounced, which was indicated by an increase in the number
of droplets per unit volume (Fig. 9¢, 25 °C) and turbidity of the

Fig.8 Interferograms of the PSF/EO system interdiffusion zone at (a) 100 °C and (b) 200 °C.

bV

30°C

100 °C
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Fig.9 Systems micrographs with concentrations: (a) 73/23/4, (b) 70/26/4, (c) 68/28.5/3.5 depending on the change in the medium temperature.
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PSF+EO

Fig. 11 Interferograms of the diffusion zone between TEOS and the PSF/EO solutions 30 min after contact: (a) 5 vol% PSF, (b) 10 vol% PSF, (c) 15

vol% PSF. T=25 °C.

transparent solution (Fig. 10c).

Interferometry was used to evaluate the diffusion of TEOS
into the PSF/EO solutions containing 5 vol%, 10 vol%, and 15
vol% of the thermoplastic. At 25 °C, the interferograms clear-
ly show the interface (Fig. 11). Bends in the interference
fringes were observed on the side of the PSF/EO solution, in-
dicating unidirectional diffusion of TEOS into the PSF/EO sys-
tem. The diffusion intensity decreased with increasing PSF
content in the EO, as illustrated by the movement of the iso-
concentration planes (Fig. 12). The decrease in translational
mobility occurs primarily owing to an increase in the PSF pro-
portion and, consequently, an increase in the viscosity of the
system.
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Fig. 12  Movement of isoconcentration planes in the system
(TEOS-PSF/EO solution). T=25 °C.

The shift in the isoconcentration planes over time is almost
linear. For the system under study, a dependence is observed
that can be described by equation:[74!

X=k-t* 2)
where X is the penetration depth of the diffusing component, k
is a constant associated with the diffusion coefficient.

This is typical for diffusion mixing of components, which is
not complicated by the simultaneous occurrence of chemical
processes.[48:72]

At elevated temperatures, the interdiffusion processes in

the PSF/EO and TEOS systems are more intense. This is reflect-
ed in the interference pattern as an expansion of the diffu-
sion zones (Zone Il) (Fig. 13). However, these components
were only partially compatible. Phase separation was ob-
served in the contact zone between the components; when
TEOS was added to the PSF/EO system, the polymer precipi-
tated from the solution (Zone I).

In addition to analyzing the interaction of the PSF solution
with the TEOS solvent in the epoxy oligomer, the effect of
adding the solvent (TEOS, 25 vol%) to the epoxy oligomer
and the interaction of the resulting mixture with PSF were as-
sessed. Fig. 14 shows the interference patterns of the contact
zone of the components for the PSF/EO and EO/TEOS/PSF
systems obtained at 100 °C.

The addition of TEOS increased the diffusion rate. The cal-
culated interdiffusion coefficients are shown in Fig. 15. The
calculations of the interdiffusion coefficients based on the ex-
perimentally determined concentration distribution curves
are based on a model in which diffusion occurs between two
contacting semi-infinite media. The numerical values of the
limiting partial diffusion coefficient, D,, were calculated ac-

cording to Fick's law:
1 x\
D, =z (_) (3)

2\ o5

where X is the penetration depth of the diffusing component
and t is the observation time.

The obtained diffusion coefficients should be considered as
apparent values that describe effective mass transport in the
ternary system. The EO/TEOS/PSF system is characterized by a
higher diffusion mobility than that of the PSF/EO system. This
can be explained by the presence of TEOS and, consequently,
a decrease in the viscosity of the system. The onset tempera-
ture of diffusion in the EO/TEOS/PSF system was several de-
grees lower than that in the PSF/EO binary mixture.

Based on the data obtained by optical microscopy and in-
terferometry, a phase diagram was constructed, and the re-
gions of existence of the emulsions and solutions of the
three-component EO/TEOS/PSF systems were determined
(Fig. 16).

At 25 °C (Fig. 16a), we can observe that blends with a TEOS
contents above 20% and 15% PSF blends with a TEOS con-
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PSF+EO

PSF+EO

Fig. 13 Interferogram of the diffusion zone of the TEOS system and the PSF/EO 5/95 solution after (a) 10 s and (b) 5 min after the start of contact

between the components. T=80 °C.

TEOS+EO

Fig. 14 Interferograms of the diffusion zone of systems: (a) PSF/EO and (b) PSF with TEOS/EO 25/75 solution. T=100 °C.
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Fig. 15 Concentration dependence of the interdiffusion

coefficient for the systems (a) PSF/EO and (b) EO/TEQS/PSF. T=
100 °C.

tents above 10% are emulsions (pink area) with the excep-
tion of EO/TEOS/PSF blends with compositions of 81/5/14,
87/3/10,78/13/9, and 79/17/4.

At lower concentrations of TEOS and PSF in the epoxy ma-
trix, the probability of solution formation is higher. The maxi-
mum concentration of a homogeneous stable solution with
high PSF and TEOS contents was 77/9/14.

At 100 °C (Fig. 16b), component compatibility increased, as
expected. The emulsion zone decreased (pink area). Under
these conditions, ternary systems with increased PSF and
TEOS content were possible. The EO/TEOS/PSF 63/16/21 and

EO/TEOS/PSF 61/15/24 systems are stable solutions.

Thus, the solution existence regions with the maximum
TEOS and PSF contents in the system were determined. The
conditions for producing highly concentrated fluid PSF solu-
tions in EO containing more than 30% PSF relative to EO and
15% TEOS per mixture were determined. This opens the pos-
sibility of developing highly filled polymer-oligomer binders
containing silicon dioxide nanoparticles after curing the
epoxy oligomer and performing the hydrolytic polycondensa-
tion of TEOS.

To evaluate the effect of TEOS on the rheological behavior
of the highly concentrated EO/PSF systems, the frequency de-
pendence of the complex viscosity was measured for a
PSF/EO binary blend and three EO/TEOS/PSF ternary compo-
sitions located in the homogeneous region of the phase dia-
gram (Fig. 17).

These results demonstrate that the introduction of TEOS
leads to a substantial decrease in viscosity while preserving a
high polysulfone concentration in the system. In particular,
the compositions located near the phase-stability boundary
exhibited significantly lower viscosities than the highly con-
centrated binary PSF/EO solution (EO/PSF = 80/20, V/V). The
reduction in viscosity is attributed to the low viscosity of TEOS
and is consistent with the increased diffusion mobility ob-
served in interferometric experiments (Figs. 12 and 15).

Thus, the addition of TEOS enables the preparation of ho-
mogeneous EO/TEOS/PSF systems containing high concen-
trations of polysulfone, while maintaining rheological charac-
teristics that are more favorable for processing.
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Fig. 16 Three-component phase diagram of EO/TEOS/PSF: (a) 25 °C, (b) 100 °C.
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Fig. 17 Frequency dependence of complex viscosity for EO/PSF
and EO/TEOS/PSF systems with high PSF content.

CONCLUSIONS

The phase states of binary and ternary systems based on epoxy
oligomers containing polysulfone and tetraethoxysilane were
studied. The compatibility parameters of the PSF, EO, and TEOS
components were calculated theoretically using the Hansen
method. Based on the calculated RED values, the compatibility
of the two-component PSF-EO and TEOS-EO systems was deter-
mined (RED < 1). For the PSF-TEOS pair, the obtained parameter
value exceeded unity, indicating the absence of interaction in
this system.

Phase diagrams were constructed for the binary TEOS/EO
and ternary EO/TEOS/PSF systems using dynamic light scat-
tering, optical microscopy, and interferometry. The regions of
existence of a homogeneous solution of the EO/TEOS/PSF
system were determined. The optimum polymer and active
diluent concentrations were determined to achieve a high
PSF content in the mixture while maintaining the overall low
viscosity of the system. Compositions containing TEOS were
identified as the highest-PSF homogeneous formulations
within the studied concentration range and exhibited sub-
stantially reduced viscosity compared to the corresponding

binary PSF/EO systems.

The main determining factor for compatibility in the
EO/TEOS/PSF system is the TEOS concentration as well as the
temperature regime, which significantly expands the homo-
geneity range. The obtained data provide a basis for control-
ling the phase behavior of multicomponent systems.
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