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Abstract According to one of the currently developed mechanisms of self-healing of
epoxy protective coatings, an important role in the process is played by the diffusion
migration stage of the composition components to the crack network defects, on the
one hand, by swelling of the pore walls, on the other hand, and by their adhesive
interaction, on the third. PART 3.1; 3.2, and 3.3 of this chapter summarize the results
of our investigations performed at the Laboratory of Structural and Morphological
Research of the Institute of Physical Chemistry of the Russian Academy of Sciences
concerning the translational mobility of epoxy oligomers, epoxy-amine adducts as
model systems for investigation of curing processes of epoxy oligomers and phase
equilibrium and structure formation during curing of epoxy compositions. It seems
that the presented experimental and methodological material will make it possible to
significantly advance our understanding of the details of the self-curing mechanism.

Keywords Epoxy oligomer + Adduct + Epoxy curing + Epoxy matrix modification -
Phase equilibrium - Interdiffusion - Self-diffusion - Interdiffusion - Epoxy
oligomers * Epoxy polymers - Translational mobility of the macromolecules *
Activation energy - Pulsed magnetic field gradient - Interferometry

1 Translational Mobility of Epoxy Oligomers. Influence
of Molecular Weight and Thermal Prehistory

The results of the study of self-diffusion and interdiffusion in melts of individual
epoxy oligomers and their mixtures of different molecular weights are summarized.
The results on the concentration dependences of interdiffusion coefficients and partial
coefficients of self-diffusion and diffusion activation energies are presented for the
first time. The effect of end groups on the parameters of molecular weight depen-
dence of transfer coefficients of oligomers diffusion is described. In the investigated
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molecular weight range of Eos, there is a linear dependence of D — M? with b,
depending on the temperature: for T <433 K — b =24 and for 7T >433 K b =2.0.
This dependence differs from the previously obtained data for several polymer melts
at M < M, for which in the oligomeric region b < 2.

1.1 Introduction

It is known [1, 2] that the problem related to the influence of the molecular
weight (MW) and molecular weight distribution (MWR) of oligomers and poly-
mers on the translational mobility of their macromolecules has several solutions. The
simplest solution to this problem can be analyzed in the framework of the Einstein-
Stokes model. According to this model, the translational diffusion coefficient of any
molecule and macromolecule is unambiguously related to their geometric dimensions
R and friction coefficient by the following relation:

D=— 1
c (1

Usually, for spherical non-solvated molecules and ellipsoidal or wand-like
particles, it is written as
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respectively [3]. Here, k is the Boltzmann constant, v is the molar volume of the link,
Ny is the Avogadro number; 1o is the effective viscosity or microviscosity of the
matrix related to the local friction coefficient experienced by the moving molecule
in this or that diffusion medium; M is the molecular weight of diffusing molecules
or macromolecules; ¢ is the form factor, and x (p) is the function characterizing the
degree of particle asymmetry.

These relations are widely enough used in the practice of physicochemical
research. For example, in [4], monomer and solvent diffusion coefficients are used
to calculate the monomer friction coefficients of polymers and oligomers. In [2],
the MW of spherical, ellipsoidal, and bubble-shaped non-solvated particles is deter-
mined by Eq. (2) and the diffusion coefficient of macromolecules in a viscous solvent.
In [5], using the viscosity coefficients of oligomer melts, the values of their partial
diffusion coefficients are estimated using Eq. (1).

Therefore, it follows that if the diffusion process in a binary system in which
the molecules of component “1” are used as a diffusant, the effect of the molecular
weight of the oligomers that form the diffusion medium (let us denote it by index
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“2”) will manifest itself in the value of the diffusion coefficient through its monomer
friction coefficient, which, in turn, is related to the local mobility of the oligomer
chain fragments.

If the interdiffusion process is realized in another region of solutions, when
oligomers of different MW are the diffusant and another oligomer or polymer is
the diffusion medium, i.e., {; = const, ,, the influence of the MW of the oligomers
on (D3 (2 — 1)) is associated with a change in the contour length of the molecules,
on the one hand, and a change in their conformational state, on the other hand.

From this point of view, polymer self-diffusion ((Dj,)) takes a special place in
the study of translational mobility of macromolecules since two parameters simul-
taneously change when comparing diffusion coefficients of oligomers and polymers
of different MW: both the monomer friction coefficient and the size of the diffusing
molecule.

Thus, to characterize the influence of MW oligomers on their translational
mobility to the full extent, it is necessary to obtain detailed information on the
diffusion properties of oligomer solutions and melts: to describe the concentra-
tion and temperature dependences of interdiffusion and self-diffusion coefficients
and to determine activation energies characterizing elementary acts of motion of
macromolecule fragments and chains as a whole.

It should be noted that, at present, epoxide oligomer (EO) melts are most often
considered associative liquids, which naturally impose specific difficulties on the
interpretation of the experimental data. However, the nature of associates, the
morphology, the thermal stability, and the kinetic stability are still open. The data
obtained by methods of turbidity spectrum, NMR, light scattering, infrared spec-
troscopy, and viscometers are ambiguous and contradictory. First of all, it concerns
the results of rheological investigations, which are frequently used as basic infor-
mation for the formation of representations about the structural organization of EO
melts [5-8]. According to Aleman’s data [9, 10], viscous flow activation energy
(E,) of epoxy oligomers measured in the temperature interval from 400 to 450 K is
constant, £ = 130 kJ/mol, and slightly depends on the molecular mass of oligomers.
In [11, 12], the E,, was measured in a slightly larger temperature range from 350 to
450 K, decreases with increasing temperature from 90 to 45 kJ/mol, and changes
continuously with changes in the molecular weight of EO. In [13, 14], the extreme
dependence of E,, of the viscous flow with temperature was described. The ambiguity
of these results encourages researchers to continuously search for new information
on the properties of epoxy oligomers melts. In this connection in the present work,
we studied the self and mutual diffusion of epoxy oligomers in a wide range of
temperatures and molecular weights.
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1.2 Experimental Section

The article summarizes the results of research on epoxy oligomers of different brands:
domestic—ED-20, ED-40, ED-44, ED-49, and ED-5 and resins of foreign firms—
Epikote 1009—Shell (USA), Araldite GT 6610, Ciba (Switzerland), YD-128—Toto
Kasei Co. (Japan), and DER-664 by DAU Chemical. Along with individual EOs, their
mixtures were also studied. The molecular weights of oligomers were determined
by gel permeation chromatography (Table 1).

The self-diffusion coefficients of EO molecules were measured in the temperature
range from 353 to 483 K by NMR with a pulsed magnetic field gradient (IGMP
NMR), with a proton resonance frequency of 60 MHz and the amplitude of the
maximum magnetic field gradient of 56 Tl/m. A two-pulse stimulated echo sequence
technique was used in the range of diffusion times from 3 ms to 1 s [17, 18]. The
accuracy of the D* measurement was 10%.

Interdiffusion was studied by the optical wedge method on the ODA-2 interferom-
eter (IPC RAS Moscow, Russia). The measurement technique did not differ from the
traditional one [19, 20]. A higher molecular weight EO was placed in a wedge-shaped
capillary of a diffusion cell and brought into optical contact with the surface of metal-
ized quartz plates at 7 > T',. The assembled cell was placed in a thermostatted cuvette
preheated to the preset temperature. Then, the cell was filled with liquid oligomers.
The moment of contact of oligomers was observed visually on the monitor screen
and considered the beginning of the interdiffusion process. The resulting interference
pattern characterizing the concentration distribution profile in the interdiffusion zone
was used to plot the composition distribution curves and calculate the interdiffusion

Table 1 Characteristics of epoxy oligomers

EO M, My, Tg*, K |p, g/lem® |Epoxy grades™, % | Designation
DGEBA 340 340 - - 22-24 EO 1
YD-128 380 - - - 22-24 -
ED-20 390 420 255 1.197 20-22 EO2
ED-16 480 540 260 1.210 16.0-18.0 EO3
E40 600 - 275 1.245 12-16 EO4
E44 1770 | 2664 |313 1.242 6-8 EO5
E49 1860 |2500 |310 1.240 2.0-4.5 EO6
DER 2568 |3154 |323 1.242 2-3 EO7
Araldite 6610 | 3964 | 6665 |343 1.240 1.5-2 EO8
E-O5 2840 |3500 |340 1.237 1.8-2.8 EO9
Epikote 1009 | 3367 |7151 |344 1.238 1.3-2 EO10

* The glass transition temperatures of the oligomers were obtained by refractometry and DSC
methods [15]

** Epoxide numbers were determined by direct titration with hydrogen bromide (Durbetaki method)
[16]
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coefficients by the Matano-Boltzmann method. Microphotographs illustrating the
interdiffusion process are presented in Sects. 1.2 and 1.3.

1.3 About the Course of Mass Transfer Processes

A study of the self-diffusion process in melts of epoxy oligomers and their mixtures
has shown that two dependences of diffusion damping A — g? are observed for these
compounds: exponential and no exponential (Fig. 1). We observed the second, non-
exponential one, as a rule, for EO mixtures with bi- or polymodal MWR and, as a
consequence, a set of exponential modes with self-diffusion coefficients D}:

A= Z Piexp(—yngSZIdDi*) 4)

where P; is the population of components with self-diffusion coefficients D}

The no exponential course of diffusion damping was also described earlier in
[21-23]. The authors of these studies made various assumptions about the possible
reasons for this fact. For example, in [21], the no exponential form of diffusion
damping was attributed to the presence of macromolecule associations in EO melts,
which, as the authors believed, arise due to entanglements between macromolecules

Fig. 1 Magnetization lgA
amplitude dependence on the
magnetization field gradient
for EO-2 (1) and
EO-2/Epikote 1009 mixture
(2) at 413 K. The diffusion
time is 150 ms

2 4 6 8
g°x10"'cm/m?
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and have finite lifetimes. Other papers [22, 23] associated ¢ with molecular-mass
heterogeneity of industrial EO grades.

The analysis of experimental data on diffusion in binary epoxy systems, the
components of which differ from each other only by molecular masses, showed that
all the studied systems in the temperature range from T’y to Ty + 180 K, where the
Ty -transition temperature is also situated [13], belong to the systems with unlimited
mutual solubility of components. The spontaneous mixing of the epoxy oligomers
brought in contact follows the purely diffusive regularities; that is, each isoconcen-
tration plane situated inside the diffusion zone with respect to any reference system
(Hittorff, laboratory, mass-fixed, or volume-fixed) moves with a constant rate in the
X —t'/2 coordinate system, where X is the coordinate of the plane and ¢ is the obser-
vation time. It is of fundamental importance that the kinetic constants of the mixing
process are well reproduced when the figurative point of the system moves both up
and down the temperature scale. This means, first, that no changes in the molecular
weight characteristics of the components in the studied temperature range occur in
the EO melts during the process, in contrast to the effects in EO-elastomer systems
described in [24, 25]. Second, the associative nature of EO melts does not appear
in traditional diffusion experiments. This is possible when the diffusion relaxation
time of the local concentration gradient is longer or comparable to the lifetime of
associates of EO macromolecules.

1.4 Concentration Dependence of Diffusion Coefficients

Typical concentration dependences of interdiffusion coefficients Dy — ¢; for some
binary EO systems are shown in Figs. 2, 3 and 4. It can be seen that Dy — ¢,
dependences are uniform. The value of Dy changes smoothly and monotonically at
the transition from one component to another, i.e., from one limiting value of the
coefficient of interdiffusion Dy, = Dy at ¢; — 0, to another D,; = Dy at ¢; — 1.
Here, index “2” denotes a high-molecular-weight oligomer and index “1” denotes a
low-molecular-weight oligomer.

In this case, the difference in the values of the limiting diffusion coefficients
AD = 1g[D,/Dy;], characterizing the intensity of the change in the translational
mobility of molecules with composition, decreases from 2.0 at 353 K to 0.3 at
473 K. In some systems with close MW values of the components, the concentration
dependence of Dy degenerates.

Analysis of the effect of temperature on the character of the concentration depen-
dences of the interdiffusion coefficient in EO mixtures allowed us to distinguish two
temperature regions:

— (region I) T < 443 K, which is characterized by a marked increase in Dy with
a change in system composition,

— (region II) 443 < T < 503 K, where Dy weakly changes with a change in
concentration.
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Fig. 2 Concentration dependence of interdiffusion coefficients in the system EO-2/EO-4 (a) EO-
2/EO-9 (b) at temperatures 353 (1), 373 (2), 393 (3); 413 (4), 423 (5), 433 (6), 443 (7), 463 (8),
483 K (9), and 495 K (10)

Figure 4 shows the data for the case when the diffusion medium is the same
(Epikote 1009) and diffusants are different: DGEBA, ED-20, E40, and E44. As the
MW of the diffusant M increases or the M»/M ratio decreases (M, corresponds to
the molecular weight of EPIKOTE 1009), the concentration dependence of Dy (1)
degenerates against the background of a general decrease in the absolute values of
diffusion coefficient.

1.5 Temperature Dependence of Diffusion Coefficients

Notably, in the analysis of the experimental data on the self-diffusion coefficients of
melts, the translational mobility of molecules in ED melts, and mutual diffusion has
been studied in the temperature range, which covers the areas from the glass transition
temperature to the temperature above the ll-transition. Note that earlier measurements
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were performed only for some low-molecular-weight oligomers—ED-20, ED-16,
and DGEBA [26].

Figure 5 shows the temperature dependences of self-diffusion coefficients in the
coordinates of the Arrhenius equation:

D* = D*(0) exp(—E*/kT) (5)
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Fig. 5 Temperature IgD*, [cm?/s]
dependences of
self-diffusion coefficients of
EO: 1 and 1'—DGEBA,
2—ED-20 and YD-128,
3—E40, 4—FE44, 5—DER,
6—Araldite 6610,
7—Epikote 1009

where E* is the apparent activation energy of self-diffusion.

One can see that the coefficient values for EO-2 and YD-128 coincide since their
molecular masses have close values, while for DGEBA, they lie below the D* values
of the oligomers whose mass is greater than that of DGEBA. For comparison, the
dotted line shows the D* values of DGEBA extracted from [19]. It can be seen that
these values are close to those obtained by us.

The self-diffusion coefficients of EO decrease with increasing molecular weight
over the entire temperature range. The intensity of the decrease is different for temper-
atures near T, and Ty. For all epoxy oligomers, the Arrhenius dependences can be
approximated by two linear (first approximation) sections characterized by different
slope angles, E* and E**. The first section corresponds to the temperature range from
353 to 423-433 K (E*) and the second from 433 to 493 K (E**). It should be noted
that the breakpoint temperature (7 433 K) is close to the ll-transition temperature
in epoxy oligomers identified by infrared spectroscopy and relaxation spectrometry
[28].

This character of the dependence is reproduced by repeated cycles of “rise and
fall” temperature. Special experiments have shown that the appearance of a kink
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Table 2 Activation energy of self-diffusion EO

EO 1gM, Activation energy of 1gD*, [cm?/s] at Ty
self-diffusion, kJ/mol
DGEBA 2.53 48.5 28.4 -10.90
ED-20 2.62 46.8 19.2 -10.90
YD-128 2.62 46.8 19.2 -10.90
ED-40 2.78 74.4 19.6 -10.80
ED-44 3.43 85.3 21.7 -11.20
DER 3.50 100.7 24.7 -11.10
Araldite 6610 3.82 85.7 £ 13.1 23.8 -10.80
Epikote 1009 3.85 857+ 13.1 19.2 -10.95

in the IgD* — 1/ T dependence is associated neither with chemical reactions (self-
crosslinking), which could take place at high temperature nor with polymer degrada-
tion. On the one hand, this was confirmed by refractometric studies [29] and, on the
other hand, by gel chromatography data. The chromatograms of epoxy compounds
preheated at 473 K coincide with those obtained for EO not subjected to heat treat-
ment. In addition, according to DTA data, thermal decomposition of EO is observed
at temperatures above 573 K.

Table 2 and Fig. 6 present the values of activation energy calculated from the
dependence [g D* — 1/ T for each of the indicated temperature intervals. The values
of D* (Tg) obtained by extrapolation of the first part of this dependence to T, are also
given there. It can be seen that D* (Tg) are quite close for all EO regardless of their
molecular weight and, on average, reach ~12 x 107! cm?/s.

For most of the systems studied, with the exception of those cases where the
diffusion media were DGEBA and ED-20, a single trend of changes in the DE
diffusion coefficients with temperature is observed (Fig. 7).

1.6 Interdiffusion of Epoxy Oligomers

For most investigated systems, except for the cases when the diffusion media were
DGEBA and ED-20, the same tendency of changes of DE diffusion coefficients
with temperature was observed. It can be seen that the temperature dependence of
the limiting interdiffusion coefficient D, can also be approximated by two linear
sections characterized by different slope angles, namely E; (correlation coefficient
0.98) and Ey (correlation coefficient 0.96). As in the case of self-diffusion, the
first section corresponds to the temperature region 353—433 K and the second to the
interval 455-493 K. It should be noted that the position of the kink in the temperature
dependences on the coefficient of interdiffusion of EO (455 K) is also close to the
temperature of T -transition in EO (433 K), that is, this temperature does not depend
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on the way of measuring the translational mobility of oligomers but is a characteristic
value of the matrix in which mass transfer occurs.

Numerical values of apparent activation energies Ey and Ey are given in Table
3. Their concentration dependence is shown in Fig. 8. For all systems, regardless of
the EO being a diffusant, Ey > Ey;. In this case, if the Ej value depends on concen-
tration and occupies an intermediate position between the activation energies of
self-diffusion of components Ey < E1 < E*),, then EYy is practically independent of
the co-stock and satisfies the condition Eyf = E*|; = E*y,.

Figure 8 shows that E7, as E*, is a function of the molecular weight of the diffusion
medium, increasing slightly in the transition from ED-20 to EPIKOTE 1009. For Ey;,
this dependence is weakly expressed.

A comparison of the activation energies of Eyy translational mobility with the acti-
vation energies characterizing the segmental and group mobility of oligomer macro-
molecules showed that it is close to the activation energy and «-transitions ~71.06
and 50.16 kJ/mol, respectively, and agrees with the activation energy—transitions
~16.72 kJ/mol [30]. It means that in the temperature range 7 < 438 K, large-scale
motions of macromolecule fragments forming the diffusion medium are respon-
sible for the translational mobility of epoxy oligomers molecules. At T > 433 K—
small-scale movements of macromolecule fragments and monomer units (CH;—,
OH-groups).

It appears that such a temperature dependence of diffusion coefficients in ED melts
is related to the formation of “hole vacancies” of extended sizes in diffusion media at
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Fig. 7 Temperature dependences of the limiting coefficient of interdiffusion of EO-2 a in matrices
EO-5 (1), EO-6 (2), EO-8 (3), and EO-9 (4); and b marginal coefficient of interdiffusion of oligomers
of EO-5 (1), EO-6 (2), EO-8 (3), and EO-9 (4) in the matrix EO-2

Table 3 Interdiffusion activation energy in epoxy oligomers

EO E 12, kJ/mol E»y, kJ/mol

T<Ty T>Ty T<Ty T>Ty
ED-44 62.2 24.0 43.1 22.0
ED-49 72.3 24.8 41.9 23.0
Araldite 6610 75.2 26.5 40.5 23.5
Epikote 1009 74.5 26.4 425 24.4

E1p,—activation energy of diffusion of ED-20 into oligomers; E>1—activation energy of oligomers
diffusion into ED-20

high temperatures (T'¢ + 150) in the so-called free volume flicker clusters whose life-
time exceeds the time of the diffusion jump of the oligomer molecule (displacement
of its center of gravity). Obviously, under these conditions, the contribution to the
activation energy of the work of micro-cavity formation becomes minimal, and the
value of the activation energy is determined only by the energy costs associated with
overcoming the intermolecular interaction and the friction forces in the movement
of the molecule along the surface of the free volume cluster. At low temperatures
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(T < Ty), the main contribution to the mechanism of translational motion of EO
molecules in melts is related to the formation of micro-cavity of necessary size near
them.

1.7 The Influence of the Molecular Weight of Oligomers

According to the existing theories of translational mobility of macromolecules [18,
19], two groups of systems are distinguished when considering the dependence of
self-diffusion coefficients on molecular mass. The first refers to monodisperse or
close to monodisperse melts, while the second group refers to systems with a broad
molecular-mass distribution. For the first group of systems for which the theoretical
analysis is described in [24, 25], the relations D* = M “latM <My and D* = M2
atM > M ;. M, is the critical molecular mass at which a net of physical links between
macromolecules develops.

However, the results of experimental studies are different. For example, D* =
M 17 was obtained for PEG and PDMS in [3], and both D* = M~! and D* = M~27
were found for polystyrene melts [3]. A detailed analysis of the molecular weight
dependence of the self-diffusion coefficient of PEG melts is given in a monograph
[32]. According to these authors, the dependence of D* on M, has two characteristic
regions and is described by the relation D* = M, b where b ~ 1 for M,, < 10° and
b~2for M, >3 x 10%.
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The systematic experimental investigations have not been practically carried out
for the second group of systems, though these systems are of the most significant
interest. There are only separate attempts to analyze the translational mobility of these
systems within the concept of the self-diffusion and cooperative diffusion coefficient
spectra [32, 33].

Before proceeding to the analysis of the diffusion characteristics of EO with
different molecular weight distributions, we note that we will refer to the data on
the diffusion of individual EO to their weight-average molecular weight M, and we
will choose the equation as the basis for their relationship with the translational mass
transfer coefficients:

D* = DyM’ (6)

where Dy is the diffusion coefficient corresponding to the diffusion coefficient
of the monomer. In works [1-3], Dy is identified with diffusion coefficients of
“monomer,” “segment in diffusion medium,” “monomer friction coefficient,” and
friction coefficient of blob with the environment.

The complex nature of the temperature dependence of the self-diffusion coef-
ficients of epoxy oligomers required the analysis of the dependence of D* — M,,
for different temperatures. The following intervals were chosen: 7' <433 K (393 K,
413 K) and T > 433 K (453, 473 K).

It has been established (Fig. 9) that in the investigated range of molecular
masses, linear dependence of gD — 1gM,, (the correlation coefficient is 0.97) with
a temperature-dependent slope: for 7 <433 Kb =24, and for T > 433 Kb = 2.0
really takes place. This clearly differs from the data obtained earlier for a number of
polymer melts at M < M, for which, in the oligomeric region, b < 2.

9

IgD, sm?/s (@ IgD, sm%/s ®)

—6

T T T T T
33 v, 41 25 33 gM, 41

Fig. 9 Dependence of the limiting coefficients of interdiffusion (1-3) and self-diffusion (4) on the
molecular weight of EO. T = 393 K (a) and 493 K (b). The arrows indicate the self-diffusion
coefficients and the MW of the oligomers forming the diffusion media
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It should be noted that, for epoxide oligomers, in this temperature interval, one can
observe anomalies in the dependence of Newton viscosity on the molecular weight:
b varies from 2.7 (403 K) to 3.5 (343 K).

Figure 9 shows some dependences of Dj; on the molecular mass M; of EO diffusing
into the medium of EO with a constant molecular mass ;. Three cases are given:
when the MW of the diffusing molecules is less than the MW of the diffusing medium
(M; < Mj); when M; > M; and when the M of the diffusing medium is within the MW
interval corresponding to the homologous series of diffusing EO molecules. Itis seen
that for all cases at different temperatures, the experimental points in the coordinates
lie on straight lines (the correlation coefficient is 0.98), crossing the dependences at
the points corresponding to the MW and self-diffusion coefficient of EO molecules
that compose the diffusion medium (arrows mark these points in Fig. 9).

The exponent of Eq. (6), the value of which is commonly used to determine the
diffusion mechanism [31, 34, 35], varies in the rather narrow range of 0.90 £ 0.06.
Importantly, it does not depend on temperature, in contrast to the factor b calculated
from self-diffusion data. This means that the M multiplier in Eq. (6) is really a
structural characteristic of diffusing unchained molecules, whose mono-dimensional
friction coefficient is determined by Dy.

We experimentally determined the multiplier Dy as the limiting diffusion coeffi-
cient of ED-20. Dependences of Dy on MW of EO molecules forming the diffusion
medium M, are shown in Fig. 10. As M, increases, the monomeric diffusion coef-
ficient decreases, asymptotically approaching some constant value of Dy, = D at
M. — oo. This type of Dy — M., dependence is observed at all temperatures and
for any other diffusant. The specificity of each diffusant is evident in the values of
Dy and M.,. Thus, for ED-20, itis 1 x 10, for dibutyl phthalate M., =7 x 103, for
cyclohexanone—6 x 10°.

Experimental dependences Dy — M., at degrees of polymerization of epoxy
oligomer N > 5 are satisfactorily described by the empirical equation

Fig. 10 The dependence of gD [cm?/s]
the diffusion coefficients of

EO-2 (1-4) in epoxy °

oligomers on the MW of the

oligomer medium. 7' =

393K (1),433 K (2),443 K O

(3), and 494 K (4) 4
3 _
2
1

25 33 4.1 M
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Fig. 11 Dependence of diffusion coefficients of EO-2 in epoxy oligomers on their degree of
polymerization in the coordinates of Eq. (7). T =393 K (1), 433 K (2), and 494 K (3)
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where k is a constant (Fig. 11). We used these dependences in determining Dyuo.
In the whole range of polymerization degrees (), the dependences Dy — M., are
described by the equation:

Do\ 23fs 2
lg— | =" 42y 8
<gD000> B | Ba ®

[ 18 the free volume fraction of EO at M — o0, B is a constant close to unity; a is a
constant related to the local free volume of links and end groups of macromolecules).
Note that the coefficient of thermal expansion of the free volume of polyhydroxy
ethers calculated (under assumption B = 1) along the segments f,,/B, segmented
by straight lines on the ordinate axis, is (5 & 0.1) x 10 and is close to the standard
value of 4.8 x 107 [2, 4].

Thus, the presented experimental material clearly shows that the monomeric diffu-
sion coefficient (friction) Dy depends on the MW of the diffusion medium. It is
obvious that this effect should be taken into account when interpreting the depen-
dence of the self-diffusion coefficient on MW. Therefore, it can be stated that Eq. (8)
is valid for the analysis of translational mobility of unchained macromolecules only
when the MW of diffusing molecules changes and the MW of macromolecules
forming the diffusion medium remains unchanged. Probably, in this case, it can be
assumed that for unchained molecules b = 1.

When describing self-diffusion in oligomer melts, relation (7) should be written
in the form:

D = Dy(M)-M~" ©)
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which takes into account explicitly the contribution to the self-diffusion coefficient
made by end groups, whose concentration continuously changes during the transition
from one polymer homologue to another.

1.8 Conclusion

Coefficients of mutual and self-diffusion of epoxy oligomers of different molecular
weights were determined by NMR spectroscopy (spin-echo) and optical interferom-
etry. The dependences of diffusion coefficients on temperature and concentration of
binary systems are presented. It was found for the first time that for all EO, the Arrhe-
nius temperature dependences of the coefficients of the self and interdiffusion can
be approximated by two linear sections characterized by different activation ener-
gies—E7 and Eyy. The first section corresponds to the temperature range from 353 to
423-433 K, and the second from 433 to 493 K. The kink temperature (7* = 433 K)
of the Arrhenius temperature dependences is close to the temperature 11-transition of
EO identified by infrared spectroscopy and relaxation spectrometry.

It has been established that in the investigated range of molecular masses there
is a linear dependence D = M” with a temperature-dependent slope angle: for T <
433 K-b =24, andfor T >433 K—b = 2.0. This clearly differs from the previously
obtained data for a number of polymer melts at M < M., for which in the oligomeric
region b < 2.

2 Epoxy-Amine Adducts as Model Systems
for Investigation of Curing Processes of Epoxy Oligomers

A method for studying the process of obtaining polymer composite materials through
the use of special objects—adducts, partially cured epoxy resins—is proposed. The
paper describes the method of obtaining adducts on the basis of industrial epoxy resin
ED-20 and curing agent—diaminodiphenylsulfone. Preliminary studies have estab-
lished the mutual solubility of these components, the rate of their mutual mixing,
and the temperature range of the chemical reaction. The dependence of the molec-
ular weight characteristics of the obtained adducts on the degree of conversion as
well as their glass transition temperatures was traced. The obtained adducts were
combined with thermoplastics—polyetherimide and polymethylmethacrylate—and
the mixing processes were observed by optical interferometry. The evolution of phase
state diagrams of thermoplastic-reactoplastic mixtures and changes in interdiffusion
coefficients in these systems during the chemical curing reaction were traced in this
work.
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2.1 Introduction

At the present time, many methods of obtaining materials based on epoxy resins
with self-healing properties have been described in the literature. At the same time,
the recovery process of the epoxy matrix after a crack has sprouted in it can occur
by different mechanisms, for example, both thorough wetting of the fracture surface
by the adhesive released from the previously introduced microcapsules and through
the realization of complex chemical reactions or interdiffusion processes between
the composite material components [36—44]. In the latter case, a number of diffi-
culties arise for the study since the mass transfer processes take place practically
in the matrix, which is in the glassy state. In our opinion, this complexity can be
circumvented by investigating the behavior of the system during the chemical curing
reaction at different stages.

One of the effective experimental approaches allows to study of the change of
translational mobility of components during curing (formation of the spatial mesh
of reactoplastic), tracing the evolution of boundary curves of the phase diagram,
and evaluating the kinetics and mechanism of mutual diffusion, and solubility at
different stages of structure formation is related to the study of mass transfer in the
epoxy oligomer adducts (aER)—thermoplastics systems. It is assumed that a set of
adducts with different conversion rates («) allows adequate modeling of the process
of formation of spatially cross-linked structures of composite binders at different
stages of the reactoplastic curing process.

In the present work, we summarize the results of our studies of the kinetics of
hardener dissolution in a dian epoxy oligomer; the partial translational diffusion
coefficients are determined and their changes with changes in the oligomer curing
degree are traced; the apparent activation energies of interdiffusion are calculated.
Note that in our experiments, thermoplastics act as macromolecular probes whose
partial mass transfer coefficients will make it possible to estimate the influence of the
parameters of the spatially cross-linked structures on their translational migration in
oligomer solutions at different curing stages.

2.2 Objects and Methods of Research

The following objects were used as objects of research: ED-20 dian epoxy resin
(M, =380 g/mol), curing agent—diaminodiphenylsulfone (DADPS), thermoplastic
polymers: polyetherimide (PEI, Ultem 1000, M, = 62,000 g/mol) and polymethyl-
methacrylate (PMMA, Aldrich, M,, = 996,000 g/mol); epoxy oligomer adducts
(aER) of various degrees of conversion ().

When synthesizing adducts with different degrees of conversion of epoxy groups,
the ratio of the component oligomers: hardener was taken as a multiple of the stoi-
chiometric ratio 10:3 by mass [16]. So, for an adduct corresponding to the conver-
sion degree @ = 0.1, for 100 mass parts of the oligomer, there were 3 mass parts
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of the hardener, for « = 0.2 — 6 mass parts, etc. After the components were
combined and thoroughly mixed, the mixtures were heated and thermostatted for
6 h at 453 K. The complete conversion of reactive groups during the curing reaction
was confirmed by infrared spectroscopy. Preliminary measurements by differen-
tial scanning calorimetry (Netzsch Phoenix DCS 204F1) determined the optimum
temperature interval for curing EO (433-453 K), selected high-temperature curing
agent DADPS (Fig. 12).

It was assumed that each of the epoxy groups of the oligomer would react with the
terminal-NH, DADPS (Fig. 13), the amount of which is sufficient to form, eventually,
a continuous network of chemical bonds in the mixture.

The content of epoxy and amine groups during the curing of each adduct was
determined by infrared spectroscopy in the frequency range of 400-4000 cm™' using

Fig. 12 Curing thermogram e P
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an IFS 66v Fourier infrared spectrophotometer with a high-temperature cell. After
careful mixing of the components, the compositions were applied to a KBr tablet,
which was covered with the same tablet on top, thus forming an adduct layer with
a thickness of ~20 pwm. The tablets were placed in the spectrometer cell holder,
and IR spectra were recorded at curing temperature every 15 min. The spectra were
processed using a standard OPUS program. The main absorption bands, the intensity
of which changes during curing, are the broad band of valence vibrations of hydroxyl
groups in the region of 3200-3700 cm™!, and bands of strain vibrations of the epoxy
cycle and primary amino groups in the regions of 880-950 cm™' and 1629 cm™!,
respectively. Absorption bands [45] at 1510 cm™ and 1374 cm™, caused by valent
vibrations of the >C=C< bond in the aromatic ring and strain vibrations of methyl
groups at the carbon atom, respectively, were used as “internal standards.” Based
on the values of the optical density of the epoxide group absorption bands and the
“internal standards” in accordance with the Lambert—Beer law, the concentrations
of epoxide groups in the curing amino-epoxide compositions were calculated.

Molecular weight characteristics of aER were determined by gel permeation chro-
matography. The samples of epoxy oligomers and oligomer adducts were analyzed
on a Waters (USA) high-pressure gel chromatograph with a 264 nm UV detector and
Styragel HR 4E columns 300 mm long and 7.8 mm in diameter. Tetrahydrofuran
was used as the solvent. The elution rate was 1 ml/min, polymer concentration in the
solvent was 1 mg/ml, and the sample volume was 10 pl. Column and injector ther-
mostat temperature was set to 298 K. Calibration of the chromatographic system was
carried out with reference polystyrene samples from “Waters” company, which have
monodisperse molecular weight distribution (M /M, = 1.03). Samples of reference
polystyrene and the analyzed polymer were dissolved in THF at room temperature
and then transferred to the injector of the chromatograph.

Figure 14 shows a typical chromatogram of the initial epoxy oligomer ED-20.
It can be seen that it is formally polymodal. On the chromatogram, at least three
molecular fractions Al, A2, and A3 can be distinguished. However, the proportion
of fractions A2 and A3 is small, so processing the chromatogram by standard methods
gives the value of the molecular weight distribution equal to 1.09, which allows us
to refer to the oligomer chosen for the study as monodisperse.

Fig. 14 The molecular Weight fraction A
weight distribution of ED-20 ‘
epoxy oligomer
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Fig. 15 Molecular weight characteristics of aER. Conversion degrees a: a 0, b 0.05, ¢ 0.10, d 0.20,
e 0.30

The chromatograms of the synthesized adducts are shown in Fig. 15. We can see
that the number and proportion of peaks falling on higher molecular weight fractions
increase with growth ¢, i.e., the polydispersity of the adducts increases. At the same
time, peaks corresponding to initial oligomer fractions decrease both in intensity and
area, indicating a decrease in the number of initial epoxy units. It was found that the
growing peaks correspond to MW multiples of the initial oligomer MW.

At low conversion rates (o < 0.30), an increase in the MW of the initial oligomer
occurred due to the reaction of attachment of the hardener molecules and lengthening
of the MW of the initial oligomer (Fig. 13). At higher (@ > 0.35), the formation
of the so-called microgel structures occurred, and the appearance of which was
accompanied by an increase in pressure of the elution solution when feeding it into
the chromatographic column, which did not allow us to obtain correct information
on the MW aER in this way (Fig. 16).

Additional information on the evolution of the molecular weight characteristics
of the adducts was obtained by chromatogram decomposition in the ORIDGEN 7
program. It was found that the content of the monomeric fraction of EE in the adduct
decreased from 76 to 25 wt%, the dimer from 14 to 6 wt%. Whereas the tetramer
content in aER with a conversion rate of 0.1 reaches 24 wt%. It is interesting to note
that the tetramer content in samples with conversion rates of 0.1-0.3 changes little,
whereas, in the adducts, the share of molecular fractions with M = 3150 appears
and grows. The greatest changes in molecular weight characteristics occur at o >
0.3. It is under these conditions that microgels and mesh fragment particles appear.
In Fig. 16, this state of the adducts, which can be called transitional, is indicated
by the dotted line. A further increase in the content of the hardener in the mixtures
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Fig. 16 Dependence of the
average molecular weight of
aER on the degree of
conversion. Region I
corresponds to the formation
of long-branched
macromolecules of aER, and
region II corresponds to the
formation of microgel
particles

11

0.4 o

and, consequently, the degree of conversion led to the formation of a high-molecular-
weight “tail” in the chromatograms as a result of the reaction of copolymerization
of di- and trimers.

Additional information about the MW of the adducts of various degrees of
hardening, including o > 0.35, was obtained using their glass transition temper-
atures, which were determined by DSC. Figure 17 shows typical thermograms of
the temperature dependences of the heat capacity of aERs in their glass transition
region.

It can be seen that the Cp-T dependences A are S-shaped, and the aER glass
transition temperature increases and reaches its maximum value at a sharp o — 1.
Increase in the glass transition temperature (Fig. 18) is associated with the formation
of a spatial bonding network. For this area of adducts, the MW aER value calculated
from the Nielsen equation [46] characterizes the value of the molecular mass of the
reactant between the nodes of the mesh (see Table 4).

Fig. 17 DSC thermograms
of the adducts. Conversion
degrees a: ED-20—0% (1),
0.2 (2),0.6 (3), and
stoichiometric component
ratio (4)
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Fig. 18 Dependence of the TE K
glass transition temperature 390 | {
of aER-DADPS on the
degree of conversion
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Table 4 Comparative MW o GPC

values of adducts of epoxy

oligomers M, My MMW
0.1 495 997 2.01
0.2 672 2034 3.02
0.3 908 3918 4.31

Subsequently, these values of the molecular weight characteristics of the adducts
were used to analyze the behavior of polymer-oligomer mixtures at various stages
of the chemical curing reaction.

To study solubility, interdiffusion, and construction of phase diagrams in binary
systems thermoplastic-ER and thermoplastic-aER, we used the optical wedge inter-
ferometer ODA-2 method (IPC RAS). The methodology of the experiments did not
differ from the traditional one [19]. A pre-pressed thermoplastic film was placed
inside the interference cell, heated in a thermal furnace to a temperature higher
than the thermoplastic glass transition temperature, and brought into optical contact
with the surface of glass plates of the wedge capillary. After the assembled cell
was thermostatted at the experimental temperature, a diffusant (epoxy oligomer or
adduct) was introduced into the wedge gap between the plates. The moment of contact
between the components was observed visually on the monitor screen and was taken
as the beginning of the interdiffusion process. Interferograms of interdiffusion zones
were recorded periodically at intervals of ~110 min depending on the diffusion rate
and resolution of interference fringes. Studies of interdiffusion were carried out in
isothermal mode. For plotting phase state diagrams, a step mode of temperature rise
and fall with step 20/30 K in the temperature range 293-553 K was used. At each
stage, the system was thermostatted from 20 to 60 min, depending on its lability.
The concentration distribution profiles obtained by the Matano-Boltzmann method
were used to calculate the interdiffusion coefficients; the positions of points on the
binodal curves of the phase state diagrams were determined by concentration jumps
at the interphase boundaries.
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Phase and relaxation transition temperatures in homopolymers and decomposition
temperatures were obtained by differential scanning calorimetry (Netzsch Phoenix
DCS 204F1) at scanning speeds of 10 K/min.

2.3 Phase Equilibrium and Interdiffusion in the Epoxy
Oligomer-Curing Agent System

In the production technology of composite materials based on thermosetting binders,
the correct choice of temperature-time homogenization mode of the epoxy-hardener
mixture and curing parameters of the composition is of great importance [26]. Natu-
rally, it is of interest to determine under what conditions the dissolution process of
hardener particles in the oligomer melt occurs and what kinetic constants describe
this process.

The figure shows typical interferograms obtained by combining ER with DADPS
both in the isothermal holding mode, used to obtain data on mass transfer processes
(Fig. 19). The step heating/cooling mode is used to build a phase state diagram (PSD)
of the system. It was found that the phase equilibrium of the ER/DADPS system is
characterized by a phase state diagram with crystalline equilibrium (Fig. 20). In
accordance with the obtained data at low temperature, there is a partial dissolution
of DADPS. In this case, near the crystal surface, the concentration of the saturated
solution is established, which changes with temperature. At T > T, (Fig. 20b), the
system is homogenized. The interferograms of the interdiffusion zone are charac-
terized by a continuous change in the refractive index in the transition from one
component to another.

Along with the component’s dissolution in the diffusion zone at elevated temper-
atures, the curing reaction of ED-20 proceeds, manifested in the interferograms by

Fig. 19 Phase state diagram T.K
of the ED-20—DADPS 440
system. Areas I, II, and III
are the true solution-melt,
crystalline state of DADPS,
and chemical reaction,
respectively. The diagram
was constructed according to
the compositions of 360
coexisting phases established

near the phase boundary

(Fig. 20), determined by the 320 -
interferometric method

400 -

280 : .
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Fig. 20 Interferograms of interdiffusion zones of the DADPS—ED-20 system at temperatures: a
363 K (T < T), b and ¢ 453 K (explanations in the text)

thickening the interference bands in the mixing region and an increase in the total
number of bands in the system (Fig. 20c). We were able to identify two states of the
system, which are characterized by different kinetic parameters of the diffusion of
the ingredients (Fig. 21). At the initial part of the mixing process, a linear dependence
of the position of the isoconcentration planes coordinate X on time #'/? is observed,
indicating a diffusion mechanism of mixing. In the course of further mass-exchange
processes, transfer rates slow down due to copolymerization of the components,
growth of the molecular weight of oligomers, and then practically stop due to the
formation of a network of spatial bonds, which is reflected in the change in the slope
angles of the dependencies X — '/,

Fig. 21 Kinetic R
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Fig. 22 Temperature lnD\., [Cm:,Jf s]
dependences of coefficients 13 4
of mutual diffusion of ¥
DADPS in ER (1) and ER in
DADPS (2)
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The calculated values of diffusion coefficients for the extreme concentrations of
the systems (dissolution of DADPS in ER and ER in DADPS) are shown in Fig. 22.
The apparent activation energies calculated from the values presented are 24.1 and
92.8 kJ/mol for the diffusion of DADPS into ER and ER into DADPS, respectively.

Thus, it can be argued that the dissolution kinetics of DADPS in ER obeys diffusion
patterns up to the temperature of the beginning of the chemical reaction of the epoxy
oligomer curing.

2.4 Phase Equilibria and Interdiffusion in Adducts of Epoxy
Oligomers

Figure 23 shows typical interferograms illustrating the spontaneous formation of
interdiffusion zones during conjugation of thermoplastics with aERs of different
compositions. It was found that at low degrees of conversion, o < 0.15, which corre-
sponds to the initial stages of curing of epoxy oligomers, in the whole temperature-
concentration range, the blends are homogeneous at any ratio of components despite
the gradient nature of compositions distribution.

As the degree of conversion increases, which is identical to the increase in the
molecular weight of oligomers and the formation of branched molecular structures,
the same structural and morphological changes are observed in all systems, regard-
less of the nature of the homopolymer monomer links. Starting from a certain degree
of transformation of epoxy groups in the diffusion zone, enriched with aER, a
phase boundary appears, separating the areas of dissolution of the adduct in the
thermoplastic and thermoplastic in the adduct.

Increasing the degree of curing leads, on the one hand, to the formation of a
phase boundary in the region of more concentrated solutions (Fig. 24b) for both
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Fig. 23 Interferograms of interdiffusion zones at 453 K of the PMMA—aER system o = 0.1
(a) and a = 0.2 (b), where I is the interdiffusion zone, P is the phase boundary

PEI and aER, and, on the other hand, to a shift in the homogenization temperature
(binodal dome) to a higher temperature region. Note that for such systems, two optical
boundaries are identified on the concentration distribution profile.

The moment of phase boundary formation was most clearly recorded in the PEI-
aER system. It was found that regardless of how the interdiffusion process was orga-
nized—under isothermal conditions, stepwise increase and/or decrease in tempera-
ture, as the temperature approached 373 K in the mixture of PEI with aER in the
diffusion zone enriched with adduct (o« = 0.1), a phase boundary appeared (Fig. 24),
separating the regions of aER solutions in PEI from aER solutions of PEI. As the
temperature increases, the phase boundary degenerates, and the diffusion gradient

200 um 200 um
c d

Fig. 24 Interferograms of interdiffusion zones at 293 K (a, ¢) and 493 K (b, d) of the PEI-aER
system: « = 0.1 (a, b), (0.2 ¢, d), where 1 is the interdiffusion zone, P is the phase boundary, O is
the optical boundary
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Fig. 25 Interferograms of interdiffusion zones at 373 K of the PEI-aER system « = 0.1 (a) and
at 408 K o = 0.2 (b), where O is the optical boundary, I is the interdiffusion zone, P is the phase
boundary

zone is again in the single-phase region. This means that the epoxy oligomer does
not form a continuous network of spatial bonds at this degree of curing (Fig. 25).

It should be noted that in the PEI-aER system up to a conversion degree of
0.3, the formation and dissolution of heterogeneous structures occur as a result of
cyclic cooling and heating, while starting from « > 0.35, a network of chemical
bonds is formed in the aER, which prevents dissolution of thermoplastic in aER and
promotes swelling of the adduct. Fundamental changes in the PEI-aER system occur
for adducts with « > 0.3. In this case, a phase boundary is formed, and the solubilities
of PEI in aER and aER in PEI decrease sharply. Nevertheless, the composition
distribution profiles in the interdiffusion zone are reproduced in the heating—cooling
cycles. At o > 0.35, a network of chemical bonds is formed in the ER adduct, which
prevents the dissolution of thermoplastic macromolecules in the epoxy polymer. The
sol fraction of the adduct continues to dissolve in PEL

Note that the processes of interdiffusion in partially cured epoxy oligomers have
a common character both with thermoplastics and linear oligomers, solvents, and
plasticizers. Specificity is observed only in quantitative values of diffusion constants
and compositions of coexisting phases.

Thus, in all of the systems studied, partial compatibility of the components occurs
mainly due to the dissolution of the adduct fraction in the thermoplastic, while the
solubility of the thermoplastic in aER is negligible. Note that this information is of
fundamental importance when modifying epoxy oligomers with thermoplastics and
thermoplastics with epoxy resins. An increase in the degree of conversion leads to
an expansion of the heterogeneous region, mainly due to a decrease in the solubility
of the adduct in the thermoplastic and a decrease in the sol fraction in the epoxy
polymer composition.

We should add to the above that in the mixtures of epoxy oligomer adducts with
thermoplastics, the movement of isoconcentration planes occurred by the diffusion
mechanism in strict accordance with the law X — ¢'? (Fig. 26).

Binodal curves of phase state diagrams of systems for adducts with different
degrees of conversion of epoxy groups were plotted according to the compositions
of coexisting phases (Figs. 27 and 28). It can be seen that all partially cured mixtures
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Fig. 26 Kinetics of motion X, um

of the PEI front in aER (I)
and aER in PEI (II) o: —0.2
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are characterized by amorphous stratification diagrams. The increase in solubility
with increasing temperature allows them to be attributed to the class of systems with
UCST. It was experimentally possible to fix UCST directly only in the PEI-aER
system at conversion degrees 0.1 and 0.2.

As was shown earlier, as the degree of conversion; hence the molecular weight of
the adduct increases, the mutual solubility of polymers deteriorates mainly due to a
decrease in the solubility of aER in the thermoplastic. This fact is clearly illustrated
by isothermal cross-sections of phase state diagrams. In this case, the two-phase state
regions of polymer mixtures are within the zone bounded by solubility isotherms.
Extrapolation of these dependences to o« — 1 shows that the system disintegrates
into coexisting phases with compositions close to the pure components when fully
solidified (Fig. 29). The dome of solubility isotherms, to which the critical parame-
ters correspond (critical concentration and degree of conversion and, consequently,
molecular weight at a particular temperature) is constructed taking into account
that the initial systems are either completely compatible, as in the case of PMMA

Fig. 27 Phase state TEK % |
diagrams of the PEI-aER \
system during curing of X I
ED-20. (1, 2)—binodal \
curves at different stages of \

. . 380 -
the curing reaction. \
Conversion degree: 1—0.1, \
2—0.2, the dashed line
shows glass transition \
temperature of PEI-aER I \
mixtures. Areas in the 340 - \
diagram: I—homogeneous, \ II
II—heterogeneous,
Il—vitrified

(]

300 : . : :
PEI 02 04406 08 aER
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Fig. 28 Phase state diagrams of PMMA-aER system during curing of ED-20. (1, 2)—binodal
curves at different stages of the curing reaction. Conversion degree: 1—0.2, 2—0.3, the temperature
of glass transition of PMMA—-aER mixtures is shown with a dashed line. Areas in the diagram: I—
homogeneous, II—heterogeneous, III—vitrified, [IV—zone of thermodegradation of components

mixtures, or partially compatible as in the mixture of PEI with initial ER, where
already at 293 K phase boundary formation was observed.

Figures 30, 31 and 32 show the concentration dependences of the mutual diffu-
sion coefficients for mixtures of PEI and PMMA with aER of various degrees of
conversion. For comparison, the concentration dependences of diffusion coefficients
corresponding to the systems with initial linear oligomers are plotted.

One can see that the general tendency of change of interdiffusion coefficients
with composition in spatially cross-linked systems is similar to linear solutions of
oligomers and thermoplastics. All concentration curves D, — ¢ are convex, and the
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Fig. 30 Concentration II‘ID\_., [cmgs’ s] T, K
dependences of
interdiffusion coefficients =T 1
(1-3) of the PEI-aER system 470
at 453 K, where 1
corresponds to the initial ER,
and 2 and 3 to ER adducts 9 4 - 420
with ¢ = 0.1 and 0.2
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Fig. 31 Concentration
dependences of
interdiffusion coefficients
(1-4) of the PMMA-aER
system at 453 K, where 1
corresponds to the initial
aER, and 2, 3, and 4 to the
ER adducts with @ = 0.1,
0.2, and 0.3, respectively

-11.5 L = = 3 : + 270
PMMA 0.2 0'4(P 06 08 4ER

values of interdiffusion coefficients change smoothly with a change in the compo-
sition of solutions. As the degree of conversion increases, the absolute values of
interdiffusion coefficients in the region of true solutions of the diagram decrease. It is
interesting to note that the transition from linear oligomers to spatially cross-linked
adducts at @ > 0.35 is accompanied by a decrease in their translational diffusion
coefficients by 4 decimal orders of magnitude, from 107 to 107'! cm/s”. As the
temperature increases, the diffusion coefficients increase, and the range of solution
compositions within which they can be determined expands.

A specific feature of this class of systems is the behavior of translational diffu-
sion coefficients in the region of dilute thermoplastic solutions in adducts of epoxy
oligomers. This peculiarity is related to the fact that in this temperature-concentration
region, there are boundary curves, zones of two-phase state and labile solutions, and
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Fig. 32 Molecular weight dependences of reduced diffusion coefficients characterizing the rate of
penetration of macromolecules of oligomers (1) and adducts (2) into the volume of thermoplastics,
determined at 453 K. (Schematic representation of macromolecules is taken from [8], some addi-
tional points are taken from [15]). Structures: a flexible ball, b statistical long branches, ¢ sparsely
cross-linked, d densely cross-linked

domes of binodales. The appearance of heterogeneous temperature-concentration
zones at certain degrees of conversion leads, for quite understandable reasons [35], to
abreak in the concentration dependences of interdiffusion coefficients and a decrease
in their values in the region of compositions close to those of coexisting phases, in
the region of the so-called Frenkel heterophase states.

Note that all of the diffusion coefficient dependences shown in Figs. 30 and 31
and concentration dependences contain very limited information about the limiting
partial diffusion coefficients of thermoplastics in epoxy oligomers adducts (the right
branch of the binodal curve is adjacent to the adduct axis).

At the end of this section, we tried to perform a comparative analysis of the
translational diffusion coefficients of linear epoxy oligomers and their adducts. For
this purpose, we used the dependences of the translational diffusion coefficients on
the values of the molecular masses of the macromolecules of linear oligomers and
their adducts (Fig. 32).

One can see that in the entire MW range, the diffusion coefficients of linear
oligomers are higher than the translational diffusion coefficients of adducts. This
effect is related, as it seems to us, to the branching of the adduct macromolecules.
The nonlinearity of the dependences excludes any traditional analysis [2] in terms
of conformational behavior of the pre-converted epoxy oligomer macromolecules
during their diffusion in the volume of thermoplastics.
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2.5 Conclusion

Thus, we can expect that in the thermoplastic solutions we studied, three stages of
the process will be realized in the formation of the reactoplastic phase structure:
first, the stage of evolution or “migration of the binodal curve,” or rather the dome
of the binodal curve, into the temperature-concentration region, where the figurative
point of a given system is located; responsible for this stage is the kinetics of the
increase in the molecular weight of the initial oligomer; secondly, the stage of solution
macro-dissolution, formation, and growth of disperse phase particles of thermoplastic
saturated with epoxy oligomer adducts; and finally, the stage of secondary phase
decomposition occurs in the area of high degrees of transformation of the epoxy
oligomer. At this stage, we should expect the formation of nanosized particles of
dispersed phase distributed in the volume of thermoplastic macrophase and at their
periphery in the matrix of the cured thermoplastic.

3 Phase Equilibrium and Structure Formation During
Curing of Epoxy Compositions

Consideration of self-healing of epoxy curing materials should include the peculiar-
ities of creating modern structural materials associated with the widespread use of a
modification of thermoset resins with thermoplastic polymers. The phase structure
created as a result of the formation of a spatial network of chemical bonds in the
modified systems can not only determine the final performance characteristics but
also influence the principles and processes of self-healing.

3.1 Introduction

A modern and, apparently, long-term trend in the creation of new structural polymeric
materials is the use of mixed compositions based on thermoset resins modified with
thermoplastics: polysulfone, polyethersulfone, polyetherimides, etc. [47-65]. The
creation of new engineering plastics based on such polymer blends is of fundamental
importance and determines the ways of development of structural polymeric materials
with high mechanical and adhesive properties, thermal and electrical properties,
chemical resistance, and good technological characteristics.

Now, itis impossible to consider blends only as a direction in polymer modification
to expand the range of existing material grades and applications. In fact, polymer—
polymer compositions form their own class of materials with diverse, sometimes
specific properties and specific structural-morphological and phase organization,
providing their wide application.
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In order to obtain composite materials possessing a complex of required physical
and mechanical characteristics, it is necessary to form a given phase structure. For the
controlled course of the processes of “self-assembly of macromolecules” into micro-
and macro-dimensional phase formations initiated by curing reactions of thermoset
resins, information on phase equilibria, diffusion transfer coefficients, the evolution
of boundary curves of phase diagrams at different stages of mesh structure formation
becomes in demand [62-67].

The analysis of the technology of engineering structural materials in general and
on the basis of thermo- and thermosetting plastics mixtures, in particular, showed
that the synthesis of structural materials is multistage, and the stages are separated
in space and time. Traditionally, there is a stage of binder preparation, i.e., mixing
the components; a stage of prepreg formation, i.e., impregnation of the fiber filler
with the binder; and, finally, a stage of binder curing in a given product. It is at this
stage that the main chemical and phase transformations take place, and the required
structural and morphological organization of the material as a whole is formed.

At first sight, it seems that each stage of synthesis technology is connected with
different physical and chemical processes; so, mixing—with the kinetics of disso-
lution of polymer particles in the oligomer, impregnation—with the viscous flow of
solution in the porous structure of fiber filler and its adsorption interaction with filler
surface, curing—with the kinetics of the reaction of spatial grid formation in a binder
and so on. However, from the fundamental point of view, the most important thing is
the information about phase diagrams, translational diffusion coefficients, thermody-
namic parameters of interaction of components at different stages of preparation, and
chemical transformation of the reactive component. It is this information, as will be
shown below, that allows one to quantitatively describe and predict all the structural-
morphological transformations occurring with mixtures, solutions, and dispersions
during the entire technological cycle of the preparation of structural materials based
on thermo- and thermosetting plastics in a general form.

3.2 Phase Equilibria and Interdiffusion in the Epoxy
Oligomers—Thermoplastics Systems

3.2.1 Dissolution Kinetics

Among the methods for studying the kinetics of polymer dissolution, the simplest
informative method is the optical wedge or multi-beam microinterferometry [19, 65,
68]. This method is used to record the kinetics of changes in the distribution profile
of the refractive index (concentration) spontaneously occurring in the interface zone
of the oligomer and thermoplastic phases. Figure 33 shows typical interferograms of
interdiffusion zones of homogeneous (Figs. 33a and 34a), two-phase amorphously
stratified (Fig. 33b), and two-phase crystallizing mixtures (Fig. 34b). It can be seen
that at temperatures above the critical and melting temperatures, the concentration
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distribution profiles are determined in the entire range of compositions from one
component to the other. At temperatures below the melting point of the thermo-
plastic (in this case, polyethylene glycol (PEG)), only a portion of the concentration
profile corresponding to the dissolution of crystallites in the oligomer is observed
(Fig. 34b). At temperatures below the upper critical solution temperature (UCST) in
the diffusion zone, there is a phase interface separating oligomer solutions in thermo-
plastic from thermoplastic solutions in the oligomer. Concentrations corresponding
to compositions of coexisting phases are established near the interface for systems
with amorphous and crystalline equilibrium. Special thermokinetic studies of the
concentration distribution in the diffusion zones have shown that the compositions
of coexisting phases do not depend on the observation time and are quantitatively
reproduced in the heating and cooling modes. This indicates the equilibrium and
reversibility of the boundary concentrations measured in this way.

The character of the concentration profile shows that the movement of isocon-
centration planes within the interdiffusion zones obeys the law X(¢) — 4/, which
indicates a diffusion mechanism of mixing epoxy oligomers (EO) with thermoplastics
at all temperatures and regardless of the phase and physical state of polymers.

Fig. 33 Interferograms of interdiffusion zones of ED-20-PSU (a) and E44-PSU (b) systems at
220 °C. V—diffusion zone, P—phase boundary, I—diffusion zone of EO in PSU, II—diffusion
zone of PSU in EO. Diffusion time 64 min. E44-EO with M, = 1.9 kDa

Fig. 34 Interferograms of interdiffusion zones of the E44-PEG systems at 120 (a) and 40 °C (b).
M, PEG = 10 kDa. The notations correspond to Fig. 33
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Phase diagrams

Binodal curves and liquidus lines of phase diagrams for mixtures of thermoplas-
tics with EO of different molecular weights were constructed using the tempera-
ture dependences of the compositions of coexisting phases. Using the methods for
analyzing phase equilibria described in [69], generalized diagrams of the phase and
physical states of the systems were constructed using fragments of the binodal curves
(Fig. 35).

The influence of the molecular weight (MW) of epoxy oligomers on their compat-
ibility with thermoplastics is most clearly demonstrated by isothermal cross-sections
of phase diagrams (Fig. 36). In the coordinates ¢; — 1/M, (¢; is the composition of
the ith coexisting phase), the experimental points form two lines framing the two-
phase state region of the systems and intersecting at the critical point. It is shown that
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Fig. 35 Generalized phase diagrams of EO—thermoplastic systems: E44-PSU (a), ED-20-PS
M ps = 35 kDa (b), E49-PVA (c¢), E44-PEG (d); 1—binodal curve, 2—spinodal curve, 3—change
of glass transition temperature by Fox equation, 4—phase glass transition temperature, 5—liquidus.
Areas: I—true solutions (solutions-melts), [I—metastable states, [Il—labile solutions zone, [IV—
glassy state, V—thermal destruction, VI—crystalline state
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Fig. 36 Dependence of component solubility in the systems: E44-PSU on the molecular weight
of EO at 1-100, 2-250 °C (a) and ED-20-PS on the molecular weight of PS at 1-80, 2-120 °C.
The arrows indicate the molecular weights of loss of compatibility at these temperatures

this construction of the phase diagrams makes it possible to determine the critical
composition of the mixture and the molecular weight of the oligomer and polymer.

As the MW of the components increases for all systems, the heterogeneous region
expands. It is important that complete loss of solubility of thermoplastic in epoxy
oligomer occurs earlier than oligomer in thermoplastic.

The position of the critical point of the phase diagrams with amorphous stratifi-
cation we estimated using Alexeev’s diameter. It was found that the critical concen-
tration (¢.r), as the molecular weight of EO or thermoplastic increases, shifts to the
region of compositions enriched with alower molecular component in full accordance
with the equation

NG
NGENG

following from the classical Flory—Huggins-Scott theory of polymer solutions [47].
Here, r; is the degree of polymerization of the ith component. It is shown that using
experimentally found value ¢, and having information about the molecular mass of
one of the components, it is possible to solve the inverse problem—to estimate the
value of the degree of polymerization and, consequently, the molecular weight of the
second unknown component.

Based on the compositions of the coexisting phases, we calculated the paired
parameters of the interaction of the components, the temperature dependences of
which we used to calculate the critical temperatures (the calculation scheme is shown
in Fig. 37). The critical value of y was calculated using the equation

Per2 = ( 10)

_ 1(L . ;)2 a1
Ger2 = ) \/r_l \/5 .
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We also used the values of x extrapolated to high temperatures to construct a
dome of phase diagrams in the region of upper critical solution temperatures (dotted
curves in Fig. 35a).

It was found that the dependence of the critical temperature and the Flory—Huggins
parameter on the molecular weights of the components for all the systems studied
are linear.

3.2.2 Interdiffusion

The concentration dependences of interdiffusion coefficients (Dy) (Fig. 38) are deter-
mined by two parameters: the distance of figurative points of the systems from the
critical temperature and the ratio of the molecular weights of the components. Figu-
rative point is a point on the phase diagram corresponding to the investigated system
of a certain composition at a certain temperature. Thus, at a temperature above UCST
and the molecular weight of the oligomer is much less than the molecular weight
of the thermoplastic, the change in the diffusion coefficient with a change in the
composition occurs according to the curves with a maximum (Fig. 38a). Near the
critical point, a minimum appears on the concentration dependences, the position
of which coincides with the position of UCST (Fig. 38b). A further decrease in
temperature (below the UCST) leads to the appearance of a break in the concentra-
tion dependence of interdiffusion coefficients. At these temperatures, a decrease in
the coefficient is observed as the solution composition approaches the binodal curve
(Fig. 38c). The reasons for such behavior of the diffusion coefficients are associated
with a change in the chemical potential of the solutions as the figurative point of the
system approaches the spinodal concentration.

An increase in MW of the components generally leads to a decrease in D,, except
for the EO—PS system, wherein the area of concentrated and moderately concentrated
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Fig. 38 Concentration dependences of interdiffusion coefficients for the systems: E40-PSU (a),
ED-20-PS M ,ps = 35 kDa (b), E40-PS (c), E44-PEG M ,peG = 10 kDa (d). Diffusion temperatures
are indicated next to the corresponding curves. Dotted lines are binodal curves of phase diagrams.
ED-20 (MW = 0.36 kDa), E40 (MW = 0.48 kDa)

solutions of polystyrene in the epoxy oligomer, the diffusion coefficients do not
depend on MW of the high-molecular-weight component.

In the region of dilute and semi-dilute solutions, the translational mobility of
dissolved polystyrene macromolecules in epoxy oligomer is described by the equa-
tion Dy, = DyM " with exponent b = 0.5, which indicates a small deviation of the
system from ®-conditions.

The increase in the molecular weight of polyglycols also leads to a decrease in
the interdiffusion coefficient. In this case, on the dependence IgD, — 1gM,, there is
a kink, and the index of degree changes from 0.5 to 1, which indicates the formation
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of a mesh of meshes in the solution. For PEG, the molecular weight between the
meshing nodes is ~5000, which agrees with the literature data.

The temperature dependences of the coefficients of interdiffusion in the coordi-
nates of the Arrhenius equation are linear throughout the temperature range studied.
The exception is the system E44-PEG (¢go — 1), for which a kink is observed at the
temperature of the T)-transition. The concentration dependences of the apparent acti-
vation energies of interdiffusion (Fig. 39) are located between the activation energies
of self-diffusion of the diffusion system components.

Thus, it has been established that all initial systems are characterized either
by amorphous stratification diagrams with the UCST or by crystalline equilib-
rium. Generalized phase and physical diagrams have been constructed, which allow
predicting a priori the structural-morphological and relaxation state of mixtures of
any composition in a wide range of temperatures and molecular weights of the compo-
nents. Itis shown that the mechanism of mixing epoxy oligomers with thermoplastics
is diffusive. Diffusion coefficients in the region of temperatures where operations of
mixing of components and prepreg production are traditionally performed vary in
the range of values from 10~ to 10 cm? s~!. Using these values of diffusion coef-
ficients, it is also possible to estimate a priori the time of diffusion relaxation—the
dissolution of the thermoplastic particle in the epoxy oligomer matrix.

Note that in [63, 65], the authors discuss the problem of the influence of mutual
solubility of oligomers and polymers on the structure and phase state of the cured
composition in sufficient detail. In the framework of the information described above,
this problem is reduced to the determination of the position of the figurative point
on the temperature-concentration field of the phase diagram.
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3.3 Phase Equilibria and Interdiffusion in the Systems
Thermoplastics—Epoxy Oligomers Adducts

This section summarizes the results of modeling studies in which an attempt was
made to obtain information about the evolution of phase equilibria and translational
mobility of components during the formation of spatially cross-linked structures in
mixtures of thermoplastics with thermoset resins. A set of epoxy oligomer adducts
(ad.EO, aEO) of different degrees of conversion (a) obtained in ED-20 curing
reactions with diamine curing agent was used as one of the mixture components
whose content in the reaction system was less than stoichiometric. In each case,
the completeness of the amino-group conversion was identified by infrared spec-
troscopy. At present, this method of modeling curing reactions is generally accepted
in the practice of polymer materials science.

3.3.1 Mixing Kinetics

During the transition from linear EO to their adducts in the interdiffusion zones,
which spontaneously arise at the conjugation of thermoplastic and adduct phases
and characterize the process of their dissolution (Fig. 40), one observes the same
type of concentration-morphological changes. First, starting from a certain degree of
precursor conversion, there appears a clearly identifiable phase boundary separating
the areas of diffusion dissolution of the adduct in thermoplastic (I) and thermoplastic
in partially cured EO (II). Second, it was found that before the formation of spatially
cross-linked structures in adducts (o < agel, here ag is the degree of precursor
transformation corresponding to gel formation), the phase interface is observed only
in a limited temperature range. As arule, for this adduct state, it degenerates when the
critical solution temperature of the components is reached in the process of increasing
temperature. After the formation of gel structures (gel) in EO adducts, however, the
phase interface remains unchanged at all temperature and time conditions of the
interdiffusion process up to the temperatures of epoxy polymer decomposition. Thus,
by scanning the interdiffusion zone by temperature, the points of true gel formation
in the matrices of EO adducts were determined. It was found that, within the error
range, the gel varies in the range from 0.35 to 0.45 and depends little on the nature
of the thermoplastic, i.e., it is a characteristic of the cured oligomer.

Thirdly, an increase in the degree of conversion of the adduct o > orge; leads to
a decrease in solubility of both thermoplastic macromolecules in the cross-linked
precursor phase and the sol fraction of ad.EO in the polymer matrix. At high conver-
sion rates @ > 0.7, zone I degenerates. For such adducts in the interdiffusion zone,
only the phase interface and the area of dissolution of thermoplastic macromolecules
in the spatially cross-linked phase of the epoxy polymer are observed. Obviously,
in this case, we can speak only about “one-side” diffusion or about the swelling of
cross-linked EO in the thermoplastic melt.
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Fig. 40 Interferogram of the interdiffusion zones of the system aEO-PEG. Adduct conversion rate
a = 0.65, process temperature 7 = 100 °C, observation time 64 min. P—phase boundary, I—
diffusion zone of aEO into thermoplastic, [I—diffusion zone of thermoplastic into aEO. The curing
agent is DETA

It has been noted that the described processes of interdiffusion in EO adducts are
of a general character both for their mixtures with thermoplastics and solvents, plasti-
cizers, and oligomers. The specificity of the systems is manifested only in quantitative
parameters of the process: the size of interdiffusion zones, the rate of movement of
isoconcentration planes, numerical values of compositions of coexisting phases, and
the initial phase state of the mixture.

Of principal importance for all these systems is the fact that the compositions
of coexisting phases, which are established near the interphase boundaries, and
the isothermal kinetics of the movement of isoconcentration planes in the adduct
and thermoplastic phases are quantitatively reproduced in the stepwise temperature
increase and decrease modes. This allows us to speak, first, about the reversibility
of the information obtained and, second, to use it to construct generalized phase
equilibrium diagrams of the adduct-thermoplastic systems.

It should also be noted that in EO adducts, the sizes of interdiffusion zones change
with time in strict accordance with the X — ./ law, i.e., the diffusion mechanism of
mixing the polymers brought into contact is also realized in these systems at different
degrees of curing.

3.3.2 Phase Diagrams

Binodal curves of amorphous separation diagrams for mixtures of ad.EO with PSU,
PS, PVA, and amorphous-crystalline equilibrium diagrams for ad. EO-PEG mixtures,
modeling the phase separation at different stages of the precursor crosslinking
(Fig. 41a—d), were plotted using the compositions of coexisting phases. It can be
seen that the solubility of ad.EO in thermoplastics, as well as in the initial linear
systems, increases with increasing temperature, i.e., these systems also belong to the
kind of systems with UCST. However, it is possible to directly register the UCST
position only for adducts with a low degree of conversion, up to 0.25. At o > 0.3,
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Fig. 41 Phase diagrams of aEO-PSF (a), aEO-PEG (b), aEO-PS (c), and aEO-PVA (d) systems.
1—Iliquidus lines, 2—binodal curves. The curing agent is DETA. Dotted line marks the calculated
phase diagrams. Numbers in the curves correspond to the degree of conversion of the adduct. I and
[I—regions of true solutions and heterogeneous state, respectively. The arrows indicate the direction
of the evolution of the phase diagram with increasing degree of conversion

the UCST of the systems appears in the region of thermodegradation of the epoxy
component. It is interesting to note that the nature of the curing agent has little effect
on the position of the binodal curves of the adherent-epoxy-thermoplastic systems.

As the degree of transformation of EO increases, the size of the heterogeneous state
region in the amorphous stratification diagrams increases, and the mutual solubility
of the components of the mixtures decreases. This is manifested to a greater extent at
the position of the left branch of the binodal curve, corresponding to the solubility of
ad.EO in thermoplastics. The solubility of homopolymers in ad.EO (the right branch
of the binodal curve) changes to a much lesser extent.

Obviously, this fact should be taken into account when choosing the conditions of
structure formation in these temperature-concentration regions of the phase diagrams.

The change in the mutual solubility of adducts in thermoplastics as a function of
the conversion degree is most pronounced in the isothermal sections of the phase
diagrams (Fig. 42). The dome of solubility isotherms (dotted lines), to which the
critical system parameters (ctcr, @cr, UCST) correspond, is constructed taking into
account the fact that the initial systems are either completely or partially compatible.
It can be seen that the critical value of the degree of adduct transformation corre-
sponding to the beginning of the phase separation of the solutions is significantly
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Fig. 42 Isothermal cross-sections of phase diagrams for systems of aEO with PSU (a) and PEG
(b)

lower than the gelation degree. This means that the phase separation of the precursor
and thermoplastic adduct solutions may begin before a continuous network of cross-
links is formed in the precursor and curing agent phase. In fact, this is the specifics
of the intermolecular interaction between epoxy oligomers and polymers.

Extrapolation of these dependencies to o« — 1 shows that at the content of the
curing agent in the compositions close to stoichiometric (at 100% degree of conver-
sion of epoxy and amine groups), one should expect complete stratification of the
system into coexisting phases whose composition is close to the cured epoxy polymer
and thermoplastic.

The above data on the solubility diagrams of precursor adducts and linear thermo-
plastics can be used to estimate their average molecular weight. Using the method
of critical compositions [see Eq. (10)] and numerical values of the parameters of
the critical points of specific systems, the molecular weight of the adducts of epoxy
oligomers was calculated (Fig. 43). One can see that as the degree of conversion
increases, the effective molecular weight of ad.EO increases quite rapidly, reaching
a value of ~40 kDa during gelation. It is interesting to note that the numerical values
of the effective molecular weight of ad.EO do not depend on the nature and molecular
weight of the reference polymer, i.e., thermoplastic. The proposed technique makes
it possible to obtain quantitative information on the molecular weight of adducts,
which is so necessary for theoretical analysis of the evolution of phase equilibria in
curing reactions.

The obtained fragments of phase diagrams of the systems ad. EO—thermoplastics
can be used for predicting the UCST of cured epoxy polymers in the region of high
temperatures, where the operation of engineering structural plastics is possible. For
this purpose, it is possible to take advantage of the construction of temperature
dependences of the dimensions of the sections connecting the intersection points of
the isotherms with the binodal curves A¢(T') (corresponding to the distance between
the compositions of coexisting phases) and their extrapolation to the zero value of Ag
(Fig. 44). Figure 45 shows that the critical temperatures thus obtained change with
changes in the degree of precursor transformation according to linear dependences,
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which can be extrapolated in the region of low and high degrees of curing, and low
and high temperatures.

3.3.3 Interdiffusion

Since the area of compositions with high precursor content is of the greatest interest
when modifying thermoset resins, particularly epoxy polymers, we focused our atten-
tion on determining the so-called limiting diffusion coefficients characterizing the
translational mobility of dissolved thermoplastic macromolecules in a partially cured
oligomer matrix (Fig. 46). One can see that as spatially cross-linked structures form
in the epoxy oligomer matrix, homopolymer diffusion coefficients decrease. The



86 A. E. Chalykh et al.

Fig. 45 Dependence of T..°C 3
critical temperatures on the 1800 4 “er>
degree of conversion for
mixtures of aBO with PEG 1500 -
(1), PSU (2), and PS (3) 2
1200
900 A
1
600
300 4
<
0 -
- 1 50 T T T T 1
0 0.2 0.4 0.6 0.8 v

most intense decrease of thermoplastics diffusion coefficients occurs in the region of
gel formation in the epoxy oligomer matrix. For PS, PSU, and PVA macromolecules,
diffusion coefficients reach values 107''-107'2 ¢cm? s~!, typical for translational
mobility of macromolecules near the glass transition temperature [47].

Some difference in the dependences of thermoplastic diffusion coefficients on the
degree of curing of the oligomer is related to the position of the figurative point of the
system relative to the “expanding” binodal curve. According to the phase diagrams
(Fig. 41), during the curing of the epoxy oligomer, the binodal curve gradually shifts
toward the infinitely diluted thermoplastic solutions in the epoxy oligomer adduct,
approaching the figurative point of the system located on the isoconcentration plane,
by the movement of which we determined the diffusion coefficient value. This leads

Fig. 46 Dependence of the
relative thermoplastic
diffusion coefficient into the
EO adduct on the degree of
conversion for aEO with PS
(1), PVA (2), PSU (3), and
PEG (4) systems
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to an increase in the contribution of thermodynamic non-ideality of the solution and,
as a consequence, to a drop in the diffusion coefficient.

Thus, it can be argued that the phase disintegration of EO solutions, curing agent,
and linear polymers, initiated by the reactions of formation of the spatial bonding
network in the epoxy oligomer matrix, in the growth and formation of thermoplastic
disperse phase particles, will occur in conditions with continuously decreasing trans-
lation diffusion coefficient of macromolecules and continuously increasing oversat-
uration both in the particle volume and in the dispersion environment surrounding
it.

3.4 Structure Formation During Curing of Mixtures
of Epoxy Oligomers with Thermoplastics

In contrast to the previous chapters, which analyzed the phase and diffusion char-
acteristics of blends of thermoplastics with epoxy oligomers and epoxy polymers
whose chemical nature remained unchanged during the measurement process, this
section presents the results of structural-morphological, optical, theological, thermo-
chemical, and phase studies of the same systems, but recorded during the formation
of cross-linked structures in the epoxy oligomer matrix. In this section, we tried
to answer the question of how widely the results of “static” measurements can be
used in the transition to the kinetics of the structure formation process initiated by
chemical reactions of the formation of spatial reticulated structures.

Despite the obvious importance of quantitative information on the phase equi-
libria of the initial systems and systems at different stages of their transformations,
only fragments of phase diagrams (mainly in the region of the binodal curve dome)
are found in the literature, and the proposed models of boundary curve evolution are
based not on specific experimental data but are created by analogy with epoxy-rubber
systems. Such models have been proposed mainly for systems with amorphous strati-
fication, characterized either by UCST (Fig. 47a) or low critical solution temperature
(LCST) (Fig. 47b) [65]. Obviously, in the form presented in Fig. 47, they allow us
to speak only about the most general trends in changes in the phase state of the reac-
tion mixture. It is impossible to obtain comprehensive information on the changes
in the compositions and volumes of the coexisting phases, dispersity and nature of
the inclusion particles and matrix phase, state of the interphase transition zones, and
presence of macro- and microcomposite inhomogeneities in the system from the
materials of such studies.

Below, by the example of two systems characterized by amorphous PSU-EO
stratification and complex amorphous-crystalline PEG-EO equilibrium, the current
state of this area of phase transformations of polymer systems is considered.
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Fig. 47 Evolution models of the boundary curves of phase diagrams with UCST and LCST during
curing of thermoset: 1 and dashed lines—model binodal curves, 2 and dotted lines—concentration
dependences of glass transition temperature for mixtures of PSU and PES with adducts. The arrows
indicate the directions of the shift of the binodal curves with an increasing degree of conversion
[65]

3.4.1 General Remarks

The starting point for building a model of the structure formation process in our case
is the information of the phase diagrams of the EO-PSU, ad. EO-PSU, PEG-EO, and
PEG-ad.EO systems and the experimental fact of constancy of the selected mixture
compositions and reaction temperature during the entire curing process.

Asan example, Fig. 48 shows in the temperature-concentration field of the diagram
the position of some figurative points of mixtures of EO with PSU, which further
investigated the kinetics of structure formation during curing of ED-20. It can be seen
that at the beginning of the process, the initial mixtures of all selected compositions
(5, 10, and 15 wt.% PSU) are in the area of true solutions of the phase diagram. Esti-
mates from the dependences of the critical temperatures on the degree of conversion
(Fig. 45) showed that their distance from the UCST reaches ~200 °C.

When spatially cross-linked structures are formed in such solutions as a result of
the interaction of functional groups of the oligomer and curing agent molecules, the
thermodynamic compatibility of the components deteriorates [63], which manifests
itself in the approach of the binodal curves to the figurative points of the mixtures
(shown by arrows in Fig. 48). At the degree of transformation ~0.2, the dome of
the binodal curve reaches and then crosses the process isotherm (160 °C). Thus,
figurative points of given compositions appear under binodal curves in areas of labile
and metastable states, which, naturally, leads PSF solutions in EO to stratification.
The specific mechanism of delamination—spinodal or nucleation—depends on the
ratio of the critical point composition to the given mixture composition.

Further growth of the mesh density in the epoxy oligomer matrix will be accompa-
nied by a shift of the left branch of the binodal curve to the region of dilute solutions
of EO reaction products in PSU and the right branch to the ordinate of the epoxy
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Fig. 48 Phase diagrams of ad.ED-20-PSU systems. o: 1—0.29; 2—0.33; 3—0.5; 4—0.17; 5—
0.63. The curing agent is PEPA. Dotted line indicates the calculated phase diagrams. @—figurative
points of the systems under study. I and II are the regions of true solutions and heterogeneous state,
respectively. The arrows indicate the directions of phase diagram evolution with increasing o

three-dimensional polymer. Obviously, the degree of supersaturation of such solu-
tions with an increasing degree of oligomer conversion should increase, thus creating
the necessary conditions for further (secondary) phase separation of mixtures. It is
essential that these processes occur in the heterogeneous region of the phase diagram.

It can be assumed with a high degree of probability that after the system reaches
the glass transition of the epoxy matrix, the chemical processes of formation of
spatially cross-linked structures will slow down and, as a consequence, the phase
separation rate will decrease.

The phase diagram (Fig. 48) also follows the trend of changes in the compositions
of the coexisting phases of the matrix and dispersed inclusions, the proportion of the
dispersed phase, which can be estimated by the lever rule. It is interesting to note
that, since the right branch of the binodal curve shifts insignificantly with increasing
degree of conversion, the main changes in the phase structure should be expected in
changes in the composition of dispersed phases.

In contrast to the system considered above, mixtures of EO and PEG in the
initial state are characterized only by crystalline equilibrium; more precisely, one
can assume that the UCST for the solutions of these polymers is below the liquidus
line. The situation is different for the adducts of epoxy oligomers. The formation of
a network of chemical bonds leads to the fact that UCST is higher than T, and the
phase diagram of such systems is characterized by a complex amorphous-crystalline
equilibrium (Fig. 49). Obviously, this imposes a certain imprint on the patterns of
phase transformations, which can proceed differently in different zones of the phase
diagram. Thus, Fig. 49 shows that mixtures containing 15 wt.% PEG at all temper-
atures (20, 60, 80, and 120 °C) at the beginning of the process are in the region of
true polymer melt solutions. After the beginning of the curing reaction, the binodal
curve crosses the liquidus line, the region of the two-phase state of the mixtures
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increases in size, and the right branch of the binodal curve gradually approaches the
figurative point of the given mixture. Finally, it crosses it, which creates conditions
for amorphous stratification of the system.

It is interesting to note that in the region of low temperatures (below the PEG
melting point), one should expect a phase disintegration associated with the inter-
section of figurative points with the liquidus line, i.e., with the release of the PEG
crystal phase also initiated by the chemical crosslinking reaction of linear oligomer
molecules.

3.4.2 Kinetics of Structure Formation

The methods of photocolorimetry, viscosity, and DSC revealed that in all systems at
different curing temperatures, the optical density of the mixtures changes according
to S-curves (Figs. 50 and 51). Regardless of the phase nature of the disperse phase
particles (particles of amorphous PSU or crystallites of PEG), the following is clearly
identified: the induction period 7i,q, the stage of a rapid increase in turbidity (the
phase separation of the solution itself), and the stage of the steady state of the system
when the optical density of mixtures does not change.

The parameters of the kinetic curves are significantly influenced by the temper-
ature and the thermoplastic content of the composition. As a rule, with increasing
temperature and concentration of PSU and PEG, the duration of the induction period
decreases.

The duration of the induction period can be considered as a characteristic kinetic
parameter of the system since, during this time, such molecular-chemical changes
occur in the solutions, which lead to a shift of the dome of the binodal curve to the
area of the figurative points of the mixtures. Indeed, the temperature dependence of
Tind, like any kinetic parameter, is described by the exponential dependence ti,q =
Bexp(E/RT), where B is a constant and E is the effective activation energy, reflecting
the set of different phenomena associated with the beginning of the phase separation
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Fig. 50 Kinetic dependences of relative optical density of curing system EO-20-PSU with PSU =
10 wt.% and T'¢yr: 1—80, 2—100, 3—120, and 4—160 °C (a) and T'¢, = 80 °C and PSU: 1—35,
2—10, and 3—15 wt.% (b)

0 60 120 t, min 0 60 120 t, min

Fig. 51 Kinetic dependences of the relative optical density of the curing system ED-20-PEG with
PEG = 15 wt.% and T ¢y;: 1—20, 2—40, 3—60, 4—80, and 5—120 °C. The curing agent is MFDA

of the mixture. The experimental points for all the systems studied in In ti,qg — 1/T
form a single straight line (Fig. 52), and the effective activation energy of the process
calculated from these data of 48 kJ mol~! (PSU), 42 kJ mol~! (PEG), and 45 kJ mol~!
(PVA) is close to the activation energy of curing of MFDA epoxy oligomers, which
according to various authors varies in the range from 45 to 62 kJ mol~! [3]. These
facts clearly indicate a single mechanism of structure formation in mixtures of epoxy
polymer—thermoplastic, the limiting stage of which is the kinetics of change in the
molecular weight characteristics of the epoxy oligomer during its curing.

Figures 53 and 54 compare kinetic curves of changes in the optical density of
solutions, the relative viscosity of mixtures, and the degree of conversion calculated
from DSC data. It can be seen that the course of the dependence n/n¢(t), presented in
the coordinates of the equation n/ny = R¢", is similar to that described for many other
curing oligomeric compositions in the monograph [3]. The viscosity growth curve
can be approximated by three linear sections with different values of n. Following
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the concept outlined in [3], it can be assumed that in the initial rather short section
(n~0.5), linear growth of the molecular weight of macromolecules prevails. At the
second stage (n ~ 3), the process of formation of fragments of three-dimensional
structures begins to play a major role, as a result of which the system rather quickly
reaches the point of gel formation (#*) (at ¢ > t* n = 10).

Comparison of kinetic curves of changes in optical density, viscosity, and degree
of conversion clearly shows that the phase disintegration of the EO-PSU system
occurs already at the first stage of the process at o, < 0.15. Gel formation occurs at
agel ~ 0.4, when the system is in the two-phase state. A change in the composition
of the mixtures affects the length of the induction period. Thus, at the PSU content
of more than 10% (corresponds to the critical composition of the system), the phase
disintegration occurs already at the first stage of the process, whereas in mixtures
with a small PSU content of ~5% (¢ < ¢.)—near the gelation point.

Thus, the onset time of phase separation, and hence the molecular-kinetic state
of the system, is determined by the radius of curvature of the binodal curve dome,
the critical composition, and the difference between the curing temperature and
the critical temperature of the initial system. The difference in these temperatures
determines the degree of conversion of the onset of phase separation. The higher this
difference, the higher the influence of the chemical bonding network on the formation
and growth of dispersed phase particles.

It is known that under isothermal conditions, the kinetics of mesh formation in
EO can be satisfactorily described in the coordinates of the Avrami equation [70]

1
—— =exp(kt” 12
— = opke”) (12)
where X is the fraction of the substance transferred to the new phase during time
t and k is the parameter that takes into account all temperature-dependent terms.
It was shown that the Avrami degree index (n) in the EO—curing agent systems
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varies in the range from 0.95 to 2.0, depending on the nature of the reagents and
reaction conditions [26]. The authors of these works attributed the obtained result to
the nucleation of microgel structures in the oligomer during its curing, which formed
a continuous network of transverse bonds in the final product.

An attempt was made to analyze the kinetics of curing epoxy oligomer in a mixture
with thermoplastics according to DSC data and the kinetics of phase separation of
the same systems according to changes in optical density (Figs. 55 and 56) in the
framework of Avrami approach. It can be seen from the figures that the experimental
points are satisfactorily described by Eq. (12).

Itis interesting to note that the kinetic curves of changes in the degree of conversion
are characterized by the Avrami degree indices close to n = 1 and are not sensitive to
changes in temperature, mixture composition, or the type of phase separation of the
system. This fact complements the results obtained above on the effective activation
energies of the curing process calculated from the extent of the induction period of
the optical density change curves. Now, it can be stated that the mechanism of the
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chemical reaction of epoxy oligomer curing with amine curing agent does not change
when transitioning to mixtures of EO with thermoplastics.

The Avrami degree indices for the phase separation curves obtained from optical
density measurements vary from 1.7 to 5.8. The correlation coefficient reaches values
of 0.96.

The kinetic curves of changes in optical density reflect the total process associated
with both the formation of the chemical bond network and the formation of the
dispersed structure of samples. Nevertheless, it can be argued that the kinetics of the
structure formation process in mixtures of epoxy oligomers with thermoplastics can
be quantitatively described within a unified approach accepted in the chemistry and
physics of mesh polymers [26].

3.4.3 Structure of Cured Systems

Typical SEM images illustrating the structural and morphological organization of
the cured epoxy polymer-thermoplastic systems are shown in Figs. 57 and 58.

It can be seen that all of them are characterized by a “matrix-inclusion” type
structure. The specifics of each system are related to the size of the particles, their size
distribution, the volume fraction of the dispersed phase, and the mutual arrangement
of the particles of the dispersion medium.

At low thermoplastic content (less than 5 wt.%), practically for all compositions,
uniform distribution of spherical polymer particles over the volume of cured epoxy
polymer is observed (Fig. 57a). Particle distribution curves are unimodal; the average
particle size varies in the range of 0.5-2 wm. According to X-ray microanalysis data
for EO-PSU mixtures, the matrix consists mainly of epoxy polymer and inclusion—
polysulfone.
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Fig. 57 Morphology of ED-20-PSU system. Chipping of the sample. Concentration of PSU: 5 (a),
10 (b), and 15 wt.% (c)

Fig. 58 Morphology of ED-20-PSU blend. Chipping of the sample. Concentration of PSU 10 wt.%.
The insets show fragments of the spectra of the characteristic X-ray emission of the microphases

A fundamentally different structure is formed in compositions with a high content
of thermoplastics. For example, in mixtures with PSF content of more than 10 wt.%
(Fig. 57b) at low magnifications, it is clearly seen that the system is macro heteroge-
neous and, despite the relatively small thermoplastic content, is in the region of phase
inversion. Elemental analysis of the cross-sectional chip surface of each macrophase
showed that the “dark™ phase (by secondary electron contrast) is depleted in PSU
(6%), while the “light” phase is enriched in it (20%).
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Under higher magnification, we can see that the “dark”” macrophase (Fig. 58a) has
a structure similar to that of the mixture shown in Fig. 57a. The “light” macrophase
(Fig. 58b) contains the dispersed phase in the form of spherical particles. Local
microanalysis showed that the spherical inclusions contained mostly epoxy polymer,
while the dispersed medium was polysulfone (x94%).

Such a complex multilevel structure of the mixture makes it possible to reconstruct
the evolution of phase separation during the curing of the epoxy oligomer. For this
purpose, information on the compositions of the coexisting phases for the macro-
and microlevels was plotted on the phase diagram (Fig. 59). It can be seen that the
phase containing 5 wt.% PSU is near the right branch of the binodal curve, where the
continuous phase is the epoxy polymer, and the PSU-enriched phase is the inclusions.
In contrast, the mixture containing more than 10 wt.% PSU is in the middle region
of compositions, which coincides with the region of phase inversion. The presence
of extended macro phases for this system indicates that their formation took place
in conditions of low viscosity and high translational mobility of components (D,
3 x 1077 cm? s71), which determined a high rate of phase growth (estimated time
of formation of particles with a radius of 50 wm in these conditions ~200 s), that
is, this structure was formed at the early stages of phase separation. Indeed, the
ratio of macrophase volumes calculated from microphotographs and determined
from compositions of coexisting phases and figurative point of the system coincide
(Figs. 60 and 61).

The phase diagrams (Figs. 48 and 59) show that the compositions of the coexisting
phases on the isotherm change differently during curing. The right branch of the
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Fig. 59 Schematic of the phase separation of the EO-PSU system during curing. g@—figurative
points of the initial systems (5, 10, and 15 wt.% PSU), &—concentrations of coexisting phases in
the initial stages of curing (at loss of mobility), A —concentrations of coexisting phases at the end
of curing. 1—Suggested binodal curve of loss of mobility, 2—Binodal curve of epoxy polymer-
PSU. The points were obtained by processing of morphological patterns, according to local X-ray
microanalysis, and by shifting the glass transition temperature of phases enriched with PSU and
epoxy polymer
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Fig. 60 Morphology of ED-20—PVA blend. Chipping of the sample. Concentration of PVA: 15
(a) and 5 wt.% (b), Tcyr = 30 °C

Fig. 61 Morphology of ED-20-PVA mixture. Chipping of the sample. Concentration of PVA:
15 wt.%, T cur = 60 °C. a—in the volume, b—in the near-surface layers

binodal curve (solubility of PSU in the epoxy adduct matrix) changes little, while the
left branch (solubility of EO adducts in the PSU matrix) changes significantly. This
leads to the fact that in the macrophase formed in the initial stages of phase separation
and enriched with PSU, supersaturation rapidly grows, which causes secondary phase
separation.

This phase separation occurs at a relatively low translational mobility of macro-
molecules in the epoxy polymer network (D, 10~° cm? s~!), which suppresses particle
growth (the estimated time of particle formation with a radius of 5 m under these
conditions is ~1500 s) and leads to the formation of dispersed spherical microphase
of small size (up to 1 wm), enriched in epoxy polymer with component concentra-
tions close to the right branch of the binodal curve and dispersion medium enriched
in PSU (94%).

Similar structures were obtained in the compositions with PVA and PEG. It was
found that in mixtures with a small PVA content (less than 15%), structures char-
acterized by a bimodal distribution of particle sizes were observed on the surface
(Figs. 60 and 61). At that, small particle fractions (~0.2-2 pm), as a rule, are concen-
trated at the periphery of large ones (~30—40 pm). Specific features of this system
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Fig. 62 Particle size distribution in the ED-20-PVA mixture cured at 30 °C. Concentration of PVA:
5 (a), 15 wt.% (b)

should include the fact of non-uniform distribution of the dispersed phase across the
sample. As a rule, the surface layer is enriched with particles of the dispersed phase
in comparison with the volume. As we approach the sample surface, structures with
bimodal particle size distribution are more often found (Fig. 61b). All this allows us
to assume that the formation of gradient structures (from the phase and concentration
points of view) is associated with the processes of macro-dissociation of mixtures
caused, probably, by “displacement” of thermoplastic by the network of chemical
bonds forming in the matrix (Fig. 62).

The secondary phase separation is most clearly manifested in the EO-PEG system
(Fig. 63). It can be seen that there are large phase formations of rounded shape in the
matrix. Around these particles, there are concentrated microphase separations whose
size is two decimal orders of magnitude smaller than the size of macroparticles. This
bimodal particle size distribution (Fig. 64) is most often observed at low curing
temperatures (below the PEG melting point).

In Fig. 63b, there is an interesting fragment of the secondary phase separation
localized near the interfacial boundary of a large particle. The microparticles are
located exactly along the perimeter of the macroparticle at some small distance from
its surface. Along with that, there are observed particles of intermediate size, which
are distant from the interphase boundary of the large particle. It can be concluded that
the phase separation proceeds in several stages. Initially, large particles are formed,
then at a greater distance from the smaller particles, and, finally, at large degrees of
conversion, the smallest ones are formed.

Summarizing the experimental material on the phase behavior of mixtures of
epoxy oligomers and polymers with thermoplastics obtained by us and described
in the literature, we can unequivocally state that the mechanism of formation of
heterogeneous structures is determined by the mutual positioning of critical points
of solutions-melts of linear oligomers and their adducts with thermoplastics and
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Fig. 63 Morphology of ED-20-PEG mixture. Surface of the sample. Concentration of PEG =
15 wt.%. T¢yr =20 °C
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Fig. 64 Particle size distribution in the ED-20-PEG mixture cured at 20 °C. Concentration of PEG
=15wt.%

figurative points of specific mixtures on the phase diagram field, on the one hand, and
the value of translation diffusion coefficients of macromolecules of thermoplastics
dissolved initially in epoxy.

It follows from the generalized phase diagrams that during the curing process,
the UCST and binodal curves change their position so that the heterogeneous state
region increases in size and the figurative points of specific mixtures fall into the two-
phase state zone. At this stage of the structure formation process, phase separation
and particle growth occur under conditions of high partial translational mobility of
thermoplastic molecules. According to the formal theory of phase transformations,
the growth rate of particles and the distance between them are determined by the
diffusion coefficient and supersaturation in the middle of the distance coordinate
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Fig. 65 Schematic of the
secondary phase separation
in the epoxy-thermoplastic
mixture matrix and the
concentration distribution
profiles occurring at different
curing stages. Double arrows
indicate zones of diffusion
outflow. I and II—dispersion
particles formed during
primary and secondary phase
decomposition, respectively

Concentration supersaturation
after primary phase separation

Concentration supersaturation
after secondary phase separation

(Fig. 65). The specificity of systems during the curing process is that both ther-
modynamic (compositions of coexisting phases) and kinetic (diffusion coefficients)
parameters are continuously changing as a result of the formation of the chemical
bonding network.

This leads to a gradual imbalance between the growth of concentration supersatu-
ration at the periphery of the particles and the flow of thermoplastic macromolecules
to the growing particle. In other words, the growth rate of supersaturation exceeds
the diffusion rate of concentration flux to the particles of the dispersed phase.

At the same time, the balance between the growth of supersaturation with respect
to the dissolved epoxy oligomer in the thermoplastic and the rate of its flow to
the inner surface of the particle is also disturbed inside the particle. Thus, both in
the dispersed phase and in the dispersion medium, conditions for secondary phase
separation are created.

At this stage of phase separation, the formation of dispersed phase particles
whose composition corresponds to the composition of coexisting phases on the phase
diagrams is localized in one case in the matrix, but near the surface of the macropar-
ticle, in the second case inside the macroparticle. Note that the secondary phase
separation inside the particles, in contrast to the matrix, also depends on their sizes
since the diffusion relaxation time is related to this parameter. It can be expected that
under these conditions (inside the particles of dispersed phases), it will be realized
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at large degrees of conversion when the diffusion coefficients reach extremely low
values.

Thus, the proposed mechanism of phase decomposition of mixtures of reactive
oligomers with thermoplastics qualitatively explains the whole set of experimental
data obtained. Naturally, the specific parameters of the phase structure of the mixtures
are determined by the specific numerical values of the diffusion coefficients, the
UCST position, the activation energy, and the reaction constants of the formation of
the mesh structures.
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