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Abstract—The synthesis is considered of epoxyurethane interpenetrating polymer networks with preliminary
preparation of polyurethane chains in epoxy resin. Amine hardeners of aromatic and aliphatic nature were
selected as crosslinking agents for epoxy resin. The cure kinetics of epoxyurethane systems was studied using
non-isothermal differential scanning calorimetry. The total activation energy was calculated using the methods of
Ozawa and Kissinger. The application of Starink’s isoconversion method made it possible to find the dependence
of the activation energy values on the conversion. Further analysis of the reaction kinetics using Malek method
showed the autocatalytic nature of the reaction. The chosen two-parameter Sestak—Berggren model is well suited
for describing the cure kinetics of the studied epoxyurethane compositions.
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Due to excellent strength characteristics, good
adhesion to many materials, high dielectric values, low
shrinkage and chemical resistance, cured epoxy resins
have found wide application in many important
industries (construction; radio engineering; aircraft,
automobile, and shipbuilding) as electrical insulating
compounds, matrices for high performance composite
materials, press materials, surface coatings and
structural adhesives for metals [1-3]. However,
unmodified epoxy compositions are brittle, have high
hardness and low elasticity, which limits their possible
applications. Improvement of elastic-strength and other
characteristics is achieved by modifying epoxy resins
and hardeners with various low- and high-molecular
compounds [3—6], including polyurethanes, which have
excellent adhesive strength to aluminum and non-
ferrous alloys, abrasion resistance, high elasticity and
well combined with epoxy oligomers.

Producing epoxyurethane compositions is possible
in the following ways:

— modification of epoxy resin with polyisocyanates
[7, 8],

— modification of epoxy resin with polyurethane
prepolymers [9, 10],

— modification of epoxy resin with polyurethane in a
solvent medium [11, 12].

Mixing urethane rubbers and polyurethane
prepolymers with epoxy resins is the most common in
the industry. This modification is based on the
formation of crosslinking as a result of the reaction of
hydroxyl groups contained in epoxy oligomers based
on bisphenol A and epichlorohydrin, with terminal
isocyanate groups of the introduced polyurethane
prepolymer. In the work, we considered an alternative
method for producing epoxyurethane compositions
with the formation of interpenetrating polymer
networks. A significant difference of the proposed
method consists in deriving long polyurethane chains
in a resin medium with their partial “grafting” to an
epoxy oligomer without using a solvent. The
introduction of polyurethane into an epoxy binder
should lead to the formation of a less crosslinked epoxy
matrix with flexible chains between fragments of the
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resulting epoxyamine polymer network due to the
large size of urethane fragments, which creates steric
hindrances during curing. Optimization of the final
properties of the compositions depends on the methods
of their curing, and the study of the cure kinetics and the
determination of their main kinetic parameters is an
urgent and important task.

The purpose of the work is to synthesize and study
the kinetics of the formation of an epoxyurethane
composition in the presence of amine hardeners of
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various nature and to examine the physicomechanical
characteristics of the resulting compositions.

EXPERIMENTAL

Epoxyurethane oligomers and compositions were
prepared using the following reagents: Epoxy-diane
resin ED-20, a polycondensation product of bisphenol A
and epichlorohydrin (number of epoxy groups 21.6%,
molecular weight 350—470, dynamic viscosity at 25°C
14.3 Pa s) produced by CJSC CHIMEX Limited:

OH
CH, CH,
Al O O © © O O 0y
O CH3 n CH3 O

Polyethylene glycol PEG-400 is a polymerization
product of ethylene oxide with ethylene glycol (molecular
weight 380—440, hydroxyl number 260290 mg KOH/g)
produced by PJSC Nizhnekamskneftekhim. Water
content is no more than 0.1% (mass fraction).

Polyisocyanate (PIC) is a mixture of isomers of
methylene diphenyldiisocyanate and higher homologues
(content of isocyanate groups 32%, dynamic viscosity at
25°C 200 mPa s) produced by JSC NPK Isomer:

OCN
Polyethylene polyamines (PEPA), a mixture of

ethylene polyamines (amine number 1250 mg KOH/g)
produced by CJSC CHIMEX Limited:

NH,
H H
H,N : N,

Etal-45M amine hardener is a mixture of aromatic
amines with sebacic acid produced by JSC ENPC
EPITAL. This hardener allows epoxy compositions to
be cured at room temperature, presumably due to the
presence of sebacic acid as a catalyst.

The reagents used in the work were used without
additional purification and processing.

All reactions were carried out at room temperature
in a three-necked glass flask equipped with a mechanical
paddle stirrer and thermometer. At the first stage of the
synthesis, a preliminary weighed portion of PEG-400
was poured into the ED-20 resin, after which the mixture
was stirred for 30 min at a speed of 300 rpm. Then,
polyisocyanate was added to the reaction mixture for
6—8 h with constant stirring (the components were taken
attheratio OH : NCO=1:1.05). A one-time introduction
of a large amount of isocyanate leads to foaming of the
reaction mixture (side reaction of isocyanate with water
contained in polyethylene glycol), which can affect the
quality of the resulting epoxyurethane compositions.

After adding the polyisocyanate, the mixture was
kept at room temperature for 12 h. Before adding the
hardener, the resulting epoxyurethane binders were
heated at 60°C for 1 h, followed by evacuation to remove
the remaining air inclusions.

Curing was carried out in special forms according to
the curing mode: 24 h at 25 + 2°C and 12 h at 80 + 3°C.
The amine hardeners of various nature were chosen as
crosslinking agents: Etal-45M (hardener based on
aromatic amines) and PEPA (hardener based on aliphatic
amines). Hardeners were added to the epoxyurethane
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Table 1. Epoxyurethane compositions
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Composition ED-20 : PEG-400 polyisocyanate ratio Hardener The amount of hardener per 100 g ED-20

1.1 PEPA 13
100 : 0:0

1.2 Etal-45M 50

2.1 PEPA 12.3
95:5:3.34

2.2 Etal-45M 47.5

3.1 PEPA 11.7
90:10:6.68

32 Etal-45M 45

4.1 PEPA 11.1
85:15:10.02

4.2 Etal-45M 42.5

5.1 PEPA 10.4
80:20:134

52 Etal-45M 40

compositions in a stoichiometric ratio. The composition
of epoxyurethane compositions is given in Table 1.

Thermal analysis of the samples under study was
carried out using a DSC Q600 thermal analyzer (TA
Instruments). Thermograms were registered under the
following conditions: test samples weighing 20-25 mg
were placed in a alumina pan and heated at different
rates (2, 5, 10, and 20 deg min!) in the temperature
range 35-300°C in air.

For the hardened compositions, the following
physical and mechanical properties were studied:
strength at uniform tension 6, and relative elongation
€, according to State Standard GOST 11262-2017
“Plastics. Tensile test method” (tensile testing machine
Instron 5966), compressive strength o, according to
GOST 4651-2014 “Plastics. Compression test method”

== [rethane groups

AnA

~ng Hydroxyl groups

(a) Formation of polyurethane
polymer chains in epoxy resin

s~nnnnng Polyester PEG-400

OJ;O Epoxy resin ED-20

(tensile testing machine Instron 5966), Shore D hardness
according to GOST 24621-2015 “Plastics and hard
rubber. Determination of indentation hardness using a
durometer” (hardness tester TH-210). For each test, a
minimum of 5 samples were made in accordance with
the requirements given in the standards.

RESULTS AND DISCUSSION

Synthesis of epoxyurethane compositions. When
polyol and polyisocyanate are introduced into the
epoxy resin, the process of polyurethane formation
occurs. Due to the different reactivity of the primary
hydroxyl groups of the polyol and the secondary
hydroxyl groups of the epoxy oligomer, a polyurethane
polymer network is primarily formed in the epoxy

~~a» [socyanate groups

~() Epoxy groups

(b) Grafting reaction

ewwa»  Polyisocyanate

Fig. 1. Scheme of the reaction proceeding during the synthesis of the epoxyurethane binder.
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resin (Fig. 1). Since the polyisocyanate was taken with
a slight excess with respect to the —OH groups of PEG-
400, as the concentration of primary hydroxyl groups
decreases, the remaining free -NCO groups react with
secondary hydroxyl groups of the epoxy resin. This
reaction is called the grafting reaction. As a result, a
solution of polyurethane in an epoxy oligomer was
obtained. In the given scheme, the polymer has both a
branched structure and a linear one. This is due to the
functionality of the isocyanate used (the average
functionality [13] is about 2.7), which makes it possible

(o O
RNH, + ALL—»
N

Initially, two functional epoxy groups react with an
amine to form a linear polymer (reaction I). The reac-
tion of the primary amine with the epoxy group leads to
the formation of a hydroxyl group and a secondary
amine, which continues until the supply of primary
amine groups is depleted. Reaction (II) illustrates the
mechanism of the formation of bonds between molecu-
lar chains as a result of the chemical interaction of a
secondary amine with an epoxy group, due to which
macromolecules form a three-dimensional (network)
structure.

The kinetics of these reactions is influenced by a
large number of factors, ranging from the activity of the
hardeners used (the presence of aromatic rings and
substituents in the chain, the molecular weight of the
hardener, the number of active amine groups, etc.) to the
mixing conditions (impurities in the starting components
capable of catalyzing or inhibiting the considered
reactions; temperature of the environment and
substances introduced into the blend; viscosity of the
blend, etc.).

The presumptive structure of the resulting
interpenetrating polymer networks is shown in Fig. 2.
Conditionally flexible polyurethane segments (in
comparison with polymer chains of cured epoxy resins)
improve the elastic-strength properties of epoxy
compositions, reduce internal stresses arising during
curing and increase impact strength while maintaining
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to derive networks of various structures upon curing
the bifunctional polyol. In addition to the above, a
significant rise in the viscosity of the mixture upon the
introduction of polyisocyanate should be noted, which
is also explained by the high branching of the resulting
polymer network and the formation of hydrogen bonds
between the urethane bond and secondary —OH groups.

At the next stage, a crosslinked epoxyamine
polymer matrix was prepared. Curing of epoxy groups
with amines occurs according to the following
mechanism:

o R—N—CH,—CH
an ,\ T
‘CHZ OH
OH HO—CH

high values of other performance characteristics. Such
changes in the properties of epoxyurethane compositions
can be explained by the appearance of large polyurethane
polymer chains between epoxy oligomeric parts, which
do not allow the creation of densely crosslinked epoxy
networks. In addition, steric difficulties are created
during the curing of the epoxy oligomer due to the low

]~ Epoxy matrix
> Polyurethane

Fig. 2. Epoxyurethane interpenetrating polymer networks.
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mobility of long polyurethane polymer chains in solution
at room temperature.

Study of the cure kinetics of epoxyurethane composi-
tions. In kinetic studies of thermosetting resins by dif-
ferential scanning calorimetry, the main assumptions
are that the recorded heat release is proportional to the
rate of consumption of reactive groups (or fractional
conversion) and that the reaction rate is proportional to
the measured heat flux. The heat flux as a function of
temperature and time is directly recorded by the ther-
mal analyzer and further processed to obtain kinetic
data.

The conversion is calculated using the equation

AH,

- >
AH total

M
where AH; is heat of reaction at time ¢ (J g1), AH,, 1S
total heat of reaction (J g-1).

The reaction rate is written as the equation

do _ dH (1)

=k(T s
i g 1(@) o
where dH(f)/d¢ is heat flux rate, f{o) is kinetic model,
k(T) is reaction rate constant.

The reaction rate constant k(7) is expressed using
the Arrhenius equation:

k (T ) = Ae(%] s

©)
where E, is the activation energy of the reaction, 4 is the
preexponential factor, R = 8.314 is the universal gas
constant (J mol-1 K-1),

The temperatures of exothermic peaks T,
registered at different heating rates in thermograms,
were used to calculate the total activation energy using
the methods of Kissinger [14] and Ozawa [15]. These
methods are widely used in the study of the kinetics of
the curing reaction of epoxyamine systems under non-
isothermal conditions due to the simplicity of

calculations.

The Kissinger equation can be written as follows:

E AR
BB dn
Tpeak R Tpeak E a (4)

The values of the kinetic parameters of curing
(activation energy E, and pre-exponential factor A)

BRATASYUK, ZUEV

were calculated from the slope of the straight line in the
plot of dependence In(B/72yi0) vS. /T cq-

Ozawa method is based on the linear dependence of
the logarithm of the heating rate and inverse of the
exothermic peak temperature:

E
Inp =const—1.052 —2—.
RTpeak (5)

As follows from Eq. (5), £, can be derived from the
slope of In B vs. 1/Tpeak.

The non-isoconversion methods of Kissinger and
Ozawa assume that the conversion at each exothermic
peak of the thermograms is constant and does not
depend on the heating rate. However, the curing reaction
of epoxy resin is rather complex, therefore, the activation
energy changes as the polymer conversion rises, and
often the total activation energy is insufficient to
describe the kinetic parameters of the reaction.
Therefore, for a more accurate determination of £, at
different conversion, an isoconversion methods are
used. In the work, Starink method was applied [16]

[Eq. ©)]:

E
In 1[12 = const —1.0008 —2- .
T RT (6)

The apparent £, for a certain conversion is determined
from the slope of In (B/7'1-92) vs. inverse temperature 1/7.

To obtain the values of the basic kinetic data (the so-
called kinetic triplet), it is necessary to determine the
reaction model. The curing mechanism of epoxy
compositions is mainly described in the literature by
two kinetic models: the nth order model and the
autocatalytic model (Sestak—Berggren model).

The nth order kinetic model can be described by the
following equation:

k()1
dt )
where n is reaction order.
In turn, the autocatalytic model assumes that the
reaction obeys the Sestak—Berggren equation:
J (ﬂj
2% _ g\ RT Jym (1-a)",
dt (8)
where m is the order of the autocatalytic reaction, n is
the order of the reaction with the hardener.
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! 1= 20°mjn-! 1= 20° mjn-!

2.1 2= 10° min"! 22 5 1 2=T10° 311%1111*1
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50 90 130 170 210 40 80 120 160 200 240
T,°C
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2
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Fig. 3. Thermograms of the curing reaction of epoxyurethane compositions at different heating rates of samples cured with PEPA
(compositions 2.1, 3.1, 4.1, 5.1) and Etal-45M (compositions 2.2, 3.2, 4.2, 5.2).

Equation (8) is more often used to describe the cure (1 — o), while the parameter m reflects the autocatalytic
kinetics of epoxy systems. The parameter n represents a  effect (the conversion is proportional to the reacted
typical nth order reaction model, since it shows that the  substance).
reaction rate is proportional to the unreacted substance Malek method is one of the most suitable methods

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 93 No. 10 2020
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Table 2. The main parameters of curing epoxyurethane compositions

Composition | Heating rate B, deg min-! tem};eei;frr; OTZI:S’ K Peak temperature 7, K Reaction ?:ii,t%mperature
2.1 2 307.7 343.1 382.7
5 318.1 360.7 413.9
10 328.8 377.8 426.2
20 341.3 399.1 460.4
3.1 2 307.8 344.5 385.6
5 319.7 362.4 418.6
10 329.8 378.1 437.2
20 349.0 400.7 467.7
4.1 2 308.5 336.1 398.3
5 321.0 359.3 421.8
10 3279 372.2 443.8
20 336.2 388.7 457.3
5.1 2 303.0 332.6 384.9
316.4 355.6 403.3
10 3273 367.0 437.3
20 341.8 378.8 471.8
2.2 2 318.4 356.6 391.5
333.1 376.8 4277
10 3414 3914 448.1
20 355.2 411.7 4774
32 2 320.1 362.6 394.2
5 326.6 385.1 445.6
10 345.4 398.6 467.7
20 364.0 417.3 498.2
4.2 2 322.9 368.1 398.4
5 324.1 383.8 468.2
10 349.2 3979 480.5
20 367.0 4229 507.1
5.2 2 321.1 372.4 401.0
3274 386.5 449.1
10 345.6 402.9 485.6
20 364.8 426.8 512.8
for determining th§ reaction model. and its kiqetic 2 4182 +88x 496
parameters by experimentally calculating the functions n(x)= 7 3 3 , (11)
(a) and 2(a) [17]; x"+20x" +120x” +240x+120
()= do o ©) yvhere 7(x) is an approximate Valge of the temperz.iture
dt integral, which is well described by a rational
do B approximation of the 4th degree [18], proposed by
z(a)= n(x);; ’ (10)  Senum and Yang [Eq. (11)].
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Fig. 4. Curing rate vs. conversion rate at different heating rates.

From the obtained normalized graphs of the functions
y(a) and z(a) vs. o, the values of a,, and o, were found
for each of the graphs, respectively, o, is the degree of
curing corresponding to the maximum of the function
y(@); a,” is the degree of cure corresponding to the
maximum z(c). These values were used to compute the
kinetic parameters of the reaction. According to Malek

method, the ratio of reaction orders from Eq. (8) can be
represented as follows:

=—"n . 12
< (12)

m a
p=—
n

m

Using Eq. (12), Equation (8) can be transformed to
the form
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Fig. 5. Graphs to determine E, by the Ozawa and Kissinger methods for compositions 2.1-5.1 and 2.2-5.2.
d in comparison with compositions with PEPA and are
In| <Xe* |=tnA+nIn[of (1-at)] 13) s : i
a7 n : shifted to the zone of high temperatures. This is due to

Then the kinetic parameters » and In 4 were found
from the plot of In[(do/df)exp(x)] vs. In[ar(l — a)].

All thermograms of the curing reaction of
epoxyurethane compositions (Fig. 3) have only one
exothermic peak, regardless of the reaction systems and
heating rates. This probably indicates that the studied
reactions can be considered as a single kinetic process.
In this case, the heating rate significantly affects the
position of the exothermic peak. So, with an increase in
the heating rate, the exothermic peak shifts to the zone
of higher temperatures and broadens, which is confirmed
by an increase in the reaction onset temperature 7,

onset>
peak temperature 7j,,, reaction final temperature Tg,,
(Table 2).

It should be noted that the exothermic peaks on the
thermograms of epoxyurethane compositions with
Etal45M hardener have a flatter form and a wider peak

eak>

the reactivity of the hardeners, which is higher in PEPA
for a number of reasons: aliphatic polyamine and
branched polymer [19], which is of high efficiency as a
hardener for epoxy resins. The relatively low reactivity
of Etal-45M is associated with the lower nucleophilicity
of aromatic amines.

Based on the obtained dependences of the reaction
rate on the conversion (Fig. 4), a number of conclusions
can be drawn: the heating rate does not change the
curing reaction mechanism; the curing reaction is
autocatalytic and the kinetic data must be processed in
accordance with this fact; the curing process can be
broken down into three stages. This is especially clearly
seen for the less active hardener Etal-45M, while for
PEPA the stages are blurred.

At the first stage, the resin turns into a gel state, the

curing rate at this stage is very slow. After the gelation
stage, the cure rate begins to increase rapidly and

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 93 No. 10 2020
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-1
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E., kJ mol-!
70F (b)

50
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30

Fig. 6. Activation energies vs. conversion for epoxyurethane compositions with (a) PEPA and (b) Etal-45M hardeners calculated by

Starink method.

reaches a maximum. The composition gradually
becomes glassy. As the degree of crosslinking increases,
the cure rate diminishes. After the conversion reached
0.9, the curing rate noticeably decreases due to a
decrease in the thermal mobility of functional groups
and the appearance of steric hindrances.

The activation energy £, for the curing processes
was determined by the Ozawa and Kissinger non-
isothermal methods (Table 3). The E, values were
calculated from the slope of InB and In(B/72,,,) vs.
inverse temperature 1/7, as shown in Fig. 5. The
activation energies obtained by the Ozawa method are
3-6 kJ mol! higher than those calculated by the
Kissinger method. This difference can be explained by
the use of different methods of approximation, which
leads to a slight discrepancy in the final values of the
activation energy [20]. With an increase in the amount
of polyurethane synthesized in an epoxy resin medium,
the proportion of epoxy groups in the system diminishes,
which results in a change in the activation energy and
therate of the curingreaction of the studied compositions.

The activation energy for a certain conversion was
calculated by the Starink method [Eq. (6)] from the
slope of In (B/7192) vs. inverse temperature 1/7 plots,
after which a plot of the activation energy vs. conversion
was constructed (Fig. 6).

As noted above, the curing process can be broken
down into three stages and the activation energies vary
according to the chemistry of the proposed process. For
compositions with Etal-45M, the activation energies
change more intensively in the selected range of
conversion: from 63—-67 to 40—45 kJ mol-!, while for
compositions with PEPA hardener based on aliphatic
amines F, for all ratios decreases by 3—5 kJ mol-1. The

E, value with Etal-45M is on average 50—60 kJ mol-,
which is close to the previously obtained results for
epoxy resins cured with aromatic amines [21-23].

To calculate the main kinetic parameters, we used
the £, values computed by the Starink method, which is
considered more accurate in comparison with the non-
isoconversional methods [20, 24].

According to Malek method, the following conditions
must be met for autocatalytic reactions: o, # 0.632 and
0 <a, <o,*. The value of the maximum of the function
z(a), equal to 0.632, corresponds to the JMA (Johnson—
Mehl-Avrami) model [17]. Therefore, it can be argued
that the considered processes of curing of epoxyurethane
binders under nonisothermal conditions can be well

Table 3. Activation energy E,, calculated by the Kissinger
and Ozawa method

Activation energy E,, kJ mol-!
Composition
Kissinger method Ozawa method
2.1 40.6 44.4
3.1 41.1 45.0
4.1 41.8 454
5.1 42.3 459
2.2 45.2 48.8
3.2 46.4 50.2
4.2 477 51.6
5.2 48.6 52.5
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CURE KINETICS OF EPOXYURETHANE COMPOSITIONS

described by the selected two-parameter autocatalytic
Sestak—Berggren model [25].

It is worth noting that, according to a number of
studies [26-28], a,,, can reflect the autocatalytic tendency
of the reaction: i.e., the smaller the value of a,,, the less
the reaction is prone to autocatalytic.

In accordance with Eq. (13), the dependences of
In[(do/d?)exp(x)] on In[ar(1 — a))] were plotted at different
heating rates for 0 €[0.1;0.9] and the values of the
kinetic parameters n, A, m, calculated from the Sestak—

[41261
ZZ_041x10%" &7

do
Composition 2.1 dt
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Berggren kinetic model (Table 4). It should be noted that
the “tails” of the peaks of nonisothermal runs of
differential scanning calorimetry lead to significant
errors in the calculation of kinetic parameters [29-31];
therefore, extreme conversion ranges should be
excluded.

Substitution of the average values of 4, m, n with the
previously obtained £, into Eq. (4) allows deriving the
reaction rate equations in the non-isothermal mode for
the studied epoxyurethane binders:

)a0'274 (1—0()] 2 oe [0.1;0.9]; (14)

do [—42533]

o 074x10% KT a2 (1-a)** ae[0.1;09]; (15)
Composition 3.1 dt

do [—45313]

L _1.89x10%" AT 1" (1-0)* Lo e[0.1;09]; (16)
Composition 4.1 9

do (—46729)

T2 = 4.84x10%e" BT 0202 (1—&)1'287 ,0L € [0.1; 0.9]; (17)
Composition 5.1 dt

do (751360j

2 _6.86x10%e" AT S22 (1) 7" qe[0.1;09]; (18)
Composition 2.2 dt

do (—52547]

2 _g51x10%e" KT 0% (1-a)™” 0 e[0.1;09]; (19)
Composition 3.2 4t

d [—54165j

2 _17.96x10% a®! (1-a)"* o e[0.1;0.9]; (20)
Composition 4.2 4t

do [—55762j

o =4520x10%et 1Tt (1-a)"™" Jae[0.1509]; @1

Composition 5.2

The correctness of the choice of the kinetic model
was confirmed by plotting the temperature dependence
of do/dt at different heating rates for the experimental
and calculated curves. An example of plots for
composition 2.1 is shown in Fig. 7, from which it is seen
that the calculated data are in good agreement with the
experimental ones. Thus, it can be argued that the
chosen autocatalytic model is suitable for describing the
curing process studied in the work.

Physical and mechanical properties. The physical
and mechanical characteristics of epoxyurethane com-
positions were determined (Table 5). The conversion of
epoxy groups in all compositions reaches the maximum
possible at curing according to the previously indicated

in-1
da/dr, min ; 1 = 20°min"!
0.006F 2.1 5§25
= 5° min

I 4 = 2°min-!
0.004F
0.002F

L 4

30 70 110 150 190

Temperature, °C

Fig. 7. Comparison of the experimental curing rate and
calculated by the Sestidk—Bergren model for composition 2.1.
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temperature regime, which allows a comparison of the
performance properties of the studied compositions.

Epoxyurethane compositions are inferior in
mechanical strength to  compositions without
polyurethane, but they are distinguished by increased
elasticity, and hence impact resistance, which is the
purpose of synthesis of such compositions. Noteworthy
is the superiority in mechanical properties of the
compositions cured by Etal-45M over the compositions
cured with PEPA. This fact is probably directly related
to the cure kinetics. A less active hardener allows a clear
separation of the stages of formation of the
supramolecular network structure, which makes it more
perfect and, therefore, provides better mechanical
properties of the products

CONCLUSIONS

The process of curing epoxyurethane compositions,
the synthesis feature of which is the production of
polyurethane in an epoxy resin medium without the use
of solvents, is slower with Etal-45M hardener than with
PEPA. This fact is due to the lower reactivity of aromatic
amines in the hardener Etal-45M. An increase in the
amount of polyurethane in the system results in a rise in
the activation energy values and a decrease in the rate of
the curing reaction of the investigated compositions.

The curing process of epoxyurethane compositions
is autocatalytic and is well described by the Sestak—
Berggren two-parameter kinetic model. Comparison of
the dependences of the reaction rate on temperature for
the experimental and calculated data confirmed the
correctness of the choice of the model.

The introduction of polyurethane makes it possible
to increase the elasticity and impact strength of epoxy
compositions, as well as to reduce their stiffness without
significant deterioration of the physical and mechanical
characteristics.
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