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In order to improve the adhesive and physical-mechanical properties of epoxy-thiocol
compositions cured without heat treatment, we propose to carry out the reaction of
interaction between thiokol mercaptan groups and oxirane cycles of epoxy resin at an
elevated temperature before introducing a curing agent, and then use the product of this
thioetherification reaction for curing at room temperature. The temperature range of the
thioetherification reaction (90–1800Ñ) was determined by the method of differential scanning
calorimetry. The optimal temperature (160 0Ñ) and duration of the preliminary
thioetherification reaction (2 hours) were determined, which ensure the maximum level of
adhesive strength and physical-mechanical properties. It was shown that composite materials
based on the products of the thioetherification reaction significantly outperform analogs
based on mechanical mixtures of epoxy resin and thiokol in terms of cohesive and adhesive
strength, deformation capacity, fracture work and specific impact strength. The impact
resistance and shear strength of adhesive joints are especially significantly increased during
the curing of the compositions without external heat supply.
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Introduction
At the present time, epoxypolymers (EP) came
into sharp focus as a special class of materials with
unusually wide possibilities of application due to their
specific and, moreover, almost universal properties:
– low viscosity, especially in combination with
active thinners, plasticizers and hardeners;
– the ability to solidify at room temperature,
and at low temperatures when catalysts used;
– minimal shrinkage during solidifying, which
ensures a low level of internal stresses in coatings
based on them;
– excellent adhesion to various materials
(metals, concrete, glass, stone and others) combined
with a high range of physical and mechanical
properties;
– good anti-corrosion characteristics, which
result from the presence in the structure of their
molecules of epoxy, hydroxyl and ether groups, as

well as aromatic rings;
– high electrical insulating properties, etc.
Despite the aforementioned advantages of EP,
their significant disadvantages are low shock, vibration
and crack resistance, which sharply limits their use
under the action of dynamic loads and thermal cycles.
Currently, there are various ways to overcome these
disadvantages [1–6].
The most promising way to improve the working
capacity of epoxy materials under the action of these
operational factors is the modification of EP with
liquid rub bers, which are cop olym ers of
oligobutadiene and acrylonitrile with terminal
carboxyl groups [7]. Thus, the use of these rubbers
in epoxy adhesives made it possible to increase the
static adhesive strength from ~10 to 24–30 MPa
and the dynamic strength of the adhesive bonding
by 3–5 times [8]. Distinctive features of the given
adhesives are the low dependence of properties on
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the concentration and chemical nature of the
hardener, cure temperature, influence of temperature
gradients, vibrations, water and other aggressive
media. At the same time, taking into account the
high cost of carboxylate rubbers, the problem of
replacing them with cheaper and more affordable
ones still remains urgent. In this regard, polysulfide
rubbers are of great interest. Apart from the fact that
they are almost 2.5 times cheaper than carboxylate
ones, they are also more convenient in production
due to their lower viscosity and better thermodynamic
compatibility with epoxy resin.
In addition, it should be noted that at present
time there is a surplus of sulfur formed during the
processing of constantly increasing volumes of sulfurcontaining hydrocarbons (oil, gas) and deeper
purification from sulfur of oil refinery products, waste
and flue gases of coke-chemical, metallurgical and
energy industries because of tightening requirements
for environmental protection. In this situation, there
is a crucial problem of developing new researchintensive sulfur-containing materials, the price of
which will significantly exceed the price of sulfur
itself as a raw material, and expanding the use of
sulfur in non-traditional material-intensive areas. To
date, a certain amount of experience has been gained
in using thiokol for modifying EP. The main attention
in very numerous studies, actively carried out over a
long period of time (from the 1960s to the present),
was paid to the creation of sealing materials which
do not have strict requirements for adhesive and
cohesive strength, resistance to aggressive media and
other parameters, such as physical and mechanical
properties [9–11]. In such systems, the role of the
matrix that determines the structure and basic
operational properties of the material is played by a
chemical network formed by thiokol and a curative.
The introduction of a small additive (up to 30 mass
parts) of epoxy resin (ER) into this matrix helps to
increase the adhesion of thiokol sealants to various
substrates.
In the case of epoxy materials, especially for
structural purposes, the characteristics of adhesion
and mechanical strength, resistance to shock and
vibration loads, temperature changes, water and
chemical resistance become of crucial importance.
In this regard, taking into account the high
mechanical properties, chemical resistance, and good
adhesion to many materials, it seems appropriate to
use EP as a matrix, and take thiokol as a modifying
additive that increases the adhesive strength and shock
resistance of the matrix.
It was found (which should be expected a priori)
that the effect of increasing the adhesion strength

and work of destruction for thiokols is much less
exhibited than for carboxylate rubbers [12].
Since the terminal SH-groups of the thiokol
are capable of interacting with the terminal oxirane
rings of the epoxy resin, it was of undoubted interest,
as in the case of carboxyl rubbers, to carry out a
preliminary reaction of the interaction of the terminal
groups of the thiokol and ES according to the scheme:
SH +

CH CH2

S

CH2

CH

,

OH

O

and further investigate the properties of compositions
bas ed on the products of this reaction of
thioetherification. In this regard, it was of doubtless
interest to carry out overall studies of the effect of
polysulfide rubber in a wide range of concentrations
on the deformation-strength, relaxation and adhesion
parameters of epoxy polymers, which determine their
basic operational properties.
Experimental
The object of study is epoxy-diane resin of
Epikote-828 brand with a mass fraction of epoxy
groups of 22.8%, a molecular weight of 380 and a
dynamic viscosity of 12.5 Pas. The polysulfide rubber
used was a liquid thiokol brand I of the following
formula:
SH

C2H4 O

CH2 O

C2H4 S

S

CH O
n 2 4

CH3 ,

where n=6–23. Its viscosity at 250C is 28 Pas and
the content of sulfhydryl groups is 3.1%.
Diethylenetriamine DETA was used as a
hardener.
Compositions were solidified according to the
following modes:
– cold hardening: (20±2)0Ñ/240 h (mode I);
– hard enin g with heat treatmen t:
(20±2)0Ñ/24 h+1200Ñ/3 h (mode II).
The following research methods were used.
Heat effect of reaction, temperature of
beginning reaction and temperature of maximal rate
of reaction were determined on a DSC unit of the
Du Pont 9900 thermoanalytical complex. A sample of
~10 mg was heated to 2300C at the rate of 100C/min.
The mechanical properties of film samples with
the thickness of ~150 mm under uniaxial tension
(breaking stress t and deformation at break s) were
determined by a Polyany-type device with a rigid
dynamometer and automatic recording of measured
values [13]. The elastic modulus (E) was calculated
from the slope of the initial portion of the  vs. 
curve. The area under the stress-strain curve  vs. 
served as a measure of the work of destruction (Ap).
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Films with a thickness of 100–150 m were obtained
by hardening polymer composites between two
polished surfaces of metal plates coated with a thin
layer of a release agent. Shear adhesion strength (sh)
was determined according to the State Standard
14759-69.
Water absorption (W) was determined by the
change in the mass of the samples after boiling for 3
hours according to the following formula:

W t 

m  t   m0
m0

100%,

Compression strength (c ) is determined
according to the State Standard 4651-2014 (ISO
604:2002), specific impact viscosity being measured
by ISO 179-1:2010. Bend strength is determined by
the State Standard 4648-2014 (ISO 178:2010).
Results and discussion
Differential scanning calorimetry (DSC) was
used to determine the temperature range of the
reaction between epoxy resin and thiokol. As
evidenced by the data of Table 1 and Fig. 1, this
interaction occurs in a wide temperature range of
80–1800C.

where m0 is the initial mass of the sample; m(t)
refers to the mass of the sample after immersion in
the water during time t.
The abrasion index (I) was determined
according to the State Standard 11012-2017 on an
APGI machine (Germany). The essence of the
method is to determine the decrease in the volume
of the sample in cubic millimeters as a result of
abrasion (wear) per 1 m of the abrasion path with a
grinding cloth. The load on the sample was 1 kg, the
length of the abrasion path of the sample was 10 m
(25 revolutions of the machine cylinder).
The density of the samples () was measured
by the gradient column method according to the
State Standard 15139-69.
The molecular weight of the chain section
between the nodes of the chemical network (Mc)
was calculated from the value of the equilibrium
dynamic elastic modulus E’ measured at a
temperature T=Tc+500C using the following formula:

MC 

Fig. 1. DSC curve for mixture Epikote-828–thiokol taken at
a ratio of 100:40

3RT
,
E'

where R is the universal gas constant; T is the absolute
temperature;  is the density of a polymer.
Density of joints of chemical network (nc) is
calculated by the formula:

nC 


.
MC

In order to determine the optimal conditions
for the alignment (temperature and time) of the ER
Epikote-828 with thiokol, the dependence of the
adhesion shear strength (sh) on the mixing time of
the components at different temperatures was studied.
As follows from Fig. 2, the effect of increasing sh is
observed in a wide temperature range (90–1800C)
of mixing and corresponds to the temperature range
Table 1

Thermal-physical properties of epoxy-thiokol mixtures

Composition of mixture,
weight parts
Epikote-828 – 100
thiokol – 40
Epikote-828 – 100
thiokol – 100
Epikote-828 – 100
thiokol – 200

Heat effect of
reaction, Q, J g–1

Temperature of beginning
reaction, Тb, 0С

Temperature of maximal
rate of reaction, Тm, 0С

38.9

96.86

125.98

36.61

102.49

131.82

38.63

85.73

127.19
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of the chemical reaction of SH- with epoxy groups
(Fig. 1). In this case, at low mixing temperatures, a
monotonic increase in sh is observed with reaching
the saturation point the earlier, the higher the
temperature is. At temperatures 160 0 C, the
maximum value of sh is reached after 2–3 hours,
after which a slight decrease in the adhesive strength
occurs, which is possibly due to thermal destructive
processes at elevated mixing temperatures. Based on
the results obtained, for further studies, the products
of the preliminary thioetherification reaction (PRTE)
obtained at 1600C for 2 h with thorough stirring of
the ER with thiokol were used.
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Fig. 3. Dependences of shear strength (sh) on concentration of
thiokol when mechanically mixed (1) and product of
preliminarily reaction of thioetherification used (2)
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Fig. 2. Dependences of shear strength (sh) on mixing time
(tmix) of mixture of epoxy oligomer and thiokol (100:60 weight
parts) at various temperatures of carrying out PRTE: 900Ñ (1),
1200Ñ (2), 1500Ñ (3), 1600Ñ (4), 1800Ñ (5)

Comparative studies of mechanical mixtures
(MM) and PRTE products exhibit (Fig. 3) that for
both systems there are extreme dependences of sh
on the concentration (C) of thiokol, and the
maximum values of adhesion strength are shown at
the same rubber content (~60 weight parts). In the
all studied concentration range, the value of sh for
the PRTE product exceeds the values of the adhesion
strength for the MM. Moreover, as can be seen from
Fig. 4, the absolute increment of adhesion strength
sh=PRTE–MM has the form of a dependence
consisting of two main sections. In the first (initial)
section, sh increases very rapidly with an increase
in thiokol content (up to ~40 weight parts) with an
average rate of about 170 kPa/weight parts. Then, in
the transition section in the range of 40–60 weight
parts, the growth of sh slows down, although it is
still quite noticeable (~45 kPa/weight part). At C60
weight parts (in the second section), sh changes

50
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0
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C, wt %

Fig. 4. Dependences of relative  (1) and absolute sh (2)
gradient of adhesive strength of epoxy composite on
concentration of thiokol

very little, the increment of  sh being only
3 kPa/weight part.
Three characte rist ic sections can be
distinguished on the dependence of the relative
increment of adhesion strength =PRTE/MM. On the
first, corresponding to the content of rubber from 0
to 40 mass part,  grows rapidly with a rate of
1.12%/weight part; in the second section (40<C<120
weight part),  increases insignificantly (0.25% per
weight part), i.e. 4.5 times slower than in the initial
section. Finally, in the third section (C120 weight
parts),  grows again at a very high rate (4.95% per a
weight part), i.e. it surpasses the initial section in
4.4 times.
The cohesive strength t as a result of the PRTE
changes to a much lesser extent relative to the MÌ
than the adhesive strength (Fig. 5,a). At the same
time, with small additions of rubber (10 and 15 wt.
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parts, respectively, for the mechanical mixture and
PRTE), small maxima are observed on the t vs. Ñ
dependences, after which the strength decreases
rather quickly with an increase in the concentration
of the modifier. In this case, as in the case of the
dependence sh vs. C, the value of t for the products
of PRTE is higher than for MM in the entire studied
range of thiokol concentrations. Deformation at
rupture increases quite noticeably after PRTE
(Fig. 5,b). The effect is especially pronounced at
rubber concentrations greater than 100 wt. parts.
Thus, with an increase in the content of the modifier
from 0 to 100 weight parts, s increases by 1.69 and
2.75 times for MM and PRTE, respectively. In the
range of thiokol concentrations from 100 to 200 wt.
parts, the corresponding growth of s is 3.69 and
4.55 times. Due to this, even with a small gain in
strength, the parameter Ap, which characterizes the
work of destruction of the material, increases very
significantly (Fig. 6,a). At the same time, an increase
in Ap is not observed for MM (Fig. 6,a, curve 1). As
a result of PRTE, the modulus of elasticity E

(Fig. 6,b) of the composite slightly increases, while
water absorption (Fig. 7,a) and abrasion (Fig. 7,b),
on the contrary, decrease. In this case, the modulus
E of the composition after reaching a small maximum
at C=10 wt. parts decreases rather quickly with an
increase in thiokol content up to 40 wt. parts. Further
in the range 40<C<100 wt. parts, the plateau zone
appears on the concentration dependences of E, after
which the magnitude of the modulus decreases again.
Parameters W and I almost linearly increase with
increasing C, which indicates a decrease in their
water and wear resistance. After the heat treatment,
the decrease in I for MM is somewhat larger than
for the PRTE product. This may be due to the fact
that, in addition to an increase in the density of the
chemical network because of additional hardening
of the epoxy matrix at an elevated temperature, the
thioetherification reaction also takes place in the
composite based on MM.
The concentration dependence of s is well
correlated with the dependence of the molecular
weight Ìñ on the thiokol content (Fig. 8,a). With
60
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Fig. 5. Dependences of tensile strength (a) and deformation at rupture (b) on thiokol concentration for film samples based on
mechanical mixture (1) and products of thioetherification reaction (2). The samples have been hardened by mode I
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Fig. 6. Dependences of work of destruction (a) and elastic modulus (b) on thiokol concentration for filmy samples based on
mechanical mixture (1) and products of thioetherification reaction (2). The samples have been hardened by mode I
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Fig. 7. Dependences of water uptake (a) and abrasion (b) on thiokol concentration for film samples based on mechanical mixture
(1,3) and products of thioetherification reaction (2,4). The samples have been hardened by modes I (1,2) and II (3, 4)
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an increase in the concentration of the rubber Ìñ of
the composition increases, and accordingly the
density of the nodes of the chemical network nc
decreases (Fig. 8,b), i.e., the flexibility of the
macromolecular chain between the crosslinking sites
increases. As a result, the modified samples are more
enabled to develop deformation as evidenced by the
data in Fig. 5,b.
It should be noted that the samples based on
PRTE have a lower density  as compared to MM
(Fig. 9); a higher density  corresponds to a lower
molecular weight Ìñ (and, accordingly, a higher
density of chemical network nodes nc). In this case,
the density of polymers based on MM is higher than
the calculated curve obtained taking into account
the additive contribution of the individual
components of the mixture. For the products based
on PRTE, the values of  lie below the calculated
curve. With an increase in the concentration of

1220
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1210
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1190
1180
0

50

100
150
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200

Fig. 9. Dependences of density () on thiokol concentration
(Ñ) for mechanical mixtures (1) and products of
thioetherification reaction (2); 3 – calculated curve
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Fig. 10. Dependences of compression strength (à), specific impact viscosity (b) and bending strength (c) on the method of
involving the modifier for mechanical mixture (1) and product of reaction of thioetherification (2), containing 20 weight parts of
thiokol per 100 wt. parts of epoxide resin. The samples have been hardened by mode I. The samples have been hardened by mode I

thiokol, the calculated curve moves away more and
more from the dependence  vs. C for PRTE and,
conversely, approaches the analogous dependence
for MM. Nevertheless, even at C=200 wt. parts,
where the difference in the values of the calculated
density and experimentally measured for PRTE is
maximum, the difference in their values does not
exceed 1.05%.
The results of the study also exhibit (Fig. 10)
that after carrying out the PRTE, the compressive
strength of the samples increases by about 15%, the
specific impact strength increases more significantly
(by 75%), and the flexural strength practically does
not change.
Referring again to Fig. 2, it should be noted
that due to the performance of the PRTE, it is
possible to significantly increase the adhesive strength
of epoxy-thiokol mixtures. As a result, a composition
based on PRTE containing 20 wt. parts including
thiokol, provides the same level of strength of
adhesive joints as a mechanical mixture, but
containing 60 wt. parts of rubber.
This testifies to the economic feasibility of using
PRTE products. Comparative characteristics of epoxy
composites based on a base (unmodified) resin as
well as a mechanical mixture and a PRTE product
containing 20 wt. including thiokol are given in
Table 2.

It can be seen that, in all parameters, materials
based on PRTE are significantly superior to MM.
Thus, in terms of sh, the effect is 31.7%, and specific
impact strength is 66.7%. Compared to the base
sample, the increase in parameters is even greater:
for sh it equals 65.3%, for specific impact strength it
is 242%.
Thus, the results of the study unambiguously
indicate that the preliminary thioetherification
reaction provides an increase in the deformationstrength and adhesive properties of mixtures of epoxy
resins with thiokols. The effect of increasing the shear
strength of adhesive joints and impact resistance is
especially noticeable when the compositions are
hardened without heat supply.
Conclusions
A method for producing composite materials
with improved adhesive and physical-mechanical
properties based on epoxy-thiokol mixtures has been
theoretically and experimentally substantiated. The
effect is achieved due to the use in the composition
of the composite as a resin part of the products of
the preliminary reaction of thioetherification,
obtained as a result of the interaction of oxirane
cycles of epoxy resins with mercaptan groups of
thiocol.
The temperature range (90–1800C) of the
thioetherification reaction was determined by the
T a b l e 2 method of differential scanning calorimetry. The
Influence of methods of thiokol appending on the
optimum temperature (1600C) and the duration of
properties of epoxy polymers
the preliminary thioetherification reaction (2 hours),
which provide the maximal level of adhesive strength
Rubber content
and physical and mechanical properties, have been
Properties
0 (Basic
20
determined.
sample) MM PRTE
The composites based on the products of the
9.8
12.3 16.2 thioetherification reaction are shown to significantly
Shear strength, sh, МPа
42.8 40.4 47.5 surpass analogs based on mechanical mixtures of
Tensile strength, t, МPа
Elastic modulus, Е, GPa
1.11 0.99 1.20 epoxy resin and thiokol in terms of impact strength
Work of destruction, А p, kJ m –2
1.24 1.20 1.48 (1.72 times), static and dynamic adhesive strength
Specific impact viscosity, a, kJ m–2
3.8
7.8 13.0 (1.35 and 1.90 times, respectively).
Thus, the results of the study unambiguously
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in dicate t hat carrying out a preliminary
thioetherification reaction provides an increase in
the deformation strength and adhesion properties of
mixtures of epoxy resins with thiokols. The effect of
increasing the shear strength of adhesive joints and
impact resistance is especially noticeable when the
compositions are hardened without external heat
supply.
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ÂËÀÑÒÈÂÎÑÒ² ÅÏÎÊÑÈÄÍÎ-Ò²ÎÊÎËÎÂÈÕ
ÌÀÒÅÐ²ÀË²Â ÍÀ ÎÑÍÎÂ² ÏÐÎÄÓÊÒ²Â ÏÎÏÅÐÅÄÍÜÎ¯
ÐÅÀÊÖ²¯ Ò²ÎÅÒÅÐ²Ô²ÊÀÖ²¯
Ê.Ì. Ñóõèé, Î.À. Áºëÿíîâñüêà, À.Ì. Íîñîâà, Ì.Ê. Ñóõèé,
Â.Ï. Êðèøåíü, Þ. Õóàíã, Þ.Ñ. Êî÷åðã³í, T.². Ãðèãîðåíêî
Ç ìåòîþ ïîêðàùåííÿ àäãåç³éíèõ òà ô³çèêî-ìåõàí³÷íèõ âëàñòèâîñòåé åïîêñèäíî-ò³îêîëîâèõ êîìïîçèö³é õîëîäíîãî îòâåðäæåííÿ, çàïðîïîíîâàíî äî ââåäåííÿ òâåðäíèêà
ïðîâîäèòè ðåàêö³þ âçàºìîä³¿ ìåðêàïòàíîâèõ ãðóï ò³îêîëó ³
îêñèðàíîâèõ öèêë³â åïîêñèäíî¿ ñìîëè ïðè ï³äâèùåí³é òåìïåðàòóð³, à ïîò³ì âèêîðèñòîâóâàòè ïðîäóêò ö³º¿ ðåàêö³¿ ò³îåòåð³ô³êàö³¿ äëÿ îòâåðäæåííÿ ïðè ê³ìíàòí³é òåìïåðàòóð³. Ìåòîäîì äèôåðåíö³àëüíî¿ ñêàíóþ÷î¿ êàëîðèìåòð³¿ âèçíà÷åíî
òåìïåðàòóðíèé ³íòåðâàë (90–1800Ñ) ïðîò³êàííÿ ðåàêö³¿ ò³îåòåð³ô³êàö³¿. Âèçíà÷åíî îïòèìàëüí³ òåìïåðàòóðà (1600Ñ) ³
òðèâàë³ñòü ïðîâåäåííÿ (2 ãîäèíè) ïîïåðåäíüî¿ ðåàêö³¿ ò³îåòåð³ô³êàö³³, ùî çàáåçïå÷óþòü ìàêñèìàëüíèé ð³âåíü àäãåç³éíî¿ ì³öíîñò³ ³ ô³çèêî-ìåõàí³÷íèõ âëàñòèâîñòåé. Ïîêàçàíî, ùî êîìïîçèö³éí³ ìàòåð³àëè íà îñíîâ³ ïðîäóêò³â ðåàêö³¿
ò³îåòåð³ô³êàö³³ ³ñòîòíî ïåðåâåðøóþòü àíàëîãè íà îñíîâ³ ìåõàí³÷íèõ ñóì³øåé åïîêñèäíî¿ ñìîëè ³ ò³îêîëó çà âåëè÷èíîþ
êîãåç³éíî¿ ³ àäãåç³éíî¿ ì³öíîñò³, äåôîðìàö³éíî¿ çäàòíîñò³,
ðîáîòè ðóéíóâàííÿ ³ ïèòîìî¿ óäàðíî¿ â’ÿçêîñò³. Îñîáëèâî
ñóòòºâî ï³äâèùóºòüñÿ óäàðîñò³éê³ñòü ³ ì³öí³ñòü íà çñóâ êëåéîâèõ ç’ºäíàíü ï³ä ÷àñ îòâåðäæåííÿ êîìïîçèö³é áåç ï³äâåäåííÿ òåïëà ççîâí³.
Êëþ÷îâ³ ñëîâà: åïîêñèäíà ñìîëà; ò³îêîë; ðåàêö³ÿ
ò³îåòåð³ô³êàö³³; àäãåç³éí³ ³ êîãåç³éí³ âëàñòèâîñò³; ìåõàí³÷íà
ñóì³ø; äèôåðåíö³àëüíà ñêàíóþ÷à êàëîðèìåòð³ÿ.
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In order to improve the adhesive and physical-mechanical
properties of epoxy-thiocol compositions cured without heat
treatment, we propose to carry out the reaction of interaction
between thiokol mercaptan groups and oxirane cycles of epoxy
resin at an elevated temperature before introducing a curing agent,
and then use the product of this thioetherification reaction for
curing at room temperature. The temperature range of the
thioetherification reaction (90–1800Ñ) was determined by the
method of differential scanning calorimetry. The optimal
temperature (160 0 Ñ) and duration of the preliminary
thioetherification reaction (2 hours) were determined, which
ensure the maximum level of adhesive strength and physicalmechanical properties. It was shown that composite materials
based on the products of the thioetherification reaction significantly
outperform analogs based on mechanical mixtures of epoxy resin
and thiokol in terms of cohesive and adhesive strength,
deformation capacity, fracture work and specific impact strength.
The impact resistance and shear strength of adhesive joints are
especially significantly increased during the curing of the
compositions without external heat supply.
Keywords: epoxy resin; thiokol; thioetherification reaction;
adhesive and cohesive properties; mechanical mixture; differential
scanning calorimetry.
*
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