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An approach to the physicochemical modification of heat-shrinkable epoxy-diane polymers

was considered, these polymers being used as couplings for the repair of polymer pipelines

for various functional purposes. The purpose of the modification is to stabilize and improve

the performance of the end couplings that are heat-shrinkable. We assessed the prospects

of preparation of the products of various profiles by forming cross-linked polymers in a

highly elastic state by plunger extrusion via creating favorable conditions for the orientation

of interstitial fragments in epoxy-diane polymers. The starting epoxy-diane composition

contained rigid and elastic components. The polymers fabricated by hardening of these

compositions have both a glass transition temperature, which is convenient for operation,

and high deformability in glassy and highly elastic states. We investigated the tensile

strength, the elastic modulus, the failure deformation and the flaring deformation of the

inner diameter of the preform of epoxy-diane polymers. Physical modification of a liquid

filled epoxy-diane composition before mixing with a hardener was performed by using

low-frequency ultrasonic treatment. We analyzed the results associated with the effect of

combined ultrasonic treatment on the physical-mechanical and service properties of heat-

shrinkable epoxy-diane polymers filled with short glass fibers.
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Introduction

Technologies for repairing polymer pipelines
of various functional purposes, in particular low and
medium pressure gas pipelines, based on epoxy
compositions (ECs) are widely used. The use of
coupling joints formed from epoxy polymers (EPs),
having shape memory effect, attracts special
attention. It is known that during plastic deformation
of a polymer, a nonequilibrium stress state can be
realized, which, when heated to certain temperatures,
relaxes with the restoration of the original shape of
the product (polymer sample) [1].

This property is called the thermal shrinkage.
It has been satisfactorily studied for the films and
fibers made of thermoplastic polymers and only
partially studied for the case of EPs [2]. Thermal
expansion and shrinkage of polymers is manifested
by a change in the volume of a polymer with a
constant chemical structure when the temperature
changes, including by radiation heating for products

from thermoplastics [3]. This property is of great
practical importance, because it determines the
dimensional stability of the resulting products and
the internal stresses that occur when the deformation
of the polymer is limited.

The effect of thermal shrinkage of polymeric
materials was considered in detail in a number of
works [4,5]. Analysis of the results reported in these
works shows that it is necessary to create favorable
conditions for the orientation of interstitial fragments
in EPs in order to obtain tubular products based on
EPs with shape memory effect. These EPs should
have a relatively low effective crosslinking density
and be a mixture of densely-frequent and rare-mesh
components with rigid peripheral and flexible internal
interstitial chains.

Moreover, a different degree of change in the
shape of these EPs during their deformation is
associated with unequal density of their networks
and mobility of inter-nodal chains. When the cross-
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linked polymers are heated to a temperature
exceeding the glass transition temperature, their
elastic modulus decreases sharply [2]. Therefore,
under these conditions, the polymers are deformed
at a relatively low pressure (1–5 MPa). This
contributes to the formation of products of various
profiles by forming cross-linked polymers in a highly
elastic state by plunger extrusion [6].

It is very important to stabilize and improve
the operational characteristics of the final coupling
joints in order to ensure the durability of molded
repair products. This can be achieved, for example,
by carrying out chemical and physical modification
of liquid ECs during the manufacture of these
compounds. Regulating of structure formation at the
phase boundary, in particular, by incorporation of
short fibrous fillers into liquid EC [7] (an example
of chemical modification) is one of the ways to
improve the operational characteristics of EPs.

The strengthening effect of fillers of a fibrous
structure (such as glass fiber) is significantly higher
than that of dispersed fillers (such as talc, graphite,
molybdate, disulfate, aluminum powder, titanium
dioxide, etc.). However, the incorporation of a
continuous fibrous filler (e.g. fiberglass) prevents
thermal shrinkage of the couplings. Therefore, it is
advisable to incorporate precisely short fibrous fillers
of various geometric shapes.

As for physical modification, the use of low-
frequency ultrasonic (US) treatment of liquid EC
before it is mixed with the hardener is one of the
effective methods. Moreover, this is valid in the
manufacture of both unfilled ECs [8] and fibrous
polymer composite materials (PCMs) based on an
epoxy matrix [9]. In many cases, US treatment
enhances the production efficiency of the  PCMs
[10], in particular, intensifies the process of capillary
impregnation of fiber fillers with liquid ECs [11] as
well as improves the operational properties of
hardened reinforced EPs [12].

The variety of US treatment modes involves
the use of increased static pressure to reduce the
duration of sonication of liquid ECs [13]. Thus, it
can be assumed that the combined physicochemical
modification of liquid ECs could be very efficient
when forming heat-shrinkable products from EPs
by optimizing the content of short fibrous fillers and
the parameters of US treatment of liquid ECs
together with these fillers. Indeed, this opens up new
possibilities for the directed control of the operational
characteristics of functional PCMs with the shape
memory effect [14].

Experimental

The composition of the investigated filled and

unfilled ECs during their chemical modification was
selected so that the glass transition temperature of
the hardened EPs based on them was in the range of
50 to 1000Ñ. This temperature range is due to the
requirement that the formed coupling should resist
involuntary shrinkage during the hot summer.

The manufacture of heat-shrinkable couplings
was carried out using ECs which contained rigid
and elastic components [2]. An aromatic complex
of diglycidyl ether in the form of epoxy resin (ER)
of the ED-20 and UP-640 brands was used as a
rigid component of ECs, whereas a block oligomer
of an aliphatic ER and an acid oligoester in the
form of a modified ER of the UP-599 brand was
used as an elastic component. The weight ratio
between the rigid and elastic components was 3:2,
respectively.

A mixture of isomethyltetrahydrophthalic
anhydride with an accelerator UP-606/2, taken in
stoichiometric relation to the resin part served as a
hardener for all compositions. ECs were prepared
by combining all the ingredients at a temperature of
60–700C. The ECs hardening regime was as follows:
700C/8 hour+1000C/4 hours+1200C/2 hours.

The above-mentioned components of ECs were
chosen because they ensure the most successful
combination of the contribution of chemical and
physical networks. The polymers obtained by
hardening of such compositions have a glass transition
temperature that is convenient for operation and high
deformability in the glassy and highly elastic states.

In addition, the preparation of these ECs is
extremely simple and consists in the mixing of
components. It should be added here that the above
ratio of the ingredients provides an acceptable
combination of tensile strength and relative
elongation of EPs.

Chopped fiberglass RBN-10-2570-78 was used
as a short fibrous filler, its average length of segments
and diameter being (1–2)10–3 m and 10–5 m,
respectively.

The manufacture of couplings from EPs based
on liquid ECs (both filled and unfilled) was performed
as a sequence of the following operations:

1) A short fiber glass filler was added to the
mixture of the rigid and elastic components of the
EC in a soluble state. Then, the filled composition
was subjected to the influence of low-frequency US
for 20–35 minutes at high static pressure.

2) The sonicated components of ER with a
short fiber glass filler were mixed with a mixture of
accelerator and hardener to obtain the initial liquid
filling EC.

3) Tubular billets were made by pouring the
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obtained liquid EC into specially prepared metal
molds followed by the solidification of the EC
according to the above step temperature-time regime.
This operation ensured formation of an extremely
hardened structure with a 95–97% sol-fraction
content.

4) Finished tubular billets were transferred to a
highly elastic state by heating to a temperature of
1000C. Then, they were placed on the mandrel, which
provides a necessary increase in the inner diameter
of the billets (flaring deformation, Fig. 1,a).

5) After deformation of the billet along the inner
diameter to a predetermined size, it was cooled to a
temperature lower than the glass transition
temperature Tg=78–820C, which will allow reaching
an almost 100% degree of thermal shrinkage of the
coupling (Fig. 1,b).

6) After exposure at the indicated temperature,
the billets were removed from the mandrel (Fig. 1,c)
and their visual inspection was carried out. After
this control, the billets weree considered ready for
use as a heat-shrinkable coupling.

Fig. 1. Scheme of the preparation of heat-shrinkable products

from filled and unfilled EPs: 1 – mandrel; 2 – coupling;

3 – base plate; 4 – EP billet

The following physical-mechanical and
operational properties of the hardened EPs were
studied: tensile strength t, elastic modulus E, failure
deformation f, and flaring deformation fl of the
inner diameter of the EP billet. The flaring
deformation fl of the polymer billet was determined
as the ratio of the difference between the inner
diameters of the polymer billet before and after its
deformation to the inner diameter of the polymer
billet after its deformation. EP couplings had an inner
diameter of 19.8 mm and an outer diameter of
30.1 mm.

The physical-mechanical properties in the glassy
state (at temperature T=20±20C) and highly elastic
state (T=1000C) were studied in tensile tests of
standard hardened samples of unfilled and filled EPs.
The tests were carried out using a machine of the

ZP-10190 type (10 t) at a gripping speed of
10 mm min–1. To prevent destruction in the grips of
the machine, special pads were made. To eliminate
slippage of the samples and improve adhesion
between the liners of the grippers, double-sided fine-
grained sanding paper was used. The number of test
samples per variable parameter was 10.

A 0.4 kW ultrasonic disperser was used as a
source of low-frequency ultrasound. The frequency
(f), amplitude (A), intensity (I) and temperature (T)
were controlled. Excessive static pressure during US
treatment with liquid EC was P=0.4 MPa.

Results and discussion

Effect of the inner diameter of the epoxy polymers
billets on their flaring deformation

The study of the relationship between the
internal diameter of EP billets and their flaring
deformation is very important, because it determines
the range of use of specific type sizes of heat-
shrinkable couplings.

It was found that the magnitude of the flaring
deformation fl correlates with the values of the
internal dî and external і

о
d  diameters of the coupling:

the higher the dî and і

о
d , the smaller the flaring

deformation is. Therefore, the value of the inner
diameter dî of the coupling gives quite definite
information about the possible values (or the range
of values) of the flaring deformation.

Thus, the limiting value of the flaring
deformation for the selected epoxy-anhydride
composition and for couplings with an inner diameter
of dî20 mm was fl17% in the basic method [6].
However, experiments showed that the values of the
flaring deformation, achieved without breaking the
billet, was decreased with an increase in the inner
diameter of the billet.

For example, for a billet with an inner diameter
of dî60 mm, it was not possible to achieve high
values of the flaring deformation. The flaring
deformation of the billets was 12%, 15% and 17%,
which led to their destruction. Only couplings with
fl=3%–5% showed acceptable heat-shrinkable
parameters in terms of ease of repairing.

A negative outcome in terms of flaring
deformation (fl=4% and 6%) was obtained for
dî110 mm. Couplings of acceptable quality (without
physical damage and cavities) were manufactured if
the values of flaring deformation fl=1.5–2.5%.

Thus, the operational characteristics of heat-
shrinkable couplings from EPs are determined not
only by the composition of the selected EC, but
also by the absolute value of the inner diameter of
the resulting coupling. The above results indicate
that when forming couplings from EPs, the
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geometrical dimensions of the couplings should be
taken into account.

Optimization of the content of short-fiber filler in
liquid ECs

It is known that during incorporation of finely
chopped fiberglass it is necessary to evenly distribute
it in liquid EC and ensure acceptable adhesion and
wettability of its surface towards a soluble polymer
medium. As a rule, 0.5 wt.% to 30 wt.% of glass
fiber are incorporated into the EC composition,
depending on the functional purpose of the molded
polymer [7]. This is due to the fact that glass-filled
polymers exhibit improved physical-mechanical and
electrical properties, high heat and deformation
resistance, and, as a rule, have low shrinkage as
compared with the unfilled EPs. However, the
optimal values of the filler content should be found
experimentally for each composition, depending on
its functionality.

When conducting these studies, the range of
variation of the short-fiber glass filler was significantly
narrowed: the degree of filling varied within (0.5–
5.0) wt.% (with respect of EC weight). At the same
time, at a maximum degree of filling (5 wt.% with

respect of EC weight), the composition in a soluble
state becomes technologically unacceptable, which
is consistent with results described elsewhere [6].
Thus, the viscosity of these compositions increases
so much that it is not possible to obtain hardened
EP samples with a smooth surface and without
cavities in the structure.

An analysis of the mechanical properties of
these materials in a glassy state (Fig. 2,a) in
comparison with the initial polymer [6] indicates
that the incorporation of a certain amount of fillers
5 wt.% does not significantly affect ductility (f) in a
glassy state. In this case, the elastic modulus E and
the tensile strength t decrease. This allows us to
make an assumption about the negative effect of the
short-fiber glass filler on the heat-shrinkable
properties of tubular products.

The ultimate flaring deformation for a coupling
with a 5% glass filler content decreases from 17% to
3% as compared with the initial composition
(Fig. 2,a).

Thus, the concentration of short fibrous glass
filler in ECs of 1–2% allows getting the most
acceptable physical-mechanical and service

                                                    a                                                                                     b

Fig. 2. Effect of the content of short-fiber glass filler on the physical-mechanical properties of heat-shrinkable EPs in the glassy

(a) and highly elastic (b) states

                                            a                                                                                     b

Fig. 3. Dependence of the tensile strength on the amplitude of the US treatment for EP filled with dispersed fiberglass filler under

the combined action of low-frequency US and overpressure in glassy (a) and highly elastic (b) states
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properties of the hardened EPs. It can be seen from
Fig. 2,a that, the mechanical characteristics of a
filled EP in a glassy state practically do not differ
from those of the initial unfilled EP when the degree
of filling with fiberglass is 1–2%.

At the same time, the stiffness (E) increases
more than 3.5–4 times and the tensile strength t

increases (1.3 – 1.6) times in the highly elastic state
(Fig. 2,b); this confirms the efficiency of chemical
modification with short-fiber glass fillers in the above
amount.

Ultrasonic treatment of a liquid filled epoxy
composition

It was found that the use of US treatment
towards a mixture of a part of a rigid (UP-640) and
elastic (UP-599) resin components filled with short
fiber glass fillers leads to some positive effects. Under
the influence of US energy, the viscosity of the
composition decreases 2–3 times in a short time,
resulted from the heating of these resin components
filled with short-fiber glass fillers. This contributes
to both degassing and a more complete, faster and
uniform mixing of short-fiber glass fillers in ER.

In addition, there is a more uniform distribution
of the glass filler in the ER, which leads to an increase
in the stability of the properties of hardened filled
EPs. Therefore, a decrease in the strength
characteristics of EPs was observed when the
amplitude of the US vibrations deviated from its
optimal values (6–12 m) both in glassy and in highly
elastic states (Fig. 3).

It was established that the dependence of the
strength of the filled EPs on the duration of sonication
exhibits a maximum at =25 min. The most intense
strengthening of the filled EPs was observed at the

sonication at the frequency of 18 kHz, the amplitude
of 12 mm, the intensity of 10 W cm–2 and the
temperature of 700C.

Fig. 4 shows the effects of combined US
treatment with overpressure on the mechanical
properties of heat-shrinkable EPs filled with short
glass fibers as compared with the initial EP in the
glassy and highly elastic states measured by the
method described in ref. [6].

The highest strengthening of the filled EPs
under the combined action of US and overpressure
on the resin part of EC was 40–50% and 50% in the
glassy state and in the highly elastic state, respectively.
The resulting value of flaring deformation was 4%
for couplings of filled heat-shrinkable EPs with the
inner diameter of 19 mm and the outer diameter of
30.1 mm. This value of flaring deformation is quite
acceptable from a technological point of view for
the above coupling diameters.

At the same time, the above experiments
showed that the value of the flaring deformation fl,
achieved without destroying the billet, decreases with
an increase in the inner diameter of the billet.

Another positive aspect of the application of
US treatment of the resin part of EC for the heat-
shrinkable couplings is a decrease in the solidification
time of the sonicated thermosetting binder by at least
30–40%.

Conclusions

It was shown that the use of a combined
physicochemical modification of liquid ECs (low-
frequency ultrasound together with optimal filling
with short-fiber glass fillers) is an efficient way to
produce heat-shrinkable EPs. It stabilizes and
increases the operational characteristics of the

                                            a                                                                                      b

Fig. 4. Effect of US treatment at excessive static pressure on the average values of the mechanical properties

 of a filled heat-shrinkable EP in comparison with the initial EP for the glassy (a) and highly elastic (b) states:

1 – 0.1E, GPa; 2 – 0.1t, MPa; 3 – f, % (a) or 0.1f, % (b); 4 – fl, %
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obtained coupling joints.
Obtained EPs have a high strength and crack

resistance in the glassy state as well as high rigidity
in a highly elastic state while maintaining acceptable
working values of the deformation of the flare formed
products. The maximum hardening of the filled EPs
was 40–50% and 50% in the glassy state and in the
highly elastic state, respectively. This was achieved
by sonication at a frequency of 18 kHz, amplitude
of 12 m, intensity of 10 W cm–2, temperature of
700C, excessive static pressure of 0.4 MPa and a
filling value of 1.5–2%.
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Ô²ÇÈÊÎ-Õ²Ì²×ÍÀ ÌÎÄÈÔ²ÊÀÖ²ß ÅÏÎÊÑÈÄÍÈÕ
ÏÎË²ÌÅÐ²Â, ÙÎ ÒÅÐÌÎÓÑÀÄÆÓÞÒÜÑß

Î.ª. Êîëîñîâ, Î.Â. Ãîíäëÿõ, Â.². Ñ³âåöüêèé, Ä.Å. Ñ³äîðîâ,
Î.Ï. Êîëîñîâà, Â.Â. Âàí³í, Ñ.². Àíòîíþê

Ðîçãëÿíóòî ï³äõ³ä äî çä³éñíåííÿ ô³çèêî-õ³ì³÷íî¿ ìî-
äèô³êàö³¿ åïîêñèäío-ä³àíîâèõ ïîë³ìåð³â, ùî òåðìîóñàäæó-
þòüñÿ, ÿê³ çíàõîäÿòü çàñòîñóâàííÿ ÿê ìóôòè äëÿ ðåìîíòó
ïîë³ìåðíèõ òðóáîïðîâîä³â ð³çíîãî ôóíêö³îíàëüíîãî ïðèçíà-
÷åííÿ. Ìåòîþ ìîäèô³êàö³¿ º ñòàá³ë³çàö³ÿ òà ï³äâèùåííÿ åê-
ñïëóàòàö³éíèõ õàðàêòåðèñòèê ê³íöåâèõ ìóôòîâèõ ç’ºäíàíü,
ùî òåðìîóñàäæóþòüñÿ. Ïðîàíàë³çîâàíà ïåðñïåêòèâí³ñòü îäåð-
æàííÿ âèðîá³â ð³çíîãî ïðîô³ëþ øëÿõîì ôîðìóâàííÿ ñ³ò÷à-
ñòèõ ïîë³ìåð³â, ùî çíàõîäÿòüñÿ ó âèñîêîåëàñòè÷íîìó ñòàí³,
ìåòîäîì ïëóíæåðíî¿ åêñòðóç³¿ çà ðàõóíîê ñòâîðåííÿ ñïðèÿò-
ëèâèõ óìîâ äëÿ îð³ºíòàö³¿ ì³æâóçëîâèõ ôðàãìåíò³â â åïî-
êñèäíî-ä³àíîâèõ ïîë³ìåðàõ. Äî ñêëàäó âèõ³äíî¿ åïîêñèäíî¿
êîìïîçèö³¿ âõîäèëè æîðñòêèé ³ åëàñòè÷íèé êîìïîíåíòè.
Ïîë³ìåðè, ùî îäåðæóþòüñÿ ïðè òâåðä³íí³ òàêèõ êîìïîçèö³é,
ìàþòü çðó÷íó äëÿ ðîáîòè òåìïåðàòóðó ñêëóâàííÿ ³ âèñîêó
äåôîðìîâàí³ñòü ó ñêëîïîä³áíîìó é âèñîêîåëàñòè÷íîìó ñòà-
íàõ. Äîñë³äæóâàëè ìåæó ì³öíîñò³ ïðè ðîçðèâ³, ìîäóëü ïðóæ-
íîñò³ ïðè ðîçðèâ³, äåôîðìàö³þ ùîäî ðîçòÿãàííÿ, à òàêîæ
äåôîðìàö³þ ðîçäà÷³ âíóòð³øíüîãî ä³àìåòðà çàãîòîâêè åïîê-
ñèäíî-ä³àíîâèõ ïîë³ìåð³â. Ô³çè÷íó ìîäèô³êàö³þ ð³äêî¿ íà-
ïîâíåíî¿ åïîêñèäíî¿ êîìïîçèö³¿ äî ¿¿ çì³øóâàííÿ ç òâåð-
äíèêîì çä³éñíþâàëè øëÿõîì âèêîðèñòàííÿ íèçüêî÷àñòîò-
íîãî óëüòðàçâóêîâîãî îáðîáëåííÿ. Ïðîàíàë³çîâàíî ðåçóëü-
òàòè âïëèâó êîìá³íîâàíîãî óëüòðàçâóêîâîãî îáðîáëåííÿ íà
ô³çèêî-ìåõàí³÷í³ òà åêñïëóàòàö³éí³ âëàñòèâîñò³ íàïîâíåíî-
ãî êîðîòêèìè ñêëîâîëîêíàìè åïîêñèäíî-ä³àíîâîãî ïîë³ìå-
ðó, ùî òåðìîóñàäæóºòüñÿ.

Êëþ÷îâ³ ñëîâà: ô³çèêî-õ³ì³÷íà ìîäèô³êàö³ÿ, óëüòðàçâóê,
íàïîâíåííÿ, ñêëîâîëîêíî, åïîêñèäíî-ä³àíîâèé ïîë³ìåð,
òåðìîóñàäêà.
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An approach to the physicochemical modification of heat-
shrinkable epoxy-diane polymers was considered, these polymers
being used as couplings for the repair of polymer pipelines for
various functional purposes. The purpose of the modification is
to stabilize and improve the performance of the end couplings
that are heat-shrinkable. We assessed the prospects of preparation
of the products of various profiles by forming cross-linked polymers
in a highly elastic state by plunger extrusion via creating favorable
conditions for the orientation of interstitial fragments in epoxy-
diane polymers. The starting epoxy-diane composition contained
rigid and elastic components. The polymers fabricated by
hardening of these compositions have both a glass transition
temperature, which is convenient for operation, and high
deformability in glassy and highly elastic states. We investigated
the tensile strength, the elastic modulus, the failure deformation
and the flaring deformation of the inner diameter of the preform
of epoxy-diane polymers. Physical modification of a liquid filled
epoxy-diane composition before mixing with a hardener was
performed by using low-frequency ultrasonic treatment. We
analyzed the results associated with the effect of combined
ultrasonic treatment on the physical-mechanical and service
properties of heat-shrinkable epoxy-diane polymers filled with
short glass fibers.

Keywords: physicochemical modification; ultrasound;
filling; fiberglass; epoxy-diane polymer; heat shrinkage.
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