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STUDY ON THE EFFECT OF PLASTICIZERS AND THERMOPLASTICS
ON THE STRENGTH AND TOUGHNESS OF EPOXY RESINS

Purpose. To increase the strength and toughness of epoxy resins of “cold hardening” and “hot hardening” by using modified
plasticizers and thermoplastic polymers.

Methodology. Epoxy resins of “cold hardening” of ED-20 and “hot hardening” of Etal Inject-T, modified with three types of
plasticizers and four types of thermoplastic polymers, were investigated . The toughness and compressive strength of unmodified
and modified resins were determined with the help of the Charpy impact test at various modifier contents.

Findings. Among all studied plasticizers, tricresyl phosphate has the most significant effect on the strength and toughness of
both types of resins. The best combination of strength and toughness of ED-20 resin is obtained with 5 % tricresyl phosphate con-
tent, whereas its higher content reduces the strength of the material. For Etal Inject-T, high values of these properties are obtained
with 15 % tricresyl phosphate content, whereas adding a smaller amount of a modifier does not change the material strength. The
modification with thermoplastic polymers has a less obvious effect on the properties of epoxy resins than the modification with
plasticizers does. The most effective additives to ED-20 are high-temperature polycarbonate (5 %) and polysulfone (10 and 15 %),
the addition of which causes a simultaneous increase in both properties. A significant increase in the toughness of Etal Inject-T is
observed by adding 5—15 % polycarbonate, but the strength of the resin hardly changes. The complex modification of resins with
a mixture of plasticizer and thermoplastic leads to a decrease in the toughness and compressive strength of both types of resins.

Originality. When the polymer mixture hardens, plasticizer molecules dispersed into the environment of epoxy macromole-
cules weaken the rigid spatial crosslinking of macromolecules and make them more active. As a result, toughness increases; in
certain cases so does resistance due to directed re-orientation of macromolecules under deformation. The change in mechanical
properties of epoxy resin when modified with thermoplastics is defined by the bonding strength of the resin and dispersed particles
of thermoplastic polymer as well as by the degree of hetero-phase of the produced mixture.

Practical value. The results of changing the mechanical properties of epoxy resin while being modified with plasticizers and
thermoplastics can be used to produce impact-resistant composite materials for structural purposes, including those for aviation

and space-rocket technology.
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Introduction. For the production of aerospace technology,
light structural materials with high strength properties such as
aluminum, magnesium, titanium alloys and polymer compos-
ite materials are used [1—3]. In this series, carbon fiber is sev-
eral times larger than other materials in terms of specific
strength and modulus of elasticity, but its weak point is the
anomalously low toughness that does not exceed 50 kJ/m?.
For this reason, carbon fiber is still of limited use while con-
structing. The task of increasing the toughness of carbon fiber
composite is relevant.

Literature review. The mechanical properties of carbon fi-
ber composite depend both on the values of these characteris-
tics of reinforcing carbon filler and resin, and the magnitude of
adhesion of carbon filaments to epoxy resin (ER). Table 1
shows that thermosetting resin has low rates of elasticity and
strength [4, 5].

At high static loads in carbon fiber, the matrix component
deforms more strongly than carbon filaments, which leads to
the rupture of the adhesive bond between the matrix and the
reinforcement; at the end of the process, carbon filaments be-
gin to tear. Fig. 1 shows the fracture surface of carbon fiber with
a three-point bend. The bundles of free carbon filaments that
are no longer connected to the thermoset matrix are visible.

Under shock loads on carbon, the fragile epoxy matrix first
begins to break down; for this reason it determines the level of
toughness of the carbon-fiber composite. Thus, the task of in-
creasing the toughness of carbon fiber is largely achieved by in-
creasing the toughness of epoxy resin with the help of modifiers.

Various plasticizers or thermoplastics are most often used
[6] as modifiers of epoxy resins. Oleic acid, oligoxypropylene-
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glycol and &-chlorobutyl ester-f-chloropropionic acid were
studied in the work [7] as the plasticizers for ED-20 epoxy
resin on a polyethylene polyamine (PEPA) hardener. The best
results were obtained when modifying the polymer by intro-
ducing 15 % of the mass of oleic acid; in this case, the tough-
ness increased from 3 to 17 kJ/m?, the bending strength — from
17 to 105 MPa. In the work [8, 9], the effect of diethylene gly-
col diglycidyl ether (DEG-1), tricresylphosphate (TCP) and
trichlorethylphosphate (TCEP) additives on the change in the
properties of ED-20 epoxy resin was studied (Table 2).

Analyzing the data of Table 2, we can conclude that 30 %
content of diethylene glycol diglycidyl ether affects the proper-
ties of the composite matrix material most of all — the bending
strength increases by 6.5 times, the toughness also increases,
but not so noticeably — only by 1.5 times. We explain the ob-
served result by the fact that DEG-1 is an active expanding
material; it acts as a chemical modifier participating in the for-
mation of the spatial structure while hardening together with
ED-20. Increasing the content of tricresyl phosphate and tri-
chloroethyl phosphate to 30 % does not impact the material
properties so much — the strength increases by 2 times, the
toughness — by 1.3 times by adding TCP, and for TCEP it de-
creases due to the fact that these two compounds are plasticiz-
ers within the classical concept.

In some studies [8, 9], the authors research the effect of
thermoplastics of polysulfone and polyethersulfone on the
properties of ED-20 epoxy resin. It is shown that with an in-
crease in the polysulfone content in epoxy resin to 20 %, the
toughness of the composite increases from an initial value of
24.9 J/m? (determined on a Distant device) to 103 J/m?, and
the flexural strength — from 48.8 to 79. 9 MPa. In the case of
modification with polyethersulfone, the toughness of epoxy
resin reaches a maximum of 102.3 J/m? at 20 % modifier con-
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Table 1
Mechanical properties of the components of carbon fiber [4, 5]
. Modulus of Toughness,

Material Strength, MPa elasticity, GPa KJ/m?

Carbon | 2500—6000 200—600 —

fiber stretching

Epoxy 100 10 3—-40

resin stretching/compression

Fig. 1. Snapshot of the carbon composite material fracture surface

Table 2
Properties of composites based on ED-20 epoxy resin [7]

Content of modification, % mass
| DEG-1 | DEG-1 | TCP | TCEP
20 30 30 30
Toughness, kJ/m? 10 10 15 13 8
Bending strength, MPa | 17 86 110 34 34

tent; the maximum bending strength of 94.0 MPa is achieved
with 5 % modifier content, with a further increase in the mod-
ifier content, the strength is monotonously reduced to
75.7 MPa.

From the works [6—38, 10], it follows that the modification
of epoxy resin with plasticizers and thermoplastics is promis-
ing both for increasing the toughness and strength of the com-
posite. However, these works deal mainly with the widely used
ED-20 “cold” hardening epoxy. Meanwhile, in the produc-
tion technology of carbon fiber, epoxy resin “hot” hardening is
of a great interest. One of the representatives of epoxy resin of
this class is Etal-Inject-T ER [11], the hardening temperature
of which is in the range from 150 to 180 °C. At these tempera-
tures, epoxy resin has a low viscosity and high flow; it moistens
carbon fiber well and impregnates a carbon rebar, which im-
proves the quality of the carbon fiber produced. At room tem-
peratures, this epoxy resin with a hardener is in a liquid state,
and it is very convenient for molding products.

There are no experimental data in the literature on the ef-
fect of modifiers on the toughness and strength of a thermoset
Etal-Inject-T. The research in this direction would be interest-
ing for the technology of production of high-impact carbon
fiber.

The purpose of this work is to determine the effect of plas-
ticizers and thermoplastics on the toughness and strength of
epoxy resins of “hot” and “cold” hardening and compare their
strength properties. For practical purposes, it is of interest to
study the modifiers, the use of which will increase the tough-
ness of epoxy resin while maintaining the level of strength or
increase the strength while maintaining the level of toughness,
as well as provide a balanced increase in the mechanical prop-
erties of epoxy.

Experimental part and research methodology. In the ex-
periments, 2 epoxy resin types were used as a polymer binder:

- Etal Inject-T [11] with hardener at a mass ratio of com-
ponents 100:49. Hardening was carried out according to the
combined mode 150 °C 4 hours + at 180 °C 1 hour;

- ED-20 with hardener PEPA; the mass ratio of the com-
ponents is 85:15; a hardening mode 48 hours at a room tem-
perature.

To increase the toughness, the following modifying addi-
tives were used in the experiments:

- plasticizers such as tricresyl phosphate (TCP), trichloro-
ethyl phosphate (TCEP) and glycidyl methacrylate (GDMA)
[6] in a liquid state at a room temperature;

- thermoplastics such as polysulfone (PSF), polycarbonate
(PC), polystyrene (PS) and high impact polystyrene (UPS).
These polymers are in a solid state at a room temperature;
when they are heated, they transform into a highly elastic or
viscous flow state, and they have rather high temperatures of a
viscous flow and decomposition. For example, for polysulfone,
these temperatures are about 300 and 420 °C, respectively [10].

The modification of resin was carried out as follows: in ep-
oxy resins (ED-20, “Etal Inject-T”) modifiers were intro-
duced in the amount of 5, 10 and 15 % of the total mass for
each composition. Since the plasticizer is in a liquid state, its
addition into epoxy resins is not difficult. Thermoplastics were
added into the resin in the form of a dispersed material with a
diameter of granules from 1 to 2.5 mm, obtained by mechani-
cal grinding without deep cooling. A modifier was added (total
volume of the mixture was 1.5 1) in a cylindrical container with
a diameter of 110 mm and a height of 180 mm with an epoxy
oligomer (without hardener), then the components were
mixed until a homogeneous mass was formed using a two-row
mixer propeller stirrer at a speed of 150 rpm. The hardener was
added after the formation of a homogeneous mass and it was
mixed for 20 minutes. The finished mixture was poured into
molds to obtain the samples of materials in the form of cylin-
ders with a diameter of 15 mm and a height of 30 mm to deter-
mine the compressive strength and plates for impact testing
with a length of 80 mm, a width of 10 mm and a thickness of
4 mm. Etal Inject-T resin samples were hardened in an electric
furnace. Analyzing the surface of hardened epoxy resin, we
found that the material structure was homogeneous, but het-
erogeneity of the structure was observed when modified with
thermoplastics, and granular polymers acted like fillers. While
polycarbonate was used, its particles were stored in ED-20
resin after cold hardening, but in Etal-Inject-T obtained by
hot polymerization, there were no dispersed particles of the
modifier, the material was completely homogeneous.

The toughness of unmodified and modified epoxy was de-
termined by the Charpy impact test according to industry stan-
dard 4647-2015 [12] using a pendulum MK-15, the compres-
sive strength — by using a universal testing machine M UP-200.

Results. Figs. 2 and 3 show the experimental data on the
effect of TCP, GDMA, TCEP plasticizers on the toughness
(a;) and compressive strength (o) of the epoxy resin studied.
Moreover, Table 3 shows the values of the plasticizer content
at which the highest toughness of the modified epoxy resin is
achieved when the level of unmodified strength is constant,
the greatest compressive strength when the level of the tough-
ness is constant, and a balanced increase in the toughness and
strength of epoxy resin is observed.

It can be concluded that the investigated types of epoxy
resin have close values of compressive strength; however, the
toughness of Etal Inject-T is twice as high as the toughness of
ED-20. The examined plasticizers have a significant effect on
the toughness of resins causing an increase in their values up to
100 %, and, to a far less degree, contribute to the increase in
the strength of ED-20 by 35 % and Etal Inject-T by 15 %.

ED-20 resins containing tricresyl phosphate 5 % TCP and
Etal Inject-T with 15 % TCP have balanced mechanical pro-
perties.
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Fig. 2. The values of the toughness (a) and compressive strength
(b) of ED-20 resin depending on the content of plasticizer
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Fig. 3. The values of toughness (a) and compressive strength (b)
of Etal Inject-T resin depending on the plasticizer content

(1 is for epoxy resin without a modifier):
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Table 3

Effect of plasticizers on the properties of epoxy resins

ER with ER with ER with
ER maximum maximum balanced
toughness strength properties

ED-20 15 % TCP 5%.TCP 5% TCP
a,=20.1kl/m?* |a,=402kJ/m? |a,=39k)/m’ a, =39 kJ/m?
6,,=97MPa |oc,=97 MPa o,=131 MPa |o,=131 MPa
Etal Inject-T 15 % TCP 15 % TCP 15 % TCP
a,=423kJ/m? | a,=80.3kJ/m? | a,=80.3kJ/m? | a,=80.3kJ/m?
.= 106 MPa | 6,=122MPa |oc,=122MPa |oc,=122 MPa

Taking into account the observed insignificant increase in
the toughness of the hardened ED with an increase in the
number of liquid plasticizers, we can conclude that in this case
there is intrastructural plasticization.

Plasticizers have high compatibility both with ED and the
polymer chains of the spatial framework formed during its
hardening. That is why the regulatory effect of plasticizers be-
comes apparent during the entire process of formation of the
spatial network.

Adding plasticizer makes it possible to increase the tough-
ness of ER and, in some cases, improve the strength due to the
directed reorientation of macromolecules during deformation
[8].

The second part of the experiments is devoted to the study of
thermoplastics modifiers’ impact on mechanical properties of
epoxy resin. The experimental data are shown in Figs. 4 and 5
and Table 4.

All the thermoplastics considered increased both the
toughness and the compressive strength of ED-20 resin. The
best result concerning increasing the toughness (by 85 %) was
obtained for ED-20 resin with a content of 15 % thermoplastic
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Fig. 4. The values of toughness and compressive strength of ED-
20 resin depending on the thermoplastic content (1 is for
epoxy resin without a modifier):
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Fig. 5. The values of toughness and compressive strength of Etal
Inject-T resin depending on the thermoplastic content (1 is
for epoxy resin without a modifier):
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PS, for Etal Inject-T was by 65 %, with a content of 5 % PS.
The maximum strength of ED-20 was increased by 47 % with
a content of 10 % PCF, Etal Inject-T was by 21 % with a con-
tent of 15 % PCF. A modified resin with balanced mechanical
properties was obtained with a polycarbonate content of 5
(ED-20) and 15 % (Etal Inject-T).

Thermoplastic polymers make a heterophasic structure in
ER, and this structure consists of resin macromolecules and
thermoplastic microparticles, which form a spatial framework,
so that, according to modern concepts, a reinforcing extended
boundary layer is formed at the phase interface. While using
such a matrix in the composite material, the level of mechani-
cal properties (compared with the use of an unmodified ma-
trix) and the nature of their change will depend on the amount
of resin adhesion to the thermoplastic particles.

Due to the high elasticity of thermoplastics particles, their
presence in the matrix of the hardened composite promotes to
reduce the level of stresses arising in the material under me-
chanical loading.

The complex modification of Etal Inject-T resin with a
mixture of plasticizer and thermoplastic for further improve-
ment of the properties is of interest. The experimental results
are shown in Table 5.

The analysis of the results presented in Table 5 allows us to
conclude that the modification of epoxy resin with a mixture
of tricresyl phosphate plasticizer and thermoplastic does not
provide an additional increase in the mechanical properties
comparing to using only a TCP modifier. On the contrary,
there is a slight decrease in both toughness and compressive
strength.

Thus, there is no additive effect on the properties of ER of
plasticizer and thermoplast. We attribute this effect to the fact
that the modes of the hardening action of plasticizers and ther-

Table 4

The effect of thermoplastics on the properties of epoxy resins

Epoxy resin Epoxy resin Epoxy resin
. with . . .

Epoxy resin . with maximum | with balanced
maximum strength properties
toughness

ED-20 15% PC 10 % PCF 5% PC
a,=20.1kJ/m? | ay=37kl/m* | a;=26.5kl/m? | a,=31.1kl/m?
6.,=97 MPa 6s=97MPa | c.,=142.6 MPa | =114 MPa
“Etal Inject-T” | 5% PC 15 % PCF 15% PC
a,=423kl/m? | a;=70kl/m?> | a,=43.6kl/m? | a,="70.1 kJ/m>
c,=106 MPa | c,=106 MPa |c,=128 MPa |o.=107.4 MPa

Table 5

Effect of a mixture of TKM and thermoplastic on the
properties of hardened epoxy resin

- o
7 2.
Q a 2 f; ]
Epoxy resin Modifier content —§D § E %0 E
2 | £&
= S
“Etal-Inject T” - 42.3 106
-« 15 % TCP 80.3 122
-« 15% TCP + 5 % PS 72 108.4
-« 15% TCP+ 5% PC 75.8 112.3
-« 15% TCP + 5 % IPS 69 118.4

moplastic dispersed fillers are significantly different, as sug-
gested above. Therefore, the additive effect of factors causing a
strengthening effect is not obtained if the additives are used
separately. In contrast, the plasticizers being used together
with thermoplastics, apparently, prevent the formation of a re-
inforcing interfacial layer “thermoplast-epoxy resin”.

As a result, the dispersed particles do not show a strength-
ening effect, but, like internal defects, they are stress concen-
trators and can act as crack nucleus in the material.

Conclusions. The effect of plasticizers such as tricre-
sylphosphate, trichloroethylphosphate, glycyldyl methacrylate
and thermoplastic polymers such as polysulfone, polycarbon-
ate, polystyrene, high impact polystyrene on the toughness
and compressive strength of cold and hot hardening of ED-20
and Etal Inject-T epoxy resins was studied.

The most effective modifier to increase the toughness of
ER was tricresyl phosphate with a content of 15 %. In this case,
the toughness of ED-20 resin increased from 20 to 40.2 kJ/m?
and Etal Inject-T resin rose from 42.3 up to 80.3 kJ/m? when
their level of the compressive strength was constant.

Adding polysulfone thermoplastic had the greatest im-
pact on the compressive strength. If its content was 10 %, the
strength of ED-20 resin increased from 97 to 142.6 MPa, and
the strength of Etal Inject-T rose from 106 to 128 MPa with
a content of 15 %, when the level of the toughness was con-
stant.

The modification of epoxy resins with a mixture of plasti-
cizers and thermoplastics is not effective due to the difference
in the mode of the hardening action of plasticizers and ther-
moplastic dispersed fillers, as well as the prevention of plasti-
cizers from the formation of a strengthening interfacial layer at
the epoxy-thermoplastic interface.

Acknowledgements. The work was carried out as part of the
RBP 008 BR05336383 target program of the Aerospace Com-
mittee of the Ministry of Defense and Aerospace Industry of
the Republic of Kazakhstan “Development of a technology for
the production of impact-resistant carbon plastics for defense
and aerospace products” (2018—2020).

66 ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2020, N° 4



References.
1. Levchenko, I., Bazaka, K., Belmonte, Th., Keidar, M., &
Xu, Sh. (2018). Advanced Materials for Next-Generation
Spacecraft. Advanced Materials, 30(50), 1-13. https://doi.
org/10.1002/adma.201802201.
2. Ghidini, T. (2018). Materials for space exploration and set-
tlement. Nature Materials, (17), 846-850. https://doi.
org/10.1038 /s41563-018-0184-4.
3. Gaidachuk, V.E., Kondratiev, A.V., & Chesnokov, A.V.
(2017). Changes in the thermal and dimensional stability of
the structure of a polymer composite after carbonization. Me-
chanics of Composite Materials, 52(6), 799-806. https://doi.
org/10.1007/s11029-017-9631-6.4.
4. Gunyaeva, A.G., Sidorina, A.I., Kurnosov, A.O., & Kli-
menko, O.N. (2018). Polymeric composite materials of new
generation on the basis of binder VSE-1212 and the filling
agents alternative to ones of Porcher Ind. and Toho Tenax.
Aviation Materials and Technologies, (3), 18-26. https://doi.
org/10.18577/2071-9140-2018-0-3-18-26.
5. Dunn, B.D. (2016). Materials and Processes for Spacecraft
and High Reliability  Applications. Springer. ISBN-
10:3319233610, https://doi.org/10.1007/978-3-319-23362-8.
6. Mustafa, L. M., Yermakhanova, A. M., Ismailov, M. B., &
Sanin, A. F. (2019). Study of the effect of plasticizers and ther-
moplastics on the mechanical properties of epoxy and carbon
fiber reinforced plastic (Review). Complex Use of Mineral Re-
sources, (4), 48-56. https://doi.org/10.31643/2019/6445.37.
7. Mostovoy, A.S. (2015). Modification of epoxy polymeric
materials with oleic acid. Prospective materials, (4), 33-37.
8. Mostovoy, A.S. (2015). Prescription modification of epoxy
resin using new high-performance plasticizers. Modern High
Technologies, (7), 66-70.
9. Marakhovsky, K. M., Osipchik, V.S., Vodovozov, G.A., &
Papina, S. N. (2016). Modification of an epoxy binder with en-
hanced characteristics for the production of composite mate-
rials. Advances in Chemistry and Chemical Technology, 30(10),
56-58.
10. Krutko, E. T., & Prolopchuk, N. R. (2017). Melaminealkide
and exopy resins chemical modification. Polimernye materialy
i technologii, 3(1), 47-59.
11. Epoxy compound Etal-Inject T (n.d.). Retrieved from
http://www.epital.ru/yacht1/inject.html.
12. GOST 4647-2015 Plastics. Charpy Impact Test Method
(n.d.). Retrieved from http://internet-law.ru/gosts/gost/62398/
(date of treatment 01/15/19).

JlocJliIpkeHHsl BIUIMBY MIACTH(IKATOPIB
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Mera. [ligBuileHHS yIapHOI B’I3KOCTi i MilTHOCTi €MOK-
CUIHUX CMOJI «TapsTY0ro» Ta <«XOJOAHOTO» OTBEPIKEHHS 3
BUKOPUCTAHHAM MOAUDiIKYIOUMX MIacTUdikaTopis i TepMo-
TUTACTUYHMX TTOJTiMEPIB.

Metonuka. JlocmimKyBaiu ermoKCUIHI CMOJIA XOJIOAHOTO
i1 rapstuoro orBepxmkeHHss E-20 i Eran Inxexkr-T, Mmoau-
¢ikoBaHi rtacTudikaTopamMy TpbOX BUMIIB i TEPMOILJIACTUY-
HUMM TIOJliMepaMM YOTUPbLOX BUAIB. Bu3Hauanu ynapHy
B’s13KicTh MeTomoM Illaprri it MilTHiCTh Ha CTUCK HeMoaudi-
KOBaHMX i MOIM(DIKOBAaHUX CMOJI 32 Pi3HOTO BMicTy MOAU(i-
KaTopiB..

PesyabraTn. I3 nociimkeHux miactudikaTopiB HalOIbIL
BUPaXEHUI BIUIMB Ha MillHICTb i yoapHy B’SI3KiCTh 000X TH-
miB cMou1 Haznae Tpikpesuindocdar. Kpaiie criojiydeHHs Mill-
HOCTI Ta ynapHoi B’a3kocTi cMoiu EJI-20 mocsiraeThest mipu
BMicTi Tpukpesuidocdat S5 %, 1pu GUTbIT BUCOKOMY BMiCTi
Pi3KO 3HMXKYEThCS MillHiCTh MaTepiany. ast cmonu Ertan
IHxexT-T BUCOKI 3HAUEHHS TaHUX XapaKTepPUCTUK OTPUMAaHi
rnpu BMicTi 15 % Tpikpesindochary, npu BBeAeHHI MEHILIOI
KiJIBKOCTI MofichiKaTopy MilIHICTh MaTepiasly MpakKTUYHO He
3MIHIOEThCSI. MoaundikyBaHHSI TEPMOIUIACTUYHUMM TTOJTiMe-
pamMy YMHUTH MEHIIWI BIUIMB Ha BIIACTUBOCTI €MOKCUIHUX
cMoJI, Hixk MoaudikyBaHHs riactTudikaTopamu. HaitGinbin
edexruBHUMU nob6aBkamu 10 EJ1-20 € BucokoreMnepartypHi
nostikap6ooHar (5 %) i nosmicyabdon (10 ta 15 %), yBeneHHs
SIKVX TIPU3BOJIUTE JTO OJTHOYACHOTO TiIBUIIIEHHS 000X XapaK-
tepuctuk. ns Etan Inxexkr-T moMiTHe 30iabLIEHHS yaap-
HOI B’SI3KOCTI BinOyBa€eThCs MpU BBeIeHHI 5—15 % mosmikap-
OoHary, aje Mil[HiCTh CMOJIM Maiixke He 3MiHIo€eTbes. Komri-
JIEKCHEe MOJIU(iKyBaHHS CMOJI CyMillllio TuiacTudikaTopa i
TepMoIiacta TMPU3BOAUTH [0 3HIKEHHS $K YyIapHOi
B’I3KOCTI, TaK i MilTHOCTi Ha CTUCK JIJIsI 000X THUITiB CMOJI.

Haykosa noBu3na. [Ipu 3aTBepaiHHI MoaiMepHOI cyMilli
MoJIeKyJIi Tiiactudikartopa, AKUCIeproBaHi B CepenoBUIIe
MaKpOMOJIEKYJT €MTOKCUIHOI CMOJIH, MOCIA0IIOI0Th )KOPCTKE
MPOCTOPOBE 3IIMBAHHS MaKpOMOJIEKYJ, POOJIAThL 1X OiLTbII
PyXJIMBUMU. Y pe3yJibTaTi MiABULLYEThCS yaapHa B’ SI3KIiCTb i,
y AeSIKMX BUMAAKaX, MilIHICTb YHACIIIOK CIIPSIMOBAHOI Mepe-
opieHTalii MaKpoMOJIeKyJ1 Tipu Aedopmalii. 3MiHa MexaHiu-
HUX BIACTUBOCTEW eMOKCUIHOI CMONU TIpu MoaudiKyBaHHI
TEpMOITIaCTaMU  BU3HAYA€TbCSl  MILHICTIO  aAre3iilHOro
3B’SI3Ky CMOJIM ¥ TUCTIEPCHUX YaCTUHOK TEPMOILIACTa, a Ta-
KOX CTyTleHeM retepoda3HoCTi yTBOPEHOI CyMillli.

IIpakTyna 3HaummicTb. Pesynbratu 3MiH MeXaHiUHUX
BJIACTUBOCTEI E€MOKCUAHOI CMOJM Mpu MoaubikyBaHHI
mactudikaropaMu i TEPMOIIACTAMU MOXYTbh OYyTH BUKO-
pUCTaHi NIpU BUTOTOBJIEHHI yIapOMillHUX KOMMO3ULIIMHUX
MarepiajliB KOHCTPYKUIAHOTO MPU3HAYEHHS, Y TOMY YMCIIi
aBialliifHOI Ta paKeTHO-KOCMIYHOI TEXHIKM.

KimouoBi cioBa: enoxcuona cmona, moougikamopu, niac-
mugikamopu,  mepmonaacmu, — mepmooopobka,  yoapHa
8’s3Kicmb
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Ienb. [loBbllieHWE YAapHOU BSI3KOCTM U TMPOYHOCTHU
SIOKCUIHBIX CMOJI «TOPSTYETO» U «XOJOTHOTO» OTBEPKICHUS
C MCTIOJTb30BaHUEM MOIUMUIIPOBAHHBIX TUTACTU(HDHUKATOPOB
Y TEPMOTLIACTUYHBIX MTOJUMEPOB.

Mertoauka. VccienoBanm 3ITOKCUIHBIE CMOJIBI XOJIOTHO-
ro BJ1-20 u ropsiuero Dtan Unxkekr-T oTBepXKIeHMS, MOIH-
unmpoBaHHbIe TIACTH(hUKATOPAMU TPeX BUIOB U TEPMO-
MJIACTUYHBIMU TTOJIMMEPAMU YeThipeX BUIOB. OTmpenessiin
yIapHYIo BSI3KOCTh MeToioM Lllapmu u mpoyHOCTb Ha cXKaTne
HeMOAMGUIIMPOBAHHBIX U MOAMMDUIIMPOBAHHBIX CMOJ TPU
Pa3TMIHOM COIePXKaHUU MOTU(UKATOPOB.

Pesyapratel. M3 wucciaenmoBaHHBIX IUIACTU(UKATOPOB
HanboJiee BRIpakeHHOE BIMSHME Ha IMPOYHOCTh U YIapHYIO
BSI3KOCTb 00OMX TUITOB CMOJI OKa3bIBaeT TpUKpe3udocdar.
Jlydiee couetaHre MPOYHOCTU U YIAPHOUN BSI3KOCTH CMOJIBI
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O/1-20 pocTturaercss Mpu colepXaHuU Tpukpesuidocdara
5 %, nipu Gosiee BLICOKOM COIECPXKAHUU PE3KO MagaeT mpoy-
HocTb Matepuana. s cmonbl Otan Muxekr-T BbicOKue
3HAUYEHMSI TAaHHBIX XapaKTePUCTUK MOTYyYeHbI IPU CoaepKa-
Huu 15 % TpukpeswidocdaTa, Ipu BBEISHUN MEHBIIIETO KO-
nryecTtBa MonuduKaTopa MPOYHOCTh MaTepuaia MpakTuye-
CKU He n3MeHsieTcss. MonuduimpoBaHe TepMOIIaCTUIHbI-
MU MOJTMMEPaMU OKa3bIBaeT MEHEe BhIPAXKeHHOE BAUSHUE Ha
CBOICTBA SMOKCUIHBIX CMOJI, YeM MOIU(pUIIMPOBAHUE TIIa-
ctudukaropamu. Haubonee a3pGekTUBHBIMU 1O0OABKaAMU B
O-20 saBASIOTCA BBICOKOTEMIIEPATYpPHbIE MOJMKApOOHAT
(5 %) n nomucynbdon (10 u 15 %), BBeneHre KOTOPHIX IIPHU-
BOIWT K OHOBPEMEHHOMY TIOBBIIIIEHUIO 00EMX XapaKTepu-
ctuk. s Dran Unxekt-T 3aMeTHOE yBeaMyeHUE yaapHO
BSI3KOCTU TIPOMCXOIUT TpU BBeAeHUU 5—15 % monaukapbo-
HaTa, HO MPOYHOCTb CMOJIbI MOYTHU He u3MeHsiercsa. Kom-
TJIEKCHOE MOAMMUIIMPOBAHUE CMOJ CMEChIO TIacTuduka-
TOpa U TepMOIUIacTa MPUBOAMUT K CHUXKEHUIO KaK yAapHOUI
BSI3KOCTU, TaK W TMPOYHOCTH Ha CXKaTue T 000MX THUIIOB
CMOJI.

Hayunas noBusna. [1py oTBepKIieHUM TTOTMMEPHOI CMe-
CH MOJIEKYJIbI ITacTUUKATOPa, TUCIIEPTUPOBAHHbBIE B CPELY

MaKpPOMOJIEKYJT 3MOKCUIHON CMOJIbI, OCJIAOJISIIOT XKECTKYIO
MPOCTPAHCTBEHHYIO CLIIMBKY MaKpOMOJIEKYJI, IeJIAl0T uX 60-
Jiee TIOABMKHBIMU. B pesysibraTe BO3pacTaeT yaapHasi Bsi3-
KOCTb M, B HEKOTOPBIX CJIy4yasiX, IPOUYHOCTb BCJIENCTBHUE Ha-
MpaBJICHHON MEPEOPUCHTAIIMN MaKpOMOJIEeKY Tipu jaedop-
Mauuu. M3MeHeHne MeXaHW4eCKMX CBOWMCTB 3MOKCHUIHON
CMOJTBI TIPY MOAUMDUIIMPOBAHUY TEPMOTIJIACTAMM OTIPEIeisi-
€TCsl MIPOYHOCTHIO aATe3MOHHOM CBSI3U CMOJIbI U IUCTIEPCHBIX
YacTUI[ TepPMOILIacTa, a TaKXe CTENeHbIo retepoda3zHOCTH
00pa30BaHHOI CMecH.

IIpakTuyeckasi 3HAYMMOCTb. Pe3ybTaThl MI3MEHEHUS Me-
XaHUYECKUX CBOMCTB 3MOKCUIHOW CMOJIbI TP MOAMGUIIA-
poOBaHUM TIACTU(DUKATOPAMU U TEPMOTIJIACTAMU MOTYT ObITh
WICITOJIH30BAHbI TSI TOJTYYeHHUsI YIapOTIPOYHBIX KOMITO3UIIM -
OHHBIX MaTepUATIOB KOHCTPYKIIMOHHOTO Ha3HAUCHUSI, B TOM
YUCIIe aBUAIIMOHHON M PaKeTHO-KOCMUYECKOM TeXHUKU.

KioueBble ciaoBa: snokcudnas cmona, moougpuxamopel,
naacmugpuKkamopsl, mepmonaacmol, mepmooopabomka, yoap-
Has 853K0CMb
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