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ABSTRACT. The objective of this work is the further development
theoretical foundations of structural and mechanical behavior of the filled
three-dimensionally ~cross-linked elastomers. The wuse of mathematical
modeling it was possible to create three-dimensionally cross-linked, filled with
dispersed particles, frost-resistant elastomers based on low and high molecular
weight rubbers at the minimal cost. Theoretical and experimental data are
compared and their good convergence is shown. A comparison of the physical
parameters of the composites showed that the deformation characteristics of
the composite based on high molecular rubbers are many times higher than
composites based on low molecular weight rubbers, and also their glass
transition temperatures differ sharply. The created composites are
recommended as a structural material in relation to the engineering problem of
creating wear-resistant parts and components of automobile and aviation
vehicles operating in a wide temperature range, including in the Far North and
the Arctic.
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INTRODUCTION

lastomeric materials are an important type of polymer composite materials. They are widely used to create
automobile tires [1-3]. At present, one of the main problems associated with the development of frost-resistant
structural material for parts and assemblies of various types of automobile and air transport, operated in the Far

North and in the Arctic at operating temperatures up to 170-223K is an increase in their wear resistance and economy.
The most promising direction for solving this problem is the use of high molecular weight synthetic hydrocarbon rubbers
in the form of copolymers that do not crystallize in a wide temperature range of operation as a polymer base of
composites [4].

Experimental values of the real and imaginary components of the dielectric permittivity of carbon nanofibers (CNFs) and
nanotubes (CNTs) composites in polymethylmethacrylate and polyaniline are given in [5]. Both frequency dependences in
the range from 8 to 12 GHz and concentration dependences are determined.
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Currently, materials that cover a wide range of frequencies [0, 7], up to almost 70 GHz have been developed.

The purpose of the study was to create a frost-resistant (with a glass transition temperature of ~ 170K), elastic (composite

deformation of at least 70% at T ~ 223K) polymer composite material. Therefore, the following tasks were solved:

1. New equation formula was developed and mathematical modeling of the dependence of mechanical stress on
deformation was carried out, the influence of structural parameters on the mechanical characteristics of polymer
composites was studied;

2. Based on the results of theoretical calculations, a model of a polymer composite material is constructed that meets the
goal, and a frost- resistant and flexible polymer composite is experimentally created;

3. The materials were tested using a tensile testing machine, and the results were compared with the calculated data.

MATERIAL, SAMPLES AND EQUIPMENT

KTR) end groups, transversely cross-linked by an EET-1 three-functional epoxy resin. The filler is a mixture of
two fractions of silica: natural macro crystalline quartz (500-1500 um), and a highly dispersed pyrogenetic
amorphous quartz of trademark “Aerosil-380” (35-40 nm) in the ratio 80:20. The volume fraction of filler was 0.712. The
glass transition temperature of the resulting elastomer is 213 K.
Material based on a high molecular weight three-dimensionally cross-linked elastomer - polydivinyl isoprene brand SKDI-
L, plasticized with dioctylsebacinate and filled with three fractional silicon dioxide rubber, has the following
characteristics:
- SKID-L copolymer with a molecular weight of 286000, a glass transition temperature of 178K, a density of 900 kg/m?
and a volume fraction of 0.4;
- plasticizer dioctyl sebacyanate with a glass transition temperature of 169 K, a density of 910 kg/m? and a volume
fraction of 0.6;
- filler is the silicon dioxide with fractional composition - fraction No.1 (1 um) with an optimal volume fraction of 0.2
fraction No.2 (8 pm) and with an optimal volume fraction of 0.8. The elastomeric composite was made in laboratory
conditions using the LSP-5 mixer at the Research Institute of Polymer Materials.

The method of obtaining a polymer composite material based on a high molecular weight copolymer SKID-L is given in
Tab. 1.

T he polymeric basis is formed by copolymerized low-molecular rubbers with epoxy (PDI-3B) and carboxyl SKD-

Component Temperatur e
No The operation Duration of operation, [s] omponent - emperature, temperature,
T [K]
T [K]
Loading of a copolymer
1 SKID.I. No motre than 900 900 — 2100 -
2 Loading of a plasticizer No more than 900 288 — 308 -
dioctylsebatsionat

3 Loading the rest of the filler 1800 — 3600 — 303 - 313
4 Download 1/3 of the filler No mote than 900 288 — 308 —

5 Stirring 600 — 900 - 293 — 308
6 Loading the rest of the filler No motre than 900 288 — 308

7 Stirring 600 — 900 — 293 — 308
8 Stirring, evacuation 3000 — 3600 - 293 — 308

Tablel: Conditions for preparing a polymer composite.
PHYSICAL AND MATHEMATICAL DESCRIPTION

particles in uniaxial tension is considered in [8]. The elastic potential of a spatial polymer network, on the basis of

T he structural-mechanical behavior of a three-dimensionally cross-linked plasticized elastomer filled with solid
which Mooney and Rivlin deduced their equation, is shown below:
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U=C -3)+C, (1, -3) M
The parameters 2C; and 2C> allowed Mooney and Rivlin to write their equation in the form
o =Q2C +2C,a" Na-a™) 2

o is the conditional stress (tensile force related to the initial cross section). Up to now, the parameters 2Ci and 2C; have
been associated with the chemical and “physical” (intermolecular) components of transverse bonds in the polymeric basis
of a binder. Really, from Eq. (2) formally follows the expression:

c=2C(a-a’)+2C,a " (a—-a™) 3

The first term corresponds to the case of elasticity theory of cross-linked rubbers (resins) at a test temperature close to the
equilibrium one: To=T,+200° (T,is the temperature of structural glass transition of a polymer). Then, as follows from [0]:

o=2C(a—- a’z) =v,kN,T, (a— a’z) =v,RT (a —a’z) 4)

Here, vy is the molar concentration of chemical transverse bonds in the cross-linked polymer; £ is the Boltzmann
constant; N4 is the Avogadro number; R is the gas constant per mole; «=(1+¢/100) is the relative elongation as a
function of strain.

To verify the applicability of Mooney—Rivlin Eqn. (2) to the case of a filled elastomer and the effect of the second term in
Eq. (3), we put to use its linear form:

ocl/(a-a?)=2C +2C,a™ 5)

In view of dependence (6), the Mooney—Rivlin equation is refined regarding the influence of the “physical” (intermo-
lecular interaction) component of transverse bonds in the polymeric binder:

o=v,4" RT, {1 +29exp[-0,225-10°(T-T,)" | -a; } (a—a™) ©)

Here, for a plasticized elastomer, ¢,=(1-p 1 is the volume fraction of the polymeric base of binder; ¢, is the volume
fraction of softener in the elastomer; T is the test temperature, a;' is the shift factor take ¢, into account the effect of
strain rate (equal to unity for the standard rate of uniaxial tension).

Experimental results (reconstructed tension diagrams) for an elastomeric composition filled with silica are presented in
Fig. 1. The physical and chemical features of the composition are as follows. The polymeric basis is formed by copolymer-
ized low-molecular rubbers with epoxy (PDI-3B) and carboxyl SKD-KTR) end groups, transversely cross-linked by an
EET-1 three-functional epoxy resin. The filler is a mixture of two fractions of silica: natural macro crystalline quartz (500-
1500 wm) and highly dispersed pyrogenetic amorphous quartz of trademark “Aerosil-380” (35-40 nm) in the ratio 80:20.
The volume fraction of filler was 0.712. It is seen that, also in the case of the type of filled elastomer considered, the test
data are rather well described by the Mooney—Rivlin equation. This allows us, taking into account formula (5), to
determine the parameters 2C; and 2C; graphically. The 2C; value in Eq. (5), which is related to the viscous (relaxation)
component of the initial viscoelastic modulus (E=ds/da at a =1), tends to zero (intermolecular bonds fail) with rising
temperature and decreasing strain rate (Fig. 1). In addition, the 2C} value associated with the elastic component of the
initial viscoelastic modulus, remains practically constant.

The coefficient of the inversible temperature dependence of change in 2C; for a filled elastomer can be written as
ar=2C1+2Cy)/2C; in the temperature range from Tg to Tw, approximately equal to 200K for the majotity of 30 cross-
linked polymers. This fact leads to a 30-fold change in the total number of chemical (constant) and “physical” (inversibly
varying) bonds. Tab. 2 shows the values of the coefficients 2C; and 2C,. The linear dependences (5) necessaty for this
were constructed from the data of the tension curves (Fig. 1).
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Figure 1: Relationships 6/ (a-a?)=f(a!) (reconstructed tension diagrams) for an elastomeric composition filled with silica at T = 323
(1), 293 (2, 4, 6), 273 (3), 253 (5), 233 (7), and 223 K (8) and strain rates 1,2-103 s'1; -3 (1-3, 5, 7, 8), 4.6:10-* (4), and 4.6-10° 51 (). The
axes are the dimensionless relative values.

T:?gi;ﬂge Parameter Parameter Cocfficient temperature offsets
sample, [K] 2C,, [MPa] 2C,, [MPa] ar=QC,+2C)/2C,

323 0.009 0.001 1.159

293 0.010 0.003 1.476

253 0.011 0.010 2.587

243 0.012 0.025 3.968

223 0.010 0.110 17.460

Table 2: Parameters of the Mooney-Rivlin equation for the PCM based on SKD-KTR and PDI-3B

Tab. 2 includes only operating temperatures. Data at room temperature is not of practical interest for the creation and use
of polymer composite materials according to customer conditions.
Expression (6) is equivalent to the parameter 2Cs. In view of dependence (6), the Mooney—Rivlin equation is refined

regarding the influence of the “physical” (intermolecular interaction) component of transverse bonds in the polymeric
binder:

o =, RT, {1+29exp[0,225-10°(T-7,) Ja ™" -a;' [ (a - ) )

ENGINEERING APPLICATION

molecular weight three-dimensionally cross-linked elastomer - polydivinyl isoprene of the SKIDI-L brand,
plasticized with dioctylsebacinate and filled with three fractional silicon dioxide rubber.
Circles and squares in Fig.2 are intermediate points for theoretical calculations. The choice of the stretching speed is
determined by the specific application of the studied polymer composite as a standard.
Fig. 2 shows the experimental and calculated diagrams of uniaxial tension at various temperatures samples of the
composite based on high molecular copolymer SCDI-L. For comparison, Fig. 3 shows the envelopes of points of
discontinuity of elastomeric composite materials by T. Smith [12] on the basis of a mixture of low molecular weight
rubber SKD-KTR and PDI - 3B and high molecular weight copolymer SCDI — L.

T he use of mathematical modeling [8, 9] allowed the authors, at the lowest cost, to create a material, based on a high
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In contrast to the “traditional” effect of the test temperature on the type of tensile curves of polymer composites in the
highly elastic region of the thermomechanical curve (Fig. 3), a composite based on a high molecular weight copolymer
with decreasing temperature becomes more and more elastic. At the same time, both breaking stress and tensile
deformation increase.
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Figure 2: Stress o as a function of strain e for the composite based on SKDI-L 10-3 s71; solid lines: experimental data; dashed lines:
data of the numerical experiment.
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Figure 3: Envelopes of the break points (according to T. Smith) of elastomer composite materials based on (7) a blend of SKD-KTR
and PDI-3B low-molecular-mass rubbers and (2) SKDI-L high-molecular-mass copolymer. (o) Stress and (ep) strain.

Such frost resistance of the elastometic composite may be associated with an extremely low structural glass transition
temperature of the polymer binder. Undoubtedly, also, quinol ether as a crosslinking agent exerted the indicated
thermomechanical behavior of the composite based on the SKDI-L copolymer. In contrast to the latter, sulfur curing
systems for rubbers form less strong transverse chemical bonds [4].

The corresponding envelopes of T. Smith breakpoints in the tensile diagrams of both types of composites show
significantly higher tensile strains of the composite based on the high molecular weight copolymer SKDI-L than in the
case of the composite based on a mixture of low molecular weight rubbers SKD-KTR and PDI-3B, with a small
difference in values breaking stresses. However, when curve 2 is extrapolated to a region of lower temperatures, up to the

138



£
f?o‘
s E. Nurullaev et alii, Frattura ed Integrita Strutturale, 53 (2020) 134-140; DOIL: 10.3221/IGF-ESIS.53.11

structural glass transition temperature, a composite based on SKDI-L may exceed the strength of a composite based on a
mixture of SKD-KTR and PDI-3B.

All data points and completely all studies whose results are given in this work belong only to the indicated authors. For a
comprehensive engineering assessment of the influence of the basic structural parameters of an elastomeric composition
on its mechanical characteristics, the envelopes of fracture points in tensile diagrams according to Smith T. are still most
widely used [10, 11].

However, they do not fully reflect the physical nature of the process of destruction of the polymer composite as energy
costs (work).

The equation for calculating the energy of mechanical failure was first deduced by the authors [12, 13] and has the form:

, =3, +2 20} -3a} +1 lp Y
[ e +29exp[—0,225-10'3 (T—Tg)z}a; 2% 2% M x v, @ RT, | 141,520 | (g
2a, 2a; 1-p/gp,

The experimental and calculated dependences of the energy of mechanical failure on the tensile strain are shown in Fig.4.
It can be seen that with decreasing test temperature and, naturally, an increasing in intermolecular interaction, the energy
of mechanical destruction, which determines the operational life of the material increases. There is good agreement
between the theoretical and experimental research data. The discrepancy is about 5%, which is satisfactory for

engineering problems.
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Figure 4: Mechanical failure energy IV is as a function of breaking strain e, for the composite based on SKDI-L at different
temperatures. Solid lines: experimental data; dashed lines: calculated data;

CONCLUSION

1. The theoretical foundations of the structural and mechanical behavior of filled three-dimensionally cross-linked
elastomers are supplemented. The corresponding numerical experiments were carried out.

2. Based on the results of a numerical experiment, a frost-resistant, three-dimensionally cross-linked, plasticized
elastomer filled with three-fraction silicon dioxide is proposed.

3. 'The theoretical and experimental results of the study are compared. Satisfactory agreement between theoretical and
experimental data is shown.

4. The composite is recommended as a structural material in relation to the engineering problem of creating wear-
resistant parts and assemblies of automobile and aviation vehicles operating in a wide temperature range, including the
Far North and the Arctic.
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