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Abstract—The stiffness and damping properties of various-thickness samples made of a composite material
based on a rubber mixture, rubber fiber composite material, and thermoplastic elastomers of various stiff-
nesses are studied under static and dynamic loading conditions at a temperature of 23 and –40°C. The com-
posites based on a rubber mixture and the rubber fiber composites are recommended for the dampers that
work in regions with low climatic temperatures. The stiffness and damping properties of a real object are
assumed to be estimated using the elastic hysteretic properties of a test sample.
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INTRODUCTION
One of the main requirements imposed on the

damping materials of rail structures is active absorp-
tion of vibrations for a long time over a wide climatic
temperature range. The properties of elastomers are
substantially determined by vitrification. For each
type of polymers, the transition from a highly elastic
state into a glassy state is characterized by the glass
transition temperature at which a material loses its
elastic properties [1–5]. If the glass transition tem-
perature is higher than the operating temperature, the
polymer is used in a glassy state; otherwise, it is used
in a highly elastic state. However, the cold resistance
of elastomers determined under static loading cannot
characterize the actual cold resistance under any oper-
ating conditions, since the glass transition temperature
changes under periodic loading [6]. Therefore, it is
reasonable to estimate the performance of polymer
materials for rail transport from the changes in the
stiffness and energy characteristics as functions of the
temperature and the amplitude and frequency of a
periodic load [7, 8].

Our earlier experimental investigations of the
damping properties of advanced composite materials
TPRK, RVK, TEP1nzh, and TEP2vzh [9] showed
that the elastic hysteresis parameters are effective cri-
teria for choosing materials for the damping elements
of the upper structure of a rail track and rolling stock

at normal temperature. However, the problems of the
behavior of these materials at low temperatures under
static and periodic dynamic loading and the influence
of the geometric parameters on the stiffness parame-
ters are still poorly investigated.

The purpose of this work is to study the elastic
hysteretic properties of samples of various thicknesses
made of polymer composite materials for rail transport
at a temperature of 23 and –40°C under static and
dynamic loading.

EXPERIMENTAL
We studied the following four polymer composi-

tions [9]: TPRK polymer composite material based on
a rubber mixture; a fiber rubber RVK composite mate-
rial based on SKI-3 rubber modified by a filler,
namely, 20 wt % fragmented rubber polyamide cord;
and TEP1nzh and TEP2vzh composite thermoplastic
elastomers having different stiffnesses.

The samples were 14 × 142 × 205-mm plates. The
nonstandard sample sizes are caused by the real sizes
of the damping elements located between a rail and a
tie, the thickness of which depends on operating con-
ditions. Taking into account the tendency toward an
increase in the stiffness of designed dampers to main-
tain stable geometric sizes under heavy-car motion, we
also studied small-thickness (10 mm) TPRK samples
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Table 1. Elastic hysteretic properties of TPRK composite samples 10 and 14 mm thick at various temperatures

1. Before and after a slash, data for 23 and –40°C, respectively. 2. Parameter k is the ratio of the properties determined for 10- and
14-mm-thick samples, respectively. 3. In parentheses, the values of 1/k.

Characteristic
Thickness

k
10 mm 14 mm

Static stiffness, kN/mm 122.1/122.1 86/90 1.42/1.36
Dynamic secant stiffness, kN/mm 204.4/426.4 150.1/296.1 1.36/1.44
Dynamic tangential stiffness, kN/mm 311.4/392.4 220.9/288.9 1.41/1.36
Static stiffness change factor 1.1 1.1 1.0
Stiffness factor 1.7/3.5 1.7/3.5 1.0/1.0
Mechanical loss factor (relative hysteresis) 2.9/2.2 2.9/2.2 1.0/1.0
Useful elasticity, % 34.7/44.9 33.3/44.9 1.04/1.0

Mechanical losses per cycle, J/cm3 11.7/9.1 16.7/12.7 (1.43)/(1.45)
to determine the influence of the plate thickness on
the elastic hysteretic properties of the materials.

The tests were carried out according to the tech-
nique described in [9]. Static loading was performed at
a loading rate of 120 ± 10 kN/min, and dynamic load-
ing was performed at a loading frequency of 10 Hz and
a loading amplitude of 20–90 kN. Samples were held
in a heat chamber at a temperature of –40°C for 4 h
and were then subjected to force loading to determine
the stiffness characteristics under low-temperature
action. The change in the sample thickness during
tests was determined using two inductive mechanical
motion transducers, and the transducer readings were
averaged. The load was controlled using the readings
of the force-measuring transducer of the testing
machine.

The following characteristics were determined:
static stiffness at a temperature of –40 and 23°C,

where F90 and F20 are the maximum and minimum
loads (kN) in the loading cycle, respectively, and z90
and z20 are the changes in the sample thicknesses at
loads of 90 and 20 kN, respectively; static stiffness
change factor

where Cstat 1 and Cstat 0 are the static stiffnesses
(kN/mm) at –40 and 23°C, respectively; dynamic
secant stiffness at –40 and 23°C,

where Fmax and Fmin are the maximum and minimum
loads (90 and 20 kN, respectively) in the loading
cycle (kN), respectively, and zmax and zmin are the
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changes in the specimen thickness at the correspond-
ing loads (mm);

dynamic tangential stiffness determined at –40
and 23°C, 

stiffness factor at –40 and 23°C,

where Cdin and Cstat are the dynamic and static stiff-
nesses (kN/mm), respectively; mechanical loss factor
(relative hysteresis) at –40 and 23°C, which is the ratio
of the mechanical loss per cycle (hysteresis area) to the
total cycle deformation energy (area bounded by a
loading branch);

useful elasticity (fraction of returned energy of the
energy consumed for sample deformation) at –40
and 23°C,

where Sb and S are the areas of the diagrams bounded
by the straight line that is parallel to axis OX and passes
through point y = 20 kN and by the unloading or load-
ing hysteresis branch; and the mechanical losses per
cycle (hysteresis loop area).

RESULTS AND DISCUSSION
Figures 1 and 2 and Table 1 present the stiffness

characteristics of the TPRK samples of various thick-
nesses at –40 and 23°C. An analysis of the results
demonstrates that, at the chosen test temperatures, the
stiffness of TPRK depends on the sample thickness
and changes in proportion to the ratio of the sample
thicknesses; that is, the results differ by a factor of 1.4
(see Table 1). The relative quantities, namely, the stiff-
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Fig. 1. Compressive load vs. the displacement during static loading of TPRK samples (dashed line) 10 and (solid line) 14 mm
thick at (a) 23°C and (b) –40°C.
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Fig. 2. Compressive load vs. the displacement during dynamic loading of TPRK samples (dashed line) 10 and (solid line) 14 mm
thick at (a) 23°C and (b) –40°C.
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ness coefficients, the mechanical loss factor, and the
useful elasticity, are constants for the given material
and are thickness independent. The mechanical losses
per cycle are inversely proportional to the change in
the material thickness.

Thus, we can state that, to design the damping ele-
ments of the upper structure of a rail track and rolling
stock that are intended for operation in various cli-
matic zones, it is sufficient to determine the elastic
hysteretic properties of a test sample at a chosen tem-
perature and to calculate the required characteristics
of a real object using a coefficient of proportionality.
RUS
The stiffness characteristics of all materials under
study are presented in Figs. 3 and 4 and Table 2. A
comparative analysis demonstrates that both the static
and dynamic stiffnesses of the TEP1nzh and TEP2vzh
thermoplastic elastomers increase at –40°C (by a fac-
tor of ≈4 and ≈15, respectively); that is, the TEP1nzh
and TEP2vzh composite thermoplastic elastomers are
used in a glassy state, and their glass transition tem-
perature is above –40°C. In turn, the static stiffness of
the rubber (which is the base of TPRK and RVK)
increases only by 10% and its dynamic stiffness, by a
factor of ≈3.5. Thus, the materials made of the “rub-
SIAN METALLURGY (METALLY)  Vol. 2019  No. 10
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Fig. 3. Compressive load vs. the displacement during static loading of 14-mm-thick samples of (solid line) TEP1nzh, (dot-and-
dash line) TEP2vzh, (dashed line) TPRK, and (dotted line) RVK at (a) 23°C and (b) –40°C.
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Fig. 4. Compressive load vs. the displacement during dynamic loading of 14-mm-thick samples of (solid line) TEP1nzh, (dot-
and-dash line) TEP2vzh, (dashed line) TPRK, and (dotted line) RVK at (a) 23°C and (b) –40°C.
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ber” composites do not lose their elastic properties at
–40°C, and the composites made of the thermoplastic
elastomers operate as an elastic solid body.

A comparative analysis of the stiffness characteris-
tics of the materials under static and dynamic loading
conditions shows that more than a fourfold increase in
the stiffness coefficient can be a limiting state criterion
for damping materials.

Both rubber composites (TPRK, RVK) have simi-
lar static stiffness characteristics, and their dynamic
characteristics at 23°C differ by ≈20%, which is related
to the densification of the boundaries between the
matrix and the cord filler of RVK during cyclic action.
RUSSIAN METALLURGY (METALLY)  Vol. 2019  No.
At –40°C, the difference between the stiffness param-
eters of these materials almost disappears, which is
associated with a break in the additive action of the
RVK components.

At –40°C, the mechanical loss factor, which is the
ratio of the dissipated deformation energy to the total
deformation energy, of the TPRK and RVK compos-
ites decreases by 25–30%, and their useful elasticity
increases (see Table 2). Therefore, these materials
return a significant part of the energy to the next cycle
of the vibrating system, which is related to the deceler-
ation of relaxation processes and the beginning of
crystallization. It should be noted that the mechanical
 10
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Table 2. Elastic hysteretic properties of 14-mm-thick samples made of the composite materials under study at 23°C
and ‒40°C

Before and after a slash, data for 23°C and –40°C, respectively.

Characteristic TPRK RVK TEP2vzh TEP1nzh

Static stiffness, kN/mm 86/90 84.7/85 69.9/228.7 67/346.3

Dynamic secant stiffness, kN/mm 150.1/296.1 179.2/297.9 169/1186.9 126.5/903.6

Dynamic tangential stiffness, kN/mm 220.9/288.9 265/253.5 190.9/1162.5 135.7/868.3

Static stiffness change factor 1.1 1 3.3 5.16

Stiffness factor 1.7/3.5 2.1/3.5 2.4/17 1.89/13.5

Mechanical loss factor (relative hysteresis) 2.9/2.2 3.2/2.3 2.3/3.1 2.8/2.3

Useful elasticity, % 33.3/44.9 30.9/40.5 43.2/32.5 35.7/42.6

Mechanical losses per cycle, J/cm3 16.7/12.7 12.6/12.7 21.4/2.1 23/3.9
losses of RVK per deformation cycle at positive and
negative temperatures are almost the same. At –40°C,
they become equal to the losses of the TPRK compos-
ite material. Therefore, the cord filler decreases the
mechanical losses at positive temperatures, and energy
is dissipated at –40°C only due to the elastic work of
the rubber binder.

At –40°C, the mechanical losses of the composites
made of the thermoplastic elastomers decrease by an
order of magnitude because of the fact that they oper-
ate in a glassy state like a solid body. The dynamic hys-
teresis width of the TEP2vzh material, which charac-
terizes the cyclic viscosity (i.e., the lag between
unloading deformation and loading deformation), is
minimal (≈0.01 mm), which indicates its higher sensi-
tivity to crystallization as compared to TEP1nzh (see
Fig. 4b). The TEP2vzh material exhibits an atypical
change in the relative energy parameters (mechanical
loss factor, useful elasticity) at different temperatures,
which is related to a change in the deformation mech-
anism.

CONCLUSIONS

(1) The relation between the stiffness characteris-
tics of TPRK samples of various thicknesses is identi-
cal to that between their thicknesses. Other damping
materials are assumed to behave similarly in the highly
elastic deformation range.

(2) At –40°C, the materials made of rubber TPRK
and RVK composites do not lose elastic properties
during both static and dynamic loading, and the com-
posites made of TEP1nzh and TEP2vzh thermoplastic
elastomers operate in a glassy state. The mechanical
losses of the composites made of thermoplastic elasto-
mers decrease more than fourfold as compared to the
rubber composites. Therefore, the TPRK and RVK
composite materials should be applied for the dampers
that have to work in regions with low climatic tem-
peratures.

(3) The additive action of a cord filler introduced to
increase the stiffness and the matrix of the rubber RVK
composite material is effective at operating tempera-

tures above –40°C. At lower temperatures, the stiff-
ness of the material is thought to be determined by the
stiffness of the rubber mixture.
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