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Abstract. Low density polyethylene (LDPE) has been
studied by dynamic mechanical anaysis (DMA) under
monoaxial compression. Particular attention was paid to
the loss tangent and to dissipation of mechanical energy
by internal friction. In this connection it is necessary to
take into account the temperature-time conditions of the
experiment or introduce appropriate amendments to the
results obtained.
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1. Introduction

Any measurement of characteristics of a physica
system is made by means of some instruments. In the
classical theory of measurements representation according
to which the measurements do not change the state of the
measured system is used. During the measurements the
influence of the measuring system is insignificant and the
situation is not changing. However, according to the
guantum nature of all physical systems, measuring of the
system characteristics changes its status. The greater the
change, the more information it gives. In the theory of
measuring increase of information corresponds to
decrease in entropy [1]:

S:-é p.Inp

where p; — aprioristic probabilities of various conditions of
asystem, n—quantity of conditions.

Thus, increased measurement accuracy necessarily
increases the influence of measuring on the characteristics
of the system.

John Neumann established and mathematically
formulated the “reduction postulate’ for a quantum
system. According to this postulate at measurement of

some observable size the system condition changes in
such a manner that in a new condition the measured
observable has already another certain value, and it has
turned out as a result of measurement. Occurrence of this
condition is called a condition reduction of a system.

In the theory of measurements two types of
measuring systems are considered: passive and active [2].
In a passive measuring system there isa comparison of the
defined size with the standard without any active
influence on the system. The feature of active measuring
system is influence on the characterized system, and the
response of the system to this influence gives the
information for calculation of the needed parameters.

As the active measuring system assumes a certain
influence on characterized object in the course of this
influence the object can undergo changes. That is why the
operation of agreement between the measurement system
and measured object is carried out for obtaining a more
accurate value of estimated parameters and for decreasing
the influence of the input action on the measured object.

For measurements related to complex systems or
facilities, the measured quantity depends upon different
conditions. Usually the nature and quantitative
characteristics of these dependences are unknown. The
ccircumstances affecting the measurement result do not
remain constant during the measurements and, as a resullt,
it is impossible to correct the measurement error. This
means that the measurements are not unique, but also
reflect the influences on these measurements. These
principles are important for the values that use complex
physical and mathematical models in the measurement
and which require adjustments in accordance with
conditions.

In the mechanic of polymers such values are the
parameters that characterize the relaxation properties of
the material. These values and their corresponding
dependence allow to judge about the structure of polymers
and to determine the structural transition temperature and
operating temperature of materials[3, 4].
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One of widely used methods in research of elastic
and relaxation properties of polymers in the block at
periodic sinusoidal loadings is the method of
Aleksandrov-Lazurkin  [6] or dynamic mechanical
analysis (DMA). This method is used for the elastic-
plastic deformation of polymers in the frequency range
located much lower than the natural frequency of the
sample, i.e. outside the resonance region. In this case, the
phase relationships, such as the lag phase of strain from
the strain, are defined only by the relaxation time (the
spectrum of relaxation times) and the eadticity of the
material. Investigations of the phase relationships do not
depend on the shape, size and density of the sample. This
allows to comparatively easy determine the relaxation
time of the material.

The method is based on the conception of eastic-
plastic deformation as a reflection of the deformation of
tightly packed flexible molecules. The appearance of the
elastic force during deformation and shape recovery after
unloading is the result of thermal motion units of
macromolecules. All reationships underlying the method
refer to the equilibrium state of the sample under load.
Studying the dependence of eastic-plastic deformation
upon the time under the conditions of constant stress or
deformation and under the conditions of periodic
deformations confirmed the important role of relaxation
phenomena for the behavior of polymeric materials under
mechanical dress, and in the process of verification of
polymers|[5, 7].

Depending on the regime of impact the properties
of the polymer change. Thus, at a constant temperature of
the experiment with increasing speed or increasing the
frequency of exposure the polymers “ solidification” effect
has been achieved [8].

Total deformation of the polymer consists of
elastic, rubbery and viscous fluid components.
Considering the polymer in the elastic-plagtic state, it is
assumed that the macroscopic viscosity of the material is
high and flow of the material is absent. To obtain the
dependence of rubbery and elastic component of
deformation on the applied mechanical stress the simplest
model for these conditions is used [9]. In this paper a
three-element Kelvin model (paralld connected spring
and damper) connected in series with aspring isused. The
equation describing the relationship between stress and
strain of thismodel isasfollows:

ds  E+E
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where ¢ — dress acting on the system being studied; ¢ —
deformation occurring in the system under the applied
stress, Eo — the module of easticity; £; — high easticity
module; # — microviscosity.

Deformation of the polymer consists of elastic
(e0 = 0/Ep ) and rubbery (&) parts. Expressing the rate of
change in strain and allocating highly elastic component &;
inthe Eq. (1), we obtain:

de, E _s
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If the stress varies with time harmonically with
frequency w according to the equation:
S =s , cos(wt) ©)]
Then the total deformation is described by the
equation:
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where the parameter = 5 / E; is called the relaxation
time.

In some papers [10, 11] this parameter is called the
delay time and the relaxation time is presented as a
parameter described by the egquation:

El
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The first member of the Eq. (4) contains a constant
C. This constant depends on initial conditions,
characterizes transient and decays with time part of the
deformation.

After sufficiently long time since the beginning of
the measurements the transitional process is over and a
stationary regime is established. Inthiscase, C=0and in
the Eq. (4) only the expression in figured brackets should
be considered. This part of the Eqg. (4) describes the
steady-stationary oscillations, which are studied in the
experiment. They consist of oscillations, which are in
phase with the mechanical stress, representing the elastic
component, and the oscillations are lagging behind the
stress in phase n/2 and determined by the rubbery
component. Since the two harmonic oscillations are
directed aong one axis and the vectors of their velocities
are collinear, the amplitude of deformation is described by
the equation:

o -g BL,1 1 §>2+i wt?
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(6)

Using the condition Ey >> E; as highly dastic
modulus E; for polymeric materials is severa orders
smaller than the elastic modulus Eo, the dependence of
deformation on the mechanical stress and frequency of its
application (w) isasfollows:

S, 1
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The obtained expression can be transformed into
the following form:

&__ 1 G)
So  EN1+wh?

Parameter ¢o/o is the dynamic compliance (1) and
equal to the inverse dynamic modulus (E). Dynamic
compliance is the meaning of the deformation in a single
mechanical stress.

Using a complex representation of harmonically
varying deformation &(t) = ', the rate of deformation
can be expressed as de(t)/dt = weee' ' * ™?). Substituting
this expression in the differential Eq. (1) and dividing by
e, , gives the relation:

(hw +E)E’ (iw) = iEhw (9
where E* is a complex dynamic modulus, which can be
represented as:

h*w’E hwE?
E2 +h2n? E2 +h2n?

The first member of the Eq. (10) is areal, and the
second is the imaginary part of the complex dynamic
modulus (E*= E'+ iE™), which is proportional to E and
depends on the frequency. E " (w) determines the losses at
harmonic deformation and is the module of |osses.

Analogous to the complex dynamic modulus
E*(iw) we can represent a complex dynamic compliance
I* (I* = YE*) as the sum of the imaginary I”° and real
|'parts. Taking into account that 1*(iw)E*(iw) = 1, we
can provide the corresponding expression in the form:

I*(iw) = '(w) + il (w)

E" (iw) = (10)
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and |0:1/E0,|1:]JE1.
Absolute measured deformation has the form:

I =VI¢+1€

From condition 1,>> | (as Eq>> E4):

I
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The phase angle § between | and |, i.e. between
strain and stress is defined as:
e I wt
¢ +1,(1+w1 ?)
Angle ¢ characterizes the mechanical loss, i.e. the
part of mechanical energy which came into heat or a part
of the energy dissipated per cycle of the deformation per
unit of volume. A measure of this transformation may be
an area corresponding to the hysteresis loop formed by the
deformation dependence of mechanical stress during the
cycle of periodic actions. This loop is formed by the
curves of loading and unloading.

tgd (13)

At low frequencies, when it is possible to
investigate the hysteress loop and measure the
mechanical losses, using the coefficient of mechanical
losses[3]:

x = AWIW
where W — the total work of mechanical forcesin asingle
cycle ma deformation, and AW— dissipated energy per
cycle of deformation, which is proportional to the square
hysteresis |oop.

2. Experimental

In this paper the low-density polyethylene (LDPE)
was selected as an object of study. Samplesin the form of
a cylinder with dimensions. diameter d of 8 mm with a
ratio h/d = 1.5 were made by pressing at the temperature
of 453K and the pressure of 1500 N/cn’. To obtain a
homogeneous sample the polyethylene was kept under
pressure and temperature of 453K, using repressing to
remove air located between the grains of the original
polymer.

The samples were subjected to a periodic monaxial
compression at room temperature for ingallation on the
relaxometer [12, 13]. As a result of periodic influence of
mechanical stress on the sample the stress-strain during
loading and unloading in the form of a hysteresis loop was
received. The study used three discrete frequencies of
loading: 0.017, 0.17 and 1.7 Hz. In each series of tests not
less than three samples were used. Every sample was
subjected to periodic mechanical stress for 30 min, the
results were taken every 5 min.

M easurements were taken every five minutes for 30
min. Parameter of the mechanical loss is defined as the
ratio of the hysteresis loop to the area between the curve
and the loading axis of strain: y = AWW = S/S The
measurement results were averaged and subjected to
further processing in accordance with calculations given

in the Introduction.

3. Results and Discussion

Fig. 1 shows kinetic curves of variation of the
mechanical loss by prolonged exposure of three
frequencies: 0.017, 0.17 and 1.7 Hz. With increasing time
of deformation coefficient of mechanical losses of the
samples varies, but for the different load frequencies these
changes have different character.

For low frequencies 0.017 Hz (curve 1) and 0.17Hz
(curve 2) the initial value of this parameter is higher than
the next. Evidently, this is due to the fact that during the
decreasing “y" the system goes into the steady state, i.e.
where the constant C in Eq. (4) becomes equal to 0. For
the frequency of 1.7 Hz (curve 3) the establishment of
such state is much faster.
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Fig. 1. Variation of the coefficient of the mechanical losses (y) during periodic load.
Frequency of load, Hz: 0.017 (1); 0.17 (2) and 1.7 (3)

Between y and tgo there is dependence at al
frequencies in terms of linear viscodasticity. Thus, for
asymmetric oscillations from 0 to 2¢, according to work
[14)] such dependence is found:

c=_ (14)

4,/1+tg’d +ptgd
The solution of this equation concerning parameter
tg o gives the dependence:

4c

\J4p2(1- c)- 6¢c?

This expression can be represented as: tgé = v

In expression (13) provided Eo>> E and 1,>> | at
low frequencies to afirst approximation we can obtain:

tgd = wr (16)

Equating the last two expressions leads to the
relation: v = wr, wheret =y / w.

According to the second postulate of the Boltzmann
adopted in his theory of the eastic aftereffect, and the
underlying Boltzmann-Volterra model that describes the
relaxation phenomena [15]: effect on the stress at any
given time of several deformations, that occurred in the
past, does not depend on each other and therefore are
added algebraically.This position was also the name of the
Boltzmann superposition principle. 1t should be noted that
for polymers the superposition principle holds in the
upper-bounded range of deformation, stress and rate of
their change.

According to this principle, considering the
dissipative processes occurring during long-term effects of
periodic stress on the material in the elastic-plastic state,
we can conclude that there is an accumulation of
mechanical energy dissipation in each cycle. Then, if the
part of energy, transformed into thermal energy during
one cycle, is determined by parameter y;, then under the
condition of low thermal conductivity with the
environment during N cycles, the part of dissipated energy
during thetimet is equd to:

Yoom= x1tw, wherety =N

tgd = (19)

Stored energy in the sample is converted into heat,
which should lead to an increase in temperature. The
principle of temperature-time superposition [16]
establishes equivalence between the effect of temperature
and duration of mechanical influence on the relaxation
properties of polymers. Based on this principle, we can
assume that the increase of impact load on the material is
proportional to the action of temperature. Empirical
dependence of temperature change AT on exposure time
and freguency of deformation v in the first approximation
can be expressed as follows: T = bT v, where “b” is a
parameter characterizing features of  converting
mechanical energy into heat for the material under study.

Relaxation time of the supplied periodic stress
decreases with increasng temperature and obeys the
Arrhenius equation :

TZTO@U/RT (17)

For dastic-plastic material similar dependence
follows from Aleksandrov-Gurevich equation [17, 18] and
has the form:

7 = 70eXP[(Uo- a0)/RT] (18)
where Uy — activation energy of relaxation process, the
constant of the material.

This equation takes into account the dependence of
the relaxation time on the load. If we assume that Ug—as =
U and determine the relative relaxation time as w/z; (the
ratio of the current value of the relaxation time to itsinitial
value) then on the bass of equation (18) we can
represented this value as an expression:

t, _ e U Uuo

— = expg— -—_—

ty éR(T, +DT) RT g

where the temperature T, corresponds to the beginning of

load application, when the system is characterized by a

relaxation time 11, and the increment of the AT is the
change of temperature in the impact of load.

After smple algebraic manipulations (19) takes the

form:

(19)

1 _RT, RI?Z __,
=—14+ 1 DT
t, U U (20)
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If instead of the increment of temperature AT we
use time of impact of load (t) and frequency of the applied
load (v) then the expression (20) becomes:

o1 2
FL R R
e Lig U

Using this expression it is possible using the
experimental data to find the estimated values of
activation energy of relaxation process and to determine
the extent to which the processis stationary (Steady state).
These evaluations will determine the degree of linearity of
the relaxation processes and the range of conditions and
the regime of correct determination of relaxation
parameters for a periodic load.

t) (21)
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Fig. 2. The dependence of the relative rdaxation time (z/to) On
the time exposure of load (t). Frequency of load is 0.017 Hz

Fig. 2 shows the inverse logarithmic dependence of
the relative relaxation time (which corresponds to the left
side of the Eq. (21)) upon the inverse of the time exposure
of load on the sample with a frequency of 0.017 Hz. The
proposed coordinates of dependence of the relative
relaxation time is directly proportional to the time of load
effects. We can determine the activation energy of the
current process by the value of this line intersection with
the ordinate axis. Under these conditions (Fig. 2) it is
equal to 4.9 kJ/mol. The slopein Fig. 2 alows to estimate
the value of the parameter “b” in formula (21). The
calculation shows that for the frequency of 0.017 Hz
parameter “b” is 11.88. Since the dependenceislinear ina
rather wide time interval, this allows to conclude that the
activation energy of relaxation process with periodic
loading of LDPE under these conditions does not change.

A similar caculation alows to determine the
appropriate parameters for the frequency of 0.17 Hz (Fig.
3). The calculated activation energy is 4.9 kJmol and
b=0.414.

In Fig. 4 this dependence is presented for the
frequency of 1.7 Hz. The calculated value of activation
energy is2.4 J/ mol. The value of b = 0.04.

With increasing frequency there is a reduction of
the parameter b (Fig. 5). Thisindicates a difference in the
relaxation processes at different frequencies. For

frequencies of 1.7 and 0.17 Hz sampling rate v on the
parameter b is the same and equal to 0.07, while for the
frequency of 0.017 Hz, thisvalue is three times higher and
amounts to 0.202. It should be noted the difference in the

nature of the dependencies: Fig. 2—for v =0.017 Hz and
Figs.3and 4 —for 0.17 and 1.7 Hz.
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Fig. 3. The dependence of relative relaxation time (z/7o) on the
time exposure of load (t). Frequency of load is 0.17 Hz
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Fig. 4. The dependence of relative relaxation time (z/z5) on the
time exposure of load (t). Frequency of load is 1.7 Hz
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Fig. 5. The dependence of parameter “b” on the frequency of
load (v)

The change of the angle of dependence of the
relative rdaxation time on the duration (Figs. 3 and 4) is
most likedly due to the establishment of dynamic
equilibrium with the environment in the initial period of
mechanical effects and change in the structure of the
sample at times over 1000, which leads to a change in
energy activation of the process. The activation energy of
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changing the relative relaxation time is the smallest
(24 kJmal) for the frequency of 1.7 Hz and for
frequencies of 0.17 and 0.017 Hz, this energy is the same
and equalsto 4.9 kJ/mal.

If in the equation of Aleksandrov-Gurevich (18)
instead of the stress (o) we use the frequency v, instead of
the coefficient “a” to use parameter “b”, we can define a
certain characteristic value Uy, similar to the initial
activation energy of relaxation process: Ug= U + bv.

Analysis of the dependence of the initial activation
energy Uo on the frequency (Fig. 6) shows that with
increasing frequency v energy Ug decreases linearly.

0 o ; s 2 oz
Fig. 6. The dependence of initial energy
of relaxation process on the frequency of load (v)

Using the principle of temperature-time superpo-
sition and kinetics coefficient of mechanical losses at
different load intensities it is impossible to determine the
time interval in which the measurements of relaxation
parameters are correct. According to these approxima-
tions, we can preliminarily estimate the relaxation
parameters and analyze the nature of relaxation processes
by means of measurements without changing the initial
temperature.

4. Conclusions

As aresult of investigations we have shown that over
time exposure periodic dress on the polymer sample a
change in its relaxation time occurs. This process can be
explained by a partial change in the structure of the polymer.
For low frequency stress impacts (0.017 Hz) a changein the
relaxation time of the sample occurs at a constant speed and
activation energy for this process does nat change.

For frequencies of 0.17 and 1.7 Hz, the rate of
change of the relaxation time is high at the initial time and
decreases by severa times after 57 min of exposure. The
activation energy of changes of relaxation time, calculated
in accordance with the principle of temperature-time
superposition, linearly decreases with the increase of
frequency of deformation. The coefficient “b”, which
characterizes the structural changes in the polymer also
decreases with increasing frequency. Thus, using the
above approximation, we can give a preliminary

Ninel Komova et al.

assessment of the relaxation parameters and analyze the
nature of relaxation processes of measurement without
changing theinitial temperature.

Taking into account the principle of temperature-
time superposition and features of the kinetics changes in
mechanical losses at different load intensities it is possible
to determine the time interval in which the measurements
of relaxation parameters will be correct.
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AHAJII3 3MIH PEHAKCAHIﬁHHX ITAPAMETPIB
MOJIETUJIEHY B ITPOLIECI IX BUMIPIOBAHHS

Anomauia. Bcmarnoseneno, wo npu OOCHIONCEHH] MAKUX
penakcayitinux XapaKmepucmux sK MAaHeeHc Kyma MexanidHux
empam i oucunayis MexamiuHoi enepeii AK HacniOoK GHYMPIUHBO20
Ha 3pA30K NONIMEPY 8 NPYIHCHO-NAACMUYHOMY CIaHi 8I06Y8ar0mvCs
sMinu  yux xapaxkmepucmux. Heobxiono epaxosysamu mem-
nepamypHo-4acosi yMogu npogedeHHsi eKkcnepumenny abo 6600umu
8i0N0GIOHI nonpasku 6 ompumaui pesynomamu. Ha ocHosi
NpUHYUNY MEMNEPAMypHO-4aco8oi cynepno3uyii 3anpoOnoOHOBaHL
OYIHOYHI 3QNeXCHOCMI 3MiHU Yacy perakcayii noniemuneHy 6io
mpusanocmi  0ii nepioOUYHO20 HABAHMANCEHHS, AKI 3A008LILHO
V32000CYIOMbCsL 3 eKCHEPUMEHMANBHUMU OAHUMU.

Knwuosi cnoea. penaxcayitinuii  npoyec, oucunayis
MEXaHiuHol enepeli, MaHeenc Kyma MeXawiunux empam, npuHyun
memnepamypHo-4acogoi Cynepnosuyii.





