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Abstract

Objectives. To study the relationship between bending deformation and the change in the
electrical resistance of carbon black polypropylene composites.

Methods. Conductive polypropylene composites filled with carbon black UM-76 were investigated.
The samples were deformed and kept under constant bending at temperatures of 20-155°C.
Results. The deformation of the samples led to a reversible increase in their electrical resistance,
while subsequent holding of the samples in the deformed state was accompanied by an
exponential drop in their electrical resistance. The average times and activation energies of the
electrical relaxation of the deformed polypropylene composites were calculated (30-32 kJ/mol)
and compared with similar characteristics of polyethylene composites (15-16 kJ/mol).
Conclusions. The electrical resistance relaxation of deformed carbon black polypropylene
composites at elevated temperatures is similar to their stress relaxation. The average times
and activation energies of the electrical relaxation of deformed polypropylene composites are
comparable with similar data on their mechanical relaxation. It was found that these electrical
and mechanical phenomena are based on the same underlying physical processes.
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AHHOMAQuyust

IMenu. Paboma nocesuieHa USYyUeHU 8AUSTHUSL 0epopmMayuu u3zuba npu no8blULeHHbLX memne-
pamypax Ha U3MeHeHUEe 3/1eKmpPuUecKozo CONPOMUBIEHUS SNeKMPONnpo8O0SULUX NOAUNPONUTLe-
HO8bIX KOMNO3UMO8, HANOJHEHHbLX MEeXHUUECKUM Y2/1epOOOM.

MemoouL. Hccnedoganucs NoAUNPONUIEHO8ble KOMNO3UMbL C MexHUuueckum yaaepooom YM-76.
Obpa3suybl uz2ubanucs U 8bl0eprsKUBANUCL NPU 3a0aHHOM npozube 8 uHmepsase 20-155 °C.
Pesynemamet. [Ipu decpopmuposaHuu obpasyoe Habarooancs obpamumbslii pocm sfeKxmpu-
yeckKozo conpomueneHust. ITlocnedyrowas evloeprkka o06pasy,08 8 0ePopMUpPo8aHHOM COCMOSL-
HUU CONpo8oIKOANACL IKCNOHEHYUANbHBIM NAOCHUEM UX INeKMPUUECKO20 CONPOMUBIEHUSL.
Bouiu paccuumaHsl cpedHue gpemeHa U IHepaust aKmueayul d1eKmpuueckoll peaaxcayuu
0eopMUPOBAHHBLX NoAUNPOnUNLeHo8blx Komnosumos (30-32 k/x/Mmonb), a markxKe npose-
0€eHO UX CpasHeHUe C AHAN02UUHBIMU XApaKmepucmukami NOAUIMUNEHO8LLX KOMNO3UMO8
(oxono 14-16 wK/»k/mons).

Buteoowst. Ilpu mexaHuueckom O0ehopMUPOSAHUU INEKMPONPOBOOSAULUX NOSUNPONUIEHOBBLX
KOMNO3UMO8 C MEXHUUECKUM Y21ePO00OM, 8 MOM UUCSe NPU NOBbLIULEHHbLX memnepamypax, xa-
paKkmep penakcayul 91eKmpuueckoz0 CONpomueieHUsl AHA02UUEH XapaKmepy peiaxkcayul
MexaHuueckozo HanpsikeHus.. CpedHue epemeHa U sHepeust AKMuUsayuU 31eKmpuueckoli penak-
cayuu 0epopMUPOBAHHBLX NOJUNPONUNEHO8bLX KOMNO3UMO8 CONOCMABUMbBL C AHAJI02UUHBLMU
noxkazamensimu O/t MexaHUuUueckol peaarxcayuu. 9mo yrkasvlieaem HA 00U UL MEXAHU3ZM IMUX
npoueccoas.

Knroueeble cnoea: s1eKmponpogoosiuuil NOAUNPONUNLEH, MeXHUUECKUU Yanepoo, sneKkmpu-
yeckKoe conpomuenerue, oepopmayus, peaaxcayus, agpcpexm INTK

Jna yumuposanusa: Mapxos A.B., Tapacosa K.C., Mapkos B.A. BinusiHue pesakcalluOHHBIX IIPOLECCOB MpU AedopMHU-

POBAHUH Ha HNEKTPUYECKOE COMPOTUBIEHUE MOTUIPONHUIEHOBEIX KOMIIO3UTOB C TEXHUYECKUM YTIIEpPOAoM. TOHKUE XuMuyecKue
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INTRODUCTION

Self-regulating heating cables, thermostatic
heating elements, thermostatic devices, and self-
disconnecting electrical fuses are made based
on electrically conductive polymer composites
containing carbon black (CB) [1]. The ability of these
materials to change their electrical resistance during
mechanical deformation [2] has opened up new
possibilities for their use, e.g., as internal mechanical
stress sensors and damage indicators [3]. Regardless
of the shape and size of the electrically conductive
fillers, the change in the electrical conductivity of
the composites during macroscopic deformation
is usually explained by the change in the distances
between the conductive particles [4]. The change
in electrical resistance during the deformation of
electrically conductive composites is associated
with the restructuring processes of the system of
electrically conductive channels, i.e., the destruction
of existing channels or the emergence of new channels
[5, 6]. The prevalence of a particular process and,
consequently, the increase or decrease in the electrical
resistance depends on the nature of the polymer
matrix and the content of the electrically conductive
filler [7, 8]. The formation of electrically conductive
channels during the deformation of a composite is
also influenced by the orientation phenomena in the
polymer matrix. This effect in particular manifests
in the anisotropy of electrical properties during the
stretching of an electrically conductive composite
due to the appearance of anisotropy of the composite
structure when deforming polymer macromolecules
[7]. In the case of polymeric electrically conductive
composites filled with CB, the mechanical and
electrical characteristics change interdependently.
This opens up the possibility of studying relaxation
phenomena based on data on electrical conductivity
changes in a material that cannot be studied with
other methods [9]. During cyclic deformation,
electrically conductive polymer composites show
a hysteresis of electrical resistance similar to the
hysteresis of mechanical stress [4]. The highest
sensitivity of electrical resistance to temperature
change (positive temperature coefficient [PTC]) and
tensile deformation is observed when the content
of the electrically conductive filler corresponds to
the percolation threshold region [10-12]. It is with
this content that the electrically conductive polymer
composite material is suitable for use in thermostatic
heating elements. Simultaneously, the presence of
a negative temperature coefficient (NTC effect) is
an undesirable effect because it can lead to failure
of the polymer composite heater. This effect can be
eliminated by radiation crosslinking or chemical

crosslinking of the polymer matrix of an electrically
conductive composite or by using an electrically
conductive composite polymer matrix of a mixture
of polyethylene (PE) with a more heat-resistant
polymer, e.g., polypropylene (PP) [13, 14]. Note
that the influence of various types of deformation,
such as tension, compression, and shifting, on
the electrical resistance of electrically conductive
polymer composites is currently being studied in
detail [6, 15, 16]. However, there is practically
no data in the scientific and technical literature on
the effect of bending deformation on electrical
resistance. This phenomenon is especially important
for self-regulating heating cables, as these composite
materials are used in their manufacturing. This is the
main deformation type for heating cables.

The purpose of this work is to study the
relationship between deformation and the magnitude
of the electrical resistance of PP composites with CB.

EXPERIMENTAL

We studied PP composites (PPG 1120-16
grade, Stavrolen, Budenovsk, Russia, TU 2211-
008-50236110-2006) with an optimal content of
conductive UM-76 CB for heating elements (Omsk
Carbon Group, Omsk, Russia, TU 38-10001-94) at
20 wt % (11.7 vol %).

The compositions were prepared on a Brabender
plastograph (Brabender GmbH, Duisburg, Germany)
at 200°C, as in [17]. The samples were prepared by
pressing at 200 £ 2°C, with the contact lamination
made of L-80 brass mesh (GOST 6613-86'), as
described in [17]. The electrical resistance of the
samples was measured with a DT9208A ohmmeter.

The study of the effects of the bending
deformation was carried out from 20 to 155°C in a
SNOL 3.5 oven (ThermIKS, Russia), as described
in [18]. In this case, the samples were deformed at
a constant injector movement speed of 5 mm/s to a
fixed depth of deflection to attain a deformation of
0.1 £ 0.01%. At larger deformations, the samples
broke at temperatures below 100°C.

RESULTS AND DISCUSSION

The materials under study were characterized
by a sharp increase in electrical resistance due to the
rearrangement of the polymer crystal structure in
the melting temperature range as well as the intense
destruction of the conductive channels formed by the
CB particles [17]. The temperature range in the region
of the peak in the dependence of the electrical resistance

' GOST 6613-86. Square meshed woven wire cloths.
Specifications. Moscow: Standartinform, 2006.
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on the test temperature practically coincided with the
temperature range of PP melting. Figure 1 shows how
the samples’ temperature affected the change in the
electrical resistance of the investigated PP composite.

The effect of the tripping “barrier” resistance
(PTC) was also retained for the deformed samples.
Figure 2 shows the kinetic dependences of the changes
in the electrical resistance of the samples at different
temperatures.
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Fig. 1. Dependence of the relative electric volume
resistance (p,/p,,) of the polypropylene samples
on temperature.
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Fig. 2. Change in the relative (p/p, ) specific volume
electric resistivity during and after bending (f=0.11)
at various temperatures: (1) 90°C, (2) 125°C, (3) 140°C,
(4) 155°C.

The obtained time dependences of the changes
in electrical resistivity were similar to the well-
studied dependences of mechanical stress relaxation
[19]. It can be seen in Fig. 2 that during the sample

deformation, a jump of electrical resistance was
observed from the value of electrical resistance
(p,> resistance of an undeformed sample at the
test temperature) to the maximum value (p _ )
corresponding to a given deformation (p, at heat
treatment time ¢ = 0). Furthermore, the electrical
resistivity at all temperatures exponentially decreased
within 4—5 min at a constant bending strain. At longer
times (in Fig. 2, the relaxation times are limited
to 10 min) and at 140°C and higher temperatures
approaching the melting points of the PP matrix, the
resistance began to increase (Fig. 2, curves 3 and 4).

It became apparent that the value of the
maximum resistance at the same relative deformation
at the moment of deformation (as in [20]) depended
little on temperature up to 140°C because the effect
of the deformation at low temperatures (in the
forced highly elastic state of the polymer) on the
deformed PP structure also depended little on the
temperature. A noticeable increase was observed
only at temperatures close to the PP melting point.
This effect was similar to that of the increase in the
electrical resistance of undeformed samples at the
temperatures of the onset of polymer melting in Fig. 1
and was probably of the same nature [20]. As assumed
in [20], the relaxational decrease in the electrical
resistance at higher temperatures was associated with
the restoration of the conductive channels formed by
the CB particles. The higher the sample temperature,
the greater this decrease in electrical resistance [20].
Isometric heat treatment of a deformed PP composite
under isometric conditions also led to the restoration
of the conductive channel system [20]. Once again,
we could say that this relaxation phenomenon was
similar to the NTC effect characterized by decrease
in the height of the electrical resistance “barrier”
peak upon heating non-deformed samples at high
temperatures in Fig. 1. When deformed at higher
temperatures (close to the PP melting point), the
abovementioned destruction of the conductive
channels formed by the CB particles occurred more
intensively, possibly due to the recrystallization of
the composite’s PP matrix [17].

To study the mechanism of electrical resistance
relaxation, we could use the concept of average
relaxation time, as in the case of mechanical stress
relaxation. We used Eq. (1) to calculate the relaxation
times [9]:

— ) t
In P: ~ Pumin — (1)
pmax - pmin T
where p, p_ ., and p . are the current (at time point ¢),

maximum (at the beginning of the relaxation process),
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and minimum (equilibrium) values, respectively, of
the specific volumetric electrical resistance (Ohm-m)
and 7 is the average relaxation time (s). Using these
relations, we could calculate the average times
of electrical resistance relaxation at the studied
temperatures®. The obtained relaxation times made
it possible to calculate the activation energies of the
electrical relaxation by analogy with the activation
energy of mechanical relaxation [19]:

Int =Int,+

U | )
RT

where 1 is the average relaxation time (s) at
temperature 7 (K), t_is a constant with the dimension
of time (s), R is the universal gas constant equal to
8.31 J/(mol-K), and U, is a coefficient independent
of temperature (J/mol). The value of U depended on
the average size of a kinetic unit (a molecule or part
of a molecule) that participated in the thermal motion
(relaxation process), as in the case of PE composites
[18]. It is known [19] that the activation energy of
viscous flow (U_. . ; the motion of segments upon

vis.flow?

melt shear) for PP and PE is 45-50 and 30-35 kJ/mol,
respectively. Relaxation times (t) linearly depend
on the reciprocal of temperature (1/7, K) in a wide
temperature range (see Fig. 3).
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Fig. 3. Dependence of the relaxation time of the electrical
resistance of polyethylene (PE) [20] and polypropylene (PP)
on the test temperature.

2 Markov V.A. Electrically conductive polymer composites
with an increased positive temperature coefficient of electrical
resistance for self-regulating heaters. Cand. Thesis. Moscow:
M.V. Lomonosov MITHT; 2014. 120 p. (in Russ.).

The calculated values of the “electrical”
activation energies of the studied processes (U) were
U,,=30-32kJ/moland U, = 15-16 kJ/mol. Note that
for PP, the value of the “mechanical” activation energy
(U) decreased from U, , - ~45 kJ/mol in the viscous fluid

state t0 U, e ~32 kJ/mol at temperatures below
the temperatures of the onset of PP melting upon
its transition to the forced highly elastic state [19].
In linear high-density PE, a corresponding decrease
occurred from U, ~30 kJ/mol to U, .. ~17 kJ/mol
[18, 19]. In our case, the temperature coefficient
(U,) for the electrical relaxation of PP and, as
shown earlier, high-density PE [20] in the solid
state practically coincided with the above values.
Our results indicated a direct relationship between
electrical relaxation and mechanical relaxation
due to the segmental mobility of the polymer

macromolecules.
CONCLUSIONS

This study showed that during the mechanical
deformation of electrically conductive PP composites
with CB at elevated temperatures the nature of
electrical resistance relaxation is similar to the nature
of mechanical stress relaxation. The average times
and activation energies for the electrical relaxation of
deformed PP composites are comparable to those for
mechanical relaxation, which indicates the general
nature of these processes.
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