
Materials Research Express

PAPER • OPEN ACCESS

Investigation of the influence of carbon black on the rheology and
electromechanical properties of ethylene butene copolymer
To cite this article: Yasin Hamid and Petr Svoboda 2020 Mater. Res. Express 7 125303

 

View the article online for updates and enhancements.

This content was downloaded from IP address 195.178.92.131 on 15/01/2021 at 10:05

https://doi.org/10.1088/2053-1591/abd19c
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjstIm--o-YbiE1pw74yBpakxz2pUKgZXrZBsYawBzJvuHfzc6NEssjOK4WXt-Zw5Hk1RaobZnaDINHXx_OyqnCHsMue6olywfUpqW03B2bvIWoOuG_H6yUMXrJX0kMhcHM3g6OxylvUzPR8Q-70TqKlhSsqShfFaG0CsjwJj3ihMnlnZXErUHQfAbPLOG_jGjwfc3zeLSycP1J-Jf_3F_uLjlhVit4PUXczKLGaQ8uMANQVz08_RuzEIatnZLCX_7FpN1uGBtNEDSEzVihP7_eAN&sig=Cg0ArKJSzKt9778JX9yc&adurl=http://iopscience.org/books


Mater. Res. Express 7 (2020) 125303 https://doi.org/10.1088/2053-1591/abd19c

PAPER

Investigation of the influence of carbon black on the rheology and
electromechanical properties of ethylene butene copolymer

YasinHamid andPetr Svoboda
Department of Polymer Engineering, Faculty of Technology, Tomas BataUniversity in Zlin, Vavreckova 275, 762 72Zlin, CzechRepublic

E-mail: svoboda@utb.cz

Keywords: conductive polymer, ethylene-butene copolymer, dynamicmechanical analysis, carbon black,mechanical properties

Abstract
In this scientific article, the potential of producing a highly capable sensor by the addition of electric
conductive carbon black (CB) to polymer composite was studied, and the effects of various carbon
black content on ethylene-butene copolymer (EBC) on rheological and electromechanical were
investigated. Electric conductive composites havemany attempts at producing originalmaterial in
technology as a sensor. The amount of (0, 4.07, 6.31, 8.71, and 11.28) volume%ofCBwas introduced
to EBCusing Brabender,mixed, and homogenized for 5min at 180 °C. The dynamicmechanical
analysis (DMA) and electromechanical test show that the addition of CB to the EBCwould increase
the viscosity,modulus, while electric resistance significantly decreased and changed greatly with
elongation. Themodulus increased from8.9 to 15MPa by increase of from15 to 25wt%ofCBwhile
the gauge factor decreases for aboutfive times by increasing theCB from15 to 25wt%under 5N force.
Theseworks demonstrate the possibility of producing strain sensors using a cheap and versatile
technique, with potential health and electromechanical sensors.

1. Introduction

The fast development of smart sensors has contributed to smart elastic strain sensors. However, to date, the low
stretch-ability and sensitivity of conventionalmetals or inorganic semiconductor-based strain sensors have
restricted their application in thisfield to some extent [1–4]. Ethylene-butene copolymer (EBC), which is
metallocene-based, is widely used in polymermodifications since it has excellent physical properties and is easy
to process. EBChas been usedwith other polymers to increase the physical properties like tensile strength,
rebound resilience, and compression set [5–8].

Carbon black (CB) is used as afiller and conductive particle in polymermaterials. Several studies [9–13] have
been done onCBfiller rheological and linear viscosity with the composite’s electrical resistance. It is relatively
cheap and easy to usewith excellent performance in its high electrical conductivity to its automotive, pressure
sensor, and gas sensor [14, 15]. Thus, CB is thefiller to reinforce the polymer blends to form a polymer
composite. Instead, electrically conductive composites have been adequately prepared by adding an electrically
conductive filler to polymericmaterials. Several researchers have investigated the effect of the addition of various
inorganicfillers such as carbon black, carbon nanotubes (CNTs) [16, 17], SiO2 [18]Nanoclay [19] on the
mechanical and electromechanical study of composites with conductive fillers. Slobodian et al [20] reported that
the Spherical particles like Carbon Black in polymer/carbon black composites exhibit percolation threshold,
frequently up to 15–25wt.%.However, lower valueswere also published. D’Aloia et al [21] investigated that
graphene’s addition leads to an increase in the graphene-thermosets polymer’s electromechanical and
mechanical properties graphene concentration increase, the graphene-polymer composite undergoes an
insulator-to-metal transition due to the presence of conductive filler inside thematrix. It is also reported that the
addition of carbon nanotube to SEBS elastomer could increase electrical resistance. At the same time, the sample
is stressed and decreasingwhen the sample recovers to initial deformation. Additionally, it has been shown that
the sample leads to stable after some aging cycles [22]. Yang et al [23] investigated the resistance response of
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CNT/graphene RTV silicone rubber composites under static and dynamic cyclic loading. It is observed that
CNT/graphene RTV silicone rubber composites exhibited a stable and reproducible resistance response under
dynamic cyclic loading, indicating that they have potential applications in continuousmonitoring. It is also
observed that the addition of Carbon nanotube could increase electric conductivity and increase the strain,
leading to increased electrical conductivity [24].Mostly, strain sensors are based on piezoresistivematerials, for
example, thosematerials for which an applied strain, ε, results in a resistance change. Commonly, the gauge
factor ismeasured at low strain, which ismostmetals is small in the range 2 forNichromeV to 4.8 for Platinum
[25]. However, composite strain sensors based on polymers filledwith conductive fillers, likemultiwalled
carbon nanotubes [26] and carbon nanotube [27, 28], can gauge high gauge factors. Piezoresistivematerials
resistance increases with increasing tensile strain as they have positive gauge factors because interparticle
intersections dominate the piezoresistance in composites, leading absolutely to theGauge factor higher than 0. A
small number ofmaterials with negative gauge factors [29]; polymer fibers coatedwith conducting polymers
have demonstrated small negative gauge factors due to chain alignment effects.

Creep study of isotactic polypropylene (iPP)‐based graphene nanocomposites used to evaluate the load
transfer efficiency byGaska [30] et al they have investigated that significant increase of Young’smodulus with
increasingfiller content which indicates reasonably good dispersion and adhesion between isotactic
polypropylene (iPP)‐based graphene nanocomposites the and thefiller content indicates reasonably good
dispersion and adhesion between the iPP and the filler.Wang [31] et al reported the same results for numerical
analysis using the Finite ElementMethod used for unidirectional fibrous polymermatrix composites’
computingmaterial properties. Srivatsan and Sreekanth [32] investigated the experimental characterization of
dynamicmechanical properties of carbon fiber-reinforced composite with sandwich configuration. The
addition of carbon fiber up to 40%wtwill increase the lossmodulus and tan delta curve as the frequency
increases. They also indicated that Carbon exhibiting high storagemodulus due to its atomic structure directly
indicates young’smodulus. Sabet et al [33] studied the impacts of graphene inclusion on themechanical,
electrical, and low-density polyethylene. They reported that while the addition of 3wt%of graphene had a
significant impact on the performance and improvement of LDPE’s electrical characteristics, which is because of
the spreading of graphenes in LDPE, whichmakes to extendmore conductive networks. The polymer
composite’s viscosity is rasing from120.1 to 195.4 kPa because of the significant interaction between the filler
andmatrix that obstructed themovement ofmacromolecular polymeric links. Consequently, graphene has an
excessive surface area and nanoscale fat surface that renders it generate resilient interfacial connections with
LDPE and significantly affects an excellent consequence of LDPE’s chainmovement.

The scope of this paper is to investigate themechanical and electromechanical properties of conductive
carbon black (CB) on ethylene Butene copolymer preparedwith Brabender contain a various ratio of CBhave
been investigated. Bothmechanical and electromechanical properties characterized by the composites were
investigated experimentally. The effect on the piezoresistive response of themixture was analyzedwith an
experimental strain-dependentmeasured electromechanical data. It is shown that the composites realized using
a higher amount of CB show a higher electrical conductivity and a substantial increase in Young’sModulus.

2.Methodology

2.1.Material
Ethylene-butene copolymer (ENR7467)was purchased fromDOWEngage® chemical company in theUSAwith
specific properties like ultimate tensile strength 2MPa, tensile elongation of 600%. Themeltflow index (MFI) is
1.2 dgmin−1 and 0.862 g cm−3. The conductive CarbonBlack (KETJENBLACKEC300J)with the composition
of 10wt%polycarbonate with 99.95%purity is used for this studywere purchased fromAkzoNobel Polymer
Chemicals Ltd. Shanghai, PRChina, with a bulk density of 0.125–0.145 g cm−3 and apparent density of
2.26 g cm−3, pore volume (DBP) 310–345ml/100 g and 3.9Ω·cm. This CB ismainly used as an electro-
conductive filler used in resin compounds, electro-conductive batterymaterials, paint, colorant, and toner.

2.2. Preparation of composite
EBC/CFwas prepared using Brabender,mixed, and homogenizedwith different concentrations (0, 10, 15, 20,
25wt%) for 5 min at 180 °C at 60 rpm according toASTMD7723 [34]. Then, compressionmoldingwas used to
prepare the sheets with a thickness of 0.5mmat 10MPawith 5 min preheating and 6 min pressing at 180 °C.
Finally, the dumble was preparedwith a compression cutter for the test. The porosity density wasmeasured
according toArchimedesmethodASTMB962–15 andwas found to be less than 1%which is acceptable.
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2.3. Electric resistance
The two-point probemethodwith a digitalmultimeter and four-point probemethod usingHall Effect
measurements ismore common for electrical characterization.However, due to the limitation of four-probe
measurement during the starching, the change in EBC/CB’s electrical resistance change in strain-relaxation
cycles was analyzedwith precise weight using the two-point probe technique [35, 36]. Two single-terminal
electrodes are attached to the surface of the conductive structure called the two-point probe technique. ADCor
AC source current is then connected through the two electrodes, and the subsequent voltage over the same
electrodes is estimated. The electrical resistance between these two electrodes is then determined, according to
Ohm’s law /=I V R where I is the current through the conductor in units of amperes,V is the voltagemeasured
across the conductor in units of volts, andR is the resistance of the conductor in units of ohms [37]. To increase
the results’ reliability, copper plates used as electrodes were attached to the sample, dissolved the backing
adhesive, flooded into butanone solution, and thenwashed using tapwater. After drying and cleaning copper
plates, the pellets were sandwichedwith upper and lower Ag’s electrodes using silver paint around the surface of
dumbbell specimens [38, 39]. The test was done using various forces (1, 2, 3, 4, 5N) for 5 min tomeasure the
strain and electric resistance change in time.When the samples are ready, an electrical circuit powered by aDC
power sourcewas applied to theDC sourcewas used for the tests for its simplicity. Nonetheless, it is worth
mentioning that, in reality, 1 kHz is commonly used to prevent polarization inaccuracy [37].

2.4.Dynamicmechanical analysis (DMA)
The dynamicmechanical analysis was calculated by theMETTLERmachine (Osaka, Japan). The sampleswith
dimensions of 11×11×0.5mmwere tested under Frequency sweep, stress-strain, andCreep relaxation. The
stress-strainwas analyzed by starting a force of 0N to 5Nwith a 0.5Nmin−1 force rate at 25 °C.The creep
relaxationwasmeasured in three steps. Atfirst, the sample was placed in theDMAmachine for 1 min at 25 °C
under 0.05N. Then, the sample was under creep test for 5 min under 1N force at 25 °C.This test was done for 1,
2, 3, 4, and 5N respectfully, finally the force drops to 0.05N for 5 min under 25 °C for relaxation. The frequency
sweep test was done at 25 °Cwith amaximum force of 1Nbetween 0.1 to 100Hz by ten steps per decadewith
10μmdisplacement. Higher frequency than 100Hz is not recommended as all the specimen sizes except the one
with 1 mm thickness are not useful due to their higher demand of displacementwhich the piezoelectric actuator
is not capable of providing [40]

3. Results and discussion

The influence of Carbon black and force on shear stress, creep compliance, frequency sweep, and
electromechanical study of the ethylene butene copolymer (EBC)was investigated byDynamicMechanical
Analysis (DMA). Figure 1 indicates the effect of force andCB content on creep after 5 min of EBC/CB
composite.

The creep of the composites with a content of 25wt%of carbon fiber has the lowest value for almost four
times compared to the pure EBC,which has the highest creep. Furthermore, increasing the force could increase

Figure 1.Creep–time for (a) 10%wtCB (b) 5N curves of EBC/CB composite at 25 °C for different concentration and stress.
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creep due to the improved interfacial action between the copolymer and the fiber [41]. Additionally, stiffness
could be improved by fiber’s addition by hindering thematrixmaterial [42].

The stress and creep compliancewasmeasured as a function of CB loading and forces infigure 2. It shows
that elongation (ε) significantly decreased by increasing theCB content up to 20%wt.On the other hand, there is
notmuch difference from20%wt to 25%wt as thefiber lookswell dispersed, and the filler covers thematrix. It
also indicates that increasing the force up to 5N could increase elongation six times due to the butene polymer
composite’s rubber behavior. The creep compliance graph shows that the addition of carbon black to thematrix
decreases the creep compliance due to the significant interaction between the fiber andmatrix, which leads to the
increasedmodulus.

The Stress-strain tensile curves fromDMA tests are shown infigure 3. It shows that the addition of CB to
EBCwould increase themodules Pa. Table 1 shows themodulus change by the addition of CBfiber at 0.01
shear strain [43] asmathematical representations rely on the linearity of response of both elastic and viscous
components. It shows that by increasing theCB content to thematrix, the Youngmodulus would increase from
7.414 for 10wt%Pa to 15.305 for 25wt%. Savetlana et al reported that the addition of 20wt%carbon black to the
natural rubber could increase themodulus for 18 times from2.5 to 47MPa because of the reinforcing potential

Figure 2. (a) Strain versusCB concentration for different force after 5 min (b) creep compliance versus force for different loading of
CB content.

Figure 3.Representative tensile stress-strain curves for EBC/CB for different concentrations.
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fromflexiblefiller formation network and strong polymer-filler coupling. The principal factors determined the
capability of reinforcement were (i)Vanderwalls force betweenCB and polymer, (ii) the chemical cross-link of
polymer into thefiller surface due to the free radical reaction between carbon atoms infiller and polymer, and
(ii) themechanical interlocking of the polymer on to the filler surface [44].Moreover, it looks like increasing
fiber content. The copolymer composite tend to actsmore brittle, whichmight be because of the quality of the
fibers dispersion and good interaction between carbon black and ethylene butene copolymer. This is the global
result of an efficient load transfer from thematrix to thefirst, strong chemical interactions and second,
geometric interactions, such as the high specific surface area between the carbon black surface and the ethylene
butane copolymer segments [45–47]. It has been established by numerous studies that addition of carbon base
fibers exhibit a significant increase inmodulus as compared to thematrix resin. Asmentioned earlier, this is
mainly due to the fact that functionalization improves both dispersion and stress transfer.

The electric resistance versus force is shown infigure 4(b). In this test, the electrical resistancewasmeasured
with a variety of loads for 5 min.However, the addition of CBup to 10%would not affect resistance. Itmight be
related to the low concentration of carbon black in thematrix caused by disassociation betweenCBparticles.
That could decrease the resistance to almost zero. There are two types of electrical conduction in the EBC/CB:
‘Contact’ or ‘tunneling’mechanism. Conductive fillers are physically in contact with each other and form a
conducting network in the contactmechanism.Nevertheless, the electron’smobility has tunneled between the
neighboring conductive fillers separated by the tunnelingmechanism’s polymeric layers [48, 49].

The gauge factor can be defined as [29, 50]

⎛
⎝⎜

⎞
⎠⎟ ( )

e
=

D
G

R

R

1
1

0

WhereR0 is initial resistance,ΔR is the change of resistance and ε is a strain. For a composite with strain-
independent conductivity behavior, the following relationship is generally followed [51]:

( ) ( )e e
D

= +
R

R
2 2

0

Figure 4. (A)Gauge factor (b) change of electrical resistance versus force for different concentrations of CB.

Table 1. ShearmodulusG of EBC/CB composite
at 0.01% shear strain.

CB content (wt.%) ShearmodulusG (MPa)

0 1.720±0.08
10 7.414±0.35
15 8.902±0.38
20 13.670±0.52
25 15.305±0.71

5

Mater. Res. Express 7 (2020) 125303 YHamid and P Svoboda



Figure 4(a) indicates the gauge factor for different CB concentrations under force between 4 and 20, which is
around five times higher than conventionalmetal gauge. It shows that the addition of CB to EBC could decrease
the gauge factorwith force. The gauge factor is around two at low strain, but itmay be as high as 1300 for carbon
nanotube/epoxy composite [52]. However, themost reported value is below 100 [50, 53, 54]. The addition of CB
from15Wt% to 25wt% leads to an increase in the resistance dramatically, increasing interaction and contacting
theCBparticles.Moreover, increasing the force leads to a decrease in the thickness of the sample. It caused an
increase in the interaction of CBparticles. Storagemodulus (G′) and lossmodulus (G″)was tested as a function
of shear strain (γ%). In the frequency sweep test, a small amplitude oscillatory shear, ( )g g w = tsino was
applied to the samples. Resulting shear stress was recorded as:

( ) [ ( ) ( ) [ ( ) ( )] ( )s g w w w w= ¢ + G t G tt sin cos 3o

G′,G″ and dynamic viscosity (η∗)weremeasured as a function of angular frequency (ω) in the range of
0.1–100 rad s−1 at a strain value in the linear viscoelastic region [55, 56]. Figure 5 indicates the storagemodulus
(G′) and lossmodulus (G′), Tan δ, and complex viscosity |η*| of the samples as a frequency function.

It is observed that the loosemodulus (G′) ismore sensitive thanG′. It is well known that the storagemodulus
with the changes of CB content. There is no significant change in storagemodulus observed for EBC/CBup to
20 percent because there is no interfacial interaction betweenCBfiber and EBC.However, EBCwith 25%wt
content will decrease the storagemodulus up to 30% from5 to 3.5MPa for the entire frequency rate. On the
other hand, it can be observed thatG′ is increased significantly by increasing the frequency. It also can be

Figure 5.G′ (a),G″ (b), as a function of frequency composites for different CB content for EBC/CB.

Figure 6. (a) tan δ (b) |η*| as a function of frequency composites for different CB content for EBC/CB.
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observed that the addition of CBup to 25%wt could increaseG′up to 3 times. Dependence of loss factor (tan δ)
and complex viscosity |η*| of the samples on frequency is given infigure 6.

Tan δ curves of the polymer copolymerwithCBdecreasedwith increasing frequency. The negative slope in
the Tan δ curve is a normal behavior of viscoelastic. In contrast, the positive slope refers to the elastic response of
the viscoelastic samples dominating this elastic behavior.

( )d =
¢¢
¢

G

G
tan 4

Figure 6(b). |η*| curves with frequency regionwere fitted by the power-lawmodel to determine the shear-
thinning phenomena. The dynamic viscosity is defined by [57]

( )h
w

¢¢ =
¢G

5

moreover, the elastic part of the complex viscosity:

( )h
w

¢ =
G

6

∣ ∣ ( ) ( )h h= h¢ +  72 2 1
2*

The power-law equation is written as:

∣ ∣ ( )h w= k 8n*

Where |η*| is complex viscosity, k is a sample-specific pre-exponential factor,ω is the oscillation frequency in the
frequency sweep test, and n is the shear-thinning exponent, which can be directly calculated from the
logarithmic plot of complex viscosity |η*| versus frequency (ω) as

Table 2.Power-law factors determined from the |η*| versus logω from
figure 6(b).

f%CB

Composite density

g cm−3 k ω

0 0.862 −0.19512±0.087 −0.94834

4.07 0.92 0.21998±0.0103 −0.94573

6.31 0.95 0.382447±0.0183 −0.94187

8.71 0.98 0.600717±0.0284 −0.9416

11.28 1.02 0.84419±0.0325 −0.93966

Figure 7. vGP of EBC for different CB content.
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∣ ∣ ( ) ( )h w= +log logk nlog 9*

The shear-thinning exponent, n, is the straight-line slope obtained by plotting log |η*| versus logω [58–60].
Calculation of volume fraction (f)

( )=
+

w
m

m m
10A

A

A B

Furthermore, since:

( )=


V
m

11A

A

So

( )f =
+
V

V V
12A

A B

While the density of CB and EBC is 2.26 g cm−3 and 0.862 g cm−3, respectively. The volume fraction is
shown in table 2.

The vanGurp-Palmen (vGP) plot, which plots phase angle δ° versus complexmodulus |G*|, is sensitive to
polydispersity and long-chain branching [61, 62].

The complexmodulus |G*| is reported:

∣ ∣ ( ) ( )= ¢ + G G G 132 2 1
2*

As shown infigure 7, vanGurp-Palmen curves of EBC/CB show that the addition of CB to the EBCwould
increase. The blend shows the vGPplot predicted for linear polymers, i.e., a plateau at b=7° in the low ∣ ∣G*
region.

The graphs show that additional CB content could increase δ° from3.5° to 7°. Several studies have been
reported about vGP, which have been similar tend peak followed by a downward tendency [62–65].

4. Conclusion

The linear viscosity and electromechanical properties of ethylene butene copolymers filledwith electric
conductive carbon black are investigated. The dynamicmechanical viscosity andmoduluswere found to be
increasedwith the addition of carbon black into ethylene butene copolymer.Moreover, the electrical resistance
is growingwith carbon black content due to the interaction and contact between the particles. The elongation (ε)
significantly decreases by increasing theCB content regarding thewell disperses and hardening effect of CB.
Thesework results establishmanufacturing elastic strain sensors’ potential using an economical and
multipurposemethod, with potential applications inflexible electronics products.
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