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Abstract: In this study, Ethylene-vinyl acetate (EVA) based composites filament, with four different
volume fraction of the nano-sized carbon black particles (NCB) were produced by melt mixing using a
single extruder. The morphology of the EVA/NCB was studied using SEM, where a 3-D network of the
NCB was presented. Thermal gravity analysis (TGA) measurement was utilized, denoting the
degradation temperature of EVA, and presetting the actual volume fraction of NCB in the composites.
Mechanical properties, e.g. elongation at break, tensile strength of the EVA/NCB filament was studied.
Most importantly, the strain sensoring behavior of the EVA/NCB was investigated ultilizing a tensile
testing machine coupled with a pico-ammeter. The gauge factor for various strain range, as well as the
relative change of the resistance during the cyclic measurement of the NCB/EVA composites was
calculated. Moreover, the measured data were fitted using some mathematical modellings, which reveals
the potential of the strain sensoring behavior of the NCB/EVA composites in this study. Overall, this
study introduces a durable NCB/EVA composites using as strain sensor oriented to industrial large-
scale production, and the proposed modelling provides an effective evaluation method on its strain
sensoring behavior.
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1. Introduction

Nowadays, Conductive Polymeric Composites (CPCs) have been widely studied around the world
[1-6]. The advantages of the CPCs are quite remarkable, e.g. great possibility of continuous industrial
production [7-9], enhanced mechanical properties comparing to the neat polymer [10], the additional
electrical conductivity [11, 12] etc. The basic components of the CPCs are (1) the polymeric matrix,
which endows the basic mechanical properties of the CPCs, and (2) the functionalized conductive
particles, which forms conductive network in the composites, and thus provides the designed function
to the matrix, i.e. the CPCs [13]. In this case, the choice of the polymeric matrix could be multifarious,
aiming at various desired application of the composites. For instance, flexible polymer (e.g.
poly(dimethylsiloxane) (PDMS) [14-16] and thermoplastic polyurethane (TPU) [17-20]),) have been
widely employed for the preparation of the flexible CPCs, which are able to provide a great stretchability
and an outstanding recoverability of the CPCs [21-25]. Moreover, under the externally applied strain on
the CPC, the deformation of the conductive network of the conductive particles in the composites results
in a real-time change of the resistance of the CPCs [26-28]. This is the fundamental principle of CPC-
based strain sensors, which have been widely applied in human motion detection, human-computer
interaction and other intelligent fields [29].

Ethylene-vinyl acetate (EVA) is the copolymer of ethylene and vinyl acetate, which is elastomeric
"rubber-like" in softness and flexibility [30-33]. Besides, by adjusting the proportion between the
ethylene and vinyl acetate, the dominated amorphous part in the semi-crystalline structure of EVA could
be designed and achieved [34, 35]. This means the effect of the crystallization of the EVA could be
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ignored, which realizes a great dispersion of the fillers during the preparation as well as during its service
life. Nano-sized carbon black is a common filler used in plastics to achieve conductivity [36-38], which
IS, not only low in cost, but also easy to disperse in the matrix due to its O-dimentrional spherical
geometry [39-41].

Processing and the mechanical properties of EVA-based composite have been investigated. Soumya
Mondal et al. [42] reveals the influence of different methods of CB incorporation in the compatible blend
of 50/50 (wt. %) EVA and acrylonitrile butadiene elastomer (NBR) on different properties of vulcanized
blend compounds. Haohao Lu et al. [43] prepared the flexible and intelligent CFF/EVA EMI shielding
composites with electrothermal-driven shape memory performance by hot-pressing method, which
provide precise and convenient control-method for driving EMI shielding conversion. As revealed, the
CFF/EV A composites can achieve an EMI shielding effect of 45.6 dB in X-band and maintain a ca. 99%
shape memory recovery ratio. Moreover, the composites can quickly return to the original shape at low
voltage, and realize accurate and fast remote emergency control EMI shielding. Felicia Stan et al. [44]
investigated the rheological properties of EVA filled with various contents (0.1-5 wt. %) of multi-walled
carbon nanotubes (MWCNTS) using a capillary rheometer at temperatures and shear rates relevant to
the injection molding process. Yumeng Wang et al. [45] reported a stretchable and compressible
conductive foam with stable mechano-electrical properties comprised of copper nanowires and
MWCNTSs that were wrapped firmly on flame-retardant EVA skeleton. Zishou Zhang et al. [46]
developed a highly conductive and lightweight membrane substrate based on EVA, CNTs and lens
wiping paper, and demonstrated its implementation as high-performance mechanical support for MnO-
in supercapacitors.

However, to the best of our knowledge, the nano-sized CB have been rarely reported to produce EVA
based composite. Since the NCB particles enables the flexible EVA composites electrical conductivity,
its potential of strain sensoring behavior should be in depth investigated and revealed.

2. Materials and methods
2.1. Preparation of EVA/NCB composite filament

The EVA copolymer used in study was obtained as Elvax 265 from DuPont, with a VA content of
28% and MFI of 3. Conductive CB particles were provided by Orion Engineered Carbons Co., Ltd. Both
the polymer granules and the CB powder were dried at 60°C for 48h in a vacuum oven to completely
remove the moisture. Afterwards, both raw materials with the designed ratio were simultaneously fed
into a co-rotating twinscrew extruder (Leistritz Micro-18/GL-40D) at 60 rpm at 120°C, equipping with
a die with diameter of 3mm. All the extruded composite filament was firstly pelletized and then fed back
to the same extruder at 60 rpm at 120°C for the second time, but with die with diameter of 1 mm, to
produce the final desired EVA/NCB composite filaments. The filament was then cut into specimen with
a length of 4 cm for further measurements.

2.2. Characterization

The morphologies of the EVA/CB composites were studied by a scanning electron microscope
(ZEISS EVO). The specimens were sputtered with a thin layer of gold, then were analyzed with a
secondary electron detector at an acceleration voltage of 10 kV.

The thermal stability of specimens was tested using Thermogravimetric Analysis (TGA) (TA
Instruments, 2960) from room temperature to 1000°C at a heating rate of 10°C /min under nitrogen
atmosphere. The electromechanical properties of the samples were investigated on a tensile testing
machine (Zwick, Z005) coupled with a Keithley 6485 Picoammeter. As shown in Figure 1, specimens
were fixed on the tensile testing machine with gauge length of 20 mm. Several layers of isolated tapes
were employed to encase the clapper of the testing machine. For the dynamic resistance measurement
during stretching, a strain rate of 60 mm/min was applied onto the specimens. In the dynamic
electromechanical measurement at least 10 specimens were tested and in the cyclic strain sensing test
the data of at least 5 specimens were recorded for each experiment. Following nomenclature was applied
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for the description of all the samples in this study: CB5 denotes the designed volume fraction of the
NCB in the composite is 5 vol. %, and Virgin denotes the neat EVA polymer extruded using the twin
extruder under same condition as a contrast.
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g Tensile test device signal

Figure 1. The tensile test machine coupled with the ammeter
to record strain and resistance data during stretching

3. Results and discussions
3.1. Morphologies

The cross section microstructures of stretched EVA/CB composite filament were investigated using
SEM as shown in Figure 2. An obvious phase separation between the EVA/CB, which are NOT
participated into the stretching process (red region in the Figure 2a) is observed. This indicates the
inhomogeneous dispersion of the EVA matrix from each other using the single extruder, which would
be improved by increasing the kneading time using a twin extruder. However, the zoomed in region of
the damaged region of the EVA/CB region still shows a great dispersion of the CB particle in the EVA
matrix, which was attributed from the two-step melting mixing during the preparation process.
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Figure 2. SEM pictures of cross section of the EVA/CB composite filament in this study

3.2. Thermal gravity analysis

Figure 3 shows the TGA measurements of EVA/CB composite filaments, where the remained mass
of all the specimen versus temperature are presented in different colors. It should be noted that the weight
reduction of all the samples starts firstly at approximately 300°C (degradation temperature of EVA),
which indicates a temperature range for practical applications of the composites. The weight percentage
of the sample remains stable after 600°C, indicating the remaining composition in the sample after heat
treatment. The inserted value denoted the final remained weight of the samples, tie difference between
which and the remained mass of the Virgin (8%) denotes the real weight fraction of the CB in the sample.
For instance, the real weight fraction of the SCB can be calculated as 13.6 % - 8.0 %=5.6 %.
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Figure 3. The weight fraction of the samples versus
the temperature in order to obtain the thermal behavior and the
real weight fraction of the composites

3.3. Mechanical properties

The stress-strain curves of all the investigated five samples obtained from the tensile testing machine
are shown in Figure 4. It should be noted that the strain range of the EVA/CB composite filament
presents a low range despite of its great flexibility. This is because the phase separation between the
EVA matrix during the melt mixing process, as shown in Figure 2a. The composite filament with 2%
and 3% CB shows an increased elongation at break comparing to that of the virgin EVA, but filament
with more than 5% CB shows a decreased elongation at break comparing to that of the virgin EVA. This
is because the addition of the CB particles hinders the construction of the continuous phase of the
polymeric matrix, resulting in a lower elongation at break.
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Figure 4. Stress-Strain curve of the investigated EVA/CB
composite filaments in this study

The Young's modulus of the samples was calculated using the first 15 points of the stress-strain curve
of each sample, and presented in Figure 5 in blue. We can see that as the content of CB increases, the
Young's modulus of the samples is significantly improved, which was attributed to the higher fraction
of CB in the samples during the linear elastic deformation region of the samples.
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Figure 5. Diagram of the Young's modulus (right axis, data in blue)
and the tensile strength (left axis, data in orange) versus different
fraction of the carbon black in the composite filaments

3.4. Electrical conductivity
As the contents of the CB fillers increases in the EVA composites, the electrical conductivity of

which also increases. The percolation threshold is usually applied to describe a critical volume fraction

of the conductivity fillers, where the conductivity of the composites increases fastest. An equation

proposed by McLachlan is often used to compute the percolation threshold for conductive composites

[47]:
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where oy, o, of denotes the conductivity of the EVA matrix, the EVA/CB composite, and the CB,
respectively. ¢ is the volume fraction of the CB and ¢, is the critical volume concentration, i.e. the
percolation threshold. The standard value of the exponent t is 0.87. For isotropic composites with
randomly oriented fillers, the standard value of the exponent s is 2. However, in this study s was set to
1.5, because the CB distribution was not isotropic. The value of ¢, was calculated to 3.1 %, using
equation 1.
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Figure 6. Electrical conductivity of the EVA/CB composites
filament as a function of the volume fraction of CB, fitting with
McLachlan equation (dashed line)
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3.5. Uniaxial strain sensing behavior
The relative change in resistance (RCR) of an electrically conductive composite was expressed as:

RCR =2 =ER ()
Ro Ro

where the 4R, R, and R denotes the change of the resistance, the initial resistance, and the resistance
under strain in time, respectively. Figure 9 presents the RCR value of all the specimen versus applied
strain in different color.

Gauge factor (GF), which is generally defined as the ratio of relative resistance with applied strain
as shown in equation 3, and is used to reveal the sensitivity of the strain sensor [48].

GF = d(RCR) _ dl(R(t)~Ro)/Rq] 3)
de de

where RCR denotes the relative change of the resistance, Rtand Ro is the real-time resistance during
stretching and the initial resistance before stretching of the NCB/EVA, respectively. & denotes the
external strain in percentage. The GF value of each specimen for differnet region was marked in dashed
line in Figure 7.

The measurable strain response range was between 2% to 5% for all the specimens. The minimum
GF was about 4, and the maximum GF of all the specimen was found in the higher applied range of 2CB
about 112. Generally, the GF value of specimen with lower CB contents is higher than that with the
higher CB contents. This is because the composites with higher CB content contains a stable 3-D
conductive network, which is not effectively effected by the deformation of the polymeric matrix.
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Figure 7. Relative change in resistivity (RCR) as a
function of applied strain for all the composites filament
in the study, gauge factors (GF) are marked using dashed lines

The relationship between the microscopic structure of the nano particles and the macroscopic
electromechanical properties of the CPCs under external loading have been widely reported [49]:

L L 8mhs

R= ﬁRm N (3ya2e2) exp()/s) @

where L is the length of particles forming on conducting pathway, N is the number of conducting
pathways, Rn, is the resistance between two adjacent particles, h is Plank’s constant, a? is the effective
cross-sectional area, e is the electron charge,

Mater. Plast., 59 (4), 2022, 165-176 170 https://doi.org/10.37358/MP.22.4.5635


https://revmaterialeplastice.ro/

MATERIALE PLASTICE @ @
https://revmaterialeplastice.ro s
https://doi.org/10.37358/Mat.Plast.1964

41,/2MYP

y = e 5)

h

where m is the electron mass, ¢ is the height of the potential barrier between the adjacent particles and
s is the shortest distance between adjacent conductive particles. When the applied strain is uniaxial, the
separation s between adjacent conductive particles can be given by:

s(e) =s(0)(1 + Ce) (6)

where C is constant, and s(0) is the initial distance between adjacent particles. Moreover, the number of
conducting paths N in real time can be predicted as:

N(0)
exp(Me+We2+Ug3+Ved)

N(e) = (7)

where M, W, U, V are all fitting parameters. The distance between both adjacent particles is assumed to
be synchronously changed from s(0) to s(¢) and the number of conducting paths varying from N(0) to
N(e), then the relative change of the resistance (RCR) is expressed by:

AR _ R=Ry _ s()/N(®)

= exp{y[s(e) —s(0)]} -1 (8)

Ro Ro s(0)/N(0)

Substituting equation 6 and equation 7 into equation 8 yields:

i—R =1+ Ce)exp[(M +ys(0)C)e + We2 + U3 +Vet] -1 9)
0

The data from Figure 6 was fitted using equation 9 and presented in Figure 7 with corresponding
color. The promising fitting results indicates the success of the modelling, and the great potential of the
EVA/CB composites filaments in strain sensoring application.

R [ — Fitting Curve of EVA/2CB

—— Fitting Curve of EVA/3CB
087 |— Fitting Curve of EVA/5CB
Fitting Curve of EVA/8CB

0.6 1

RCR

0.4+

0.2 4

0.0 = | T T
0.0 0.5 1.0 15 2.0 2.5

Strain (%)

Figure 8. RCR value as a function of strain of using
the data points, the fitting results using equation 9 are
displayed using curves in different colors
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3.6. Cyclic strain sensing behavior

The RCR value of specimen 5CB and 2CB as a function of time under a strain of 1% during cyclic
tests were presented in Figure 8 in blue and red, respectively. Ten cycles of values were displayed, where
a great periodicity of both filaments were observed (10 output peaks). Furthermore, two dashed lines
were given for a better comparison between the input strain signal and the output electrical signal.
According to which, hardly any delayed signal between the input and the output signal derived from the
EVA composites were found. This denotes a great repeatability and superior recoverability of the EVA-
based composites.
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Figure 9. RCR value versus time for EVA/5CB (blue) and EAV/2CB (red),
under 10 cycles of stretching, respectively

In addition, several single data points were detected for the specimen EVA/2CB, which can be treated
as noise during the measurement and can be ignored using algorithm for the application. Besides, an
obvious shoulder peak can be found in the RCR value of the EVA/SCB specimen. This is a common
phenomenon for the melt-mixed composites, as reported in [50]. In this study, however, only the EVA-
based composites with high fraction of CB presents the “shoulder-peak” feature. Thus, a diagrammatic
sketch was presented in Figure 10 to offer a hypothetical explanation.

__________________________________________________________
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Fig. 10 Diagrammatic sketch for the change of the created
cavity EVA/CB composites during stretching
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During the stretching process, the EVA matrix was uniformly elongated along the stretching
direction, the rigid CB particles remain unchanged and embedded in the created cavities as the dashed
ellipse. The cavities shrink back during the recovering process, which complete a cycle during cyclic
test. However, the higher fraction of CB (in blue) endows a higher steric resistance, which hinder the
recoverability of the created cavities. Therefore, the recovering process of the matrix contains an extra
recovering process due to the rigid CB particles, resulting into the shoulder peak in the RCR diagram
comparing to the composites with a lower fraction of CB particles.

4. Conclusions

In this study, NCB/EVA composites filament with four different NCB fraction were produced. The
morphological study as well as a TGA measurement was utilized to present the structure and content of
the NCB particles in the composites, respectively.

Comparing to the others, the specimen EVA/2CB presents the highest elongation at break, acceptable
Tensile strength and the Young's modulus. The percolation threshold of the EVA/CB composites was
revealed as 3.1% by fitting the Mclachlan equation. The relative change in resistivity (RCR) as a function
of applied strain for all the composites filament were presented, where all the GF value was calculated.
Moreover, the strain sensoring behavior was successfully fitted by the modelling derived from the
tunneling theory. The cyclic strain sensing behavior was also investigated, where a sketch based on the
steric resistance of the CB particles was suggested to explain the shoulder peak phenomena. Overall,
this study presents a fundamental investigation on the electrical and mechanical behavior of the
EVA/NCB composites filament, which provides some guidance of the sensoring application based on
the mass industrial production.
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