On The Strain Sensing of EVAIMWCNT Composite
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In this paper, the potential of using ethylene-vinyl acetate (EVA) filled with multi-wall carbon nanotubes
(MWCNT) composites for strain sensing was investigated. Stress relaxation experiments were conducted
on injection-molded samples, and the stress and electrical resistance were measured in situ during the
relaxation process. Based on the experimental results, it was found that the electrical resistance of the EVA/
MWCNT composite increases with increasing strain, and exponentially decreases with relaxation time,
indicating the capacitive behavior of MWCNTs. The maximum electrical conductivity of 7.35x10* S/cm
was obtained for the EVA/IMWCNT composite with 5 wt.% at 180°C, whereas higher piezo-resistive sensitivity
was obtained for the composite with 3 wt.%. The electrical percolation threshold was found to increase

from 0.223 wt.% at 140°C to 0.994 wt.% at 180°C.
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In the last years, the production of composites was
constantly increasing and the share of these materials used
in civil and industrial [1], energy [2] or medical applications
[3, 4] was also increasing. This tendency is supported by
the physical and chemical properties of these materials,
especially those of polymer-based composites [5, 6].

A special class of polymer-based composites is
represented by carbon nanotubes (CNTs) reinforced
polymers, which are characterized by enhanced
mechanical, thermal and electrical properties [7, 8].
Polymer/CNT composites can exhibit the entire range of
electrical properties, from electrical insulators to electrical
conductors (102=-10% S/cm) by tuning the CNT loading
and processing conditions [9-11]. Moreover, the polymer/
CNT composites are electrically sensitive when subjected
to external stress or strain [11-13].

Generally, piezoresistivity is the property of a material to
modify its electrical resistivity as a result of the change in
the stress or strain state, and is quantified by using the
gauge factor, i.e. the relative change in electrical resistance
as a function of the applied strain [14-19]. This property
has inspired researchers to use polymer/CNT composites
for monitoring the deformation and damage of structural
components [20, 21]. For example, to prevent the
destruction of objects handled by industrial robots, one
typical application of polymer/CNT composites is the
fabrication of manipulators sensitive to grip force [22].

In general, the piezoresistive response of polymer/CNT
composites was investigated under different cyclic loading
[23-26]. However, the time-dependent electrical behavior
of polymer/CNT composites was barely investigated. This
is an important aspect owing to time-dependent behavior
of polymer/CNT composites. Thus, the aim of this research
is to investigate the time-dependent mechanical and
electrical properties of ethylene-vinyl acetate (EVA) filled
with multi-wall carbon nanotubes (MWCNT) composites
manufactured by injection molding. Strain-controlled uni-
axial relaxation testes were carried out at room
temperature under various testing conditions, and the stress
and electrical resistance were measured in situ during the
relaxation process.
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Experimental part
Material and sample preparation

The EVA/IMWCNT composites with 1, 3 and 5 wt.% of
MWCNTs used in this study were supplied by Nanocyl S.A.
(Belgium) in the form of pellets. According to the
manufacturer, the EVA/IMWCNT composites were prepared
by melt mixing EVA with 20 wt.% of vinyl acetate with
Nanocyl NC7000™ thin-multi walled carbon nanotubes.

The EVA/IMWCNT tensile samples (fig. 1) were
fabricated by injection molding according to ISO 527
Standard. To investigate the effect of injection molding
temperature on the electrical properties, two injection
molding temperatures were considered, 140 and 180°C,
which are the limits of the injection molding temperature
range for EVA.
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Fig. 1. Geometry of the injection-molded sample (Units in mm)

Stress relaxation and electrical sensitivity measurement

Figure 2 shows the experimental set-up used for
investigating the effect of applied strain on electrical and
mechanical properties of EVA/IMWCNT composites, i.e.
stress and electrical resistance relaxations. The DC
conductivity of the composites was measured by a two-
probe method under strain-controlled procedure, as shown
in figure 2. The measurements were performed on a
Testometric universal testing machine (Model M350-5AT,
UK) coupled with the Keisight direct current source (Model
B2961B, USA) (fig. 3). The injection-molded samples were
clamped in the grips, creating a gauge length of 115 mm,
while copper electrodes were fixed directly on the samples,
creating a gauge length of 30 mm, as shown in FIGUR E2.
The surfaces in contact with the electrodes were covered
with graphite paint for conductive coatings (GRAPHIT 33,
Kontakt Chemie, Belgium).
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In the strain-controlled tests, i.e. linear ramp to a
prescribed strain, the specimens were stretched to 0.5, 1,
2, and 5 % strain, respectively, with the strain rate of 5 mm/
min. Following the ramp loading to the pre-defined strain
level, the crosshead was stopped and the specimen was
held constant over a prescribed time while the stress and
electrical resistance were continuously recorded. The
applied voltage was 40 V, which generated currents
between 2x10° and 2x10?% A, depending of the nanotube
loading. In order to investigate the strain sensing
reproducibility, three samples were tested for each set of
process parameters, and the average and standard
deviation reported.

Results and discussions
Stress relaxation curves

Figure 4 presents the tensile stress-strain curves at 5
mm/min. The stress-strain curves indicate that the tensile
strength of EVA/IMWCNT composite increases with
increasing MWCNT wt.%, while the strain at break
decreases with increasing MWCNT wt.%. As shown in
figure 4, all samples are in linear visco-elastic (LVE) domain
for strains up to 5 %.
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Fig. 4. Representative tensile stress-strain curves of EVA/IMWCNT
composites
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Figure 5 presents the representative stress relaxation
curves for EVA/IMWCNT composite for a strain level of 0.5,
1, 2 and 5 %, respectively, at a constant strain rate of 5
mm/min and melt temperature of 180°C. The relaxation
stress was calculated under the assumption that, during
the relaxation test, there is no change in the cross-section
area of the specimens. It should be noted that the relaxation
time was determined such that, for each initial strain, the
ramp loading can be considered an ideal ramp (the
relaxation time is at least ten times higher than the ramp
loading) so the effect of ramp history can be neglected
[27].

As shown in figure 5, the stress dropped quickly at first
and then slowed down approaching the equilibrium. For
the same initial strain level, the corresponding initial
relaxation stress, o, increased due to the presence of
carbon nanotubes, the higher the nanotube wt.% is, the
higher the initial stress, as can be seenintable 1. Ata given
initial strain (g,=5 %, for example), the initial relaxation
stress increases from 2.1 MPa to 3.622 MPa (about 74 %)
with increasing nanotube loading from 1 to 5 wt.%. This
indicates that the external loads are transferred to the
nanotubes in terms of shear stress through the carbon
nanotubes - EVA interface. On the other hand, as shown in
table 1, the recovery rate is about 80-90 %, the higher the
nanotube loading is, the lower is the recovery rate.
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Fig. 5. Variation of stress relaxation as a function of time for EVA/
MWCNT composites (a) and detail for stress relaxation at 0.5 %
strain (b)

It should be noted that, in the low strain range, the effect
of injection molding temperature on the stress relaxation
behavior of EVA/IMWCNT composites is not statistically
significant. At higher strains (5 wt.%), the relaxation stress
slightly decreases with increasing melt temperature,
especially at higher nanotube loading, as shown in table 1.

Electrical properties of EVAIMWCNT composites

First, the electrical resistance was measured under no
loading conditions to evaluate the initial resistivity of the
EVA/IMWCNT composites. Figure 6 shows the electrical
conductivity of unstrained EVA/IMWCNT composite as a
function of nanotube loading for two injection molding
temperatures (140°C and 180°C).
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Table 1
PARAMETERS FOR STRESS RELAXATION-STRAIN CONTROLLED TEST

Melt Tritial MWCNT= Imitial stress | Equlibrium | Fecovery rate | Felaxation ratio
temperaturs strain (ot %) G, (MPa) stress G,/ I:C'-:. - ) oy

('C) (%) G, (MPa) = =

I 0203 0345 REL] 0160

0.5 3 0578 0321 0849 0151

140 3 REE! ES]| 0820 011

I 2.086 1848 0.836 0114

5 3 1728 7360 0868 0132

3 5622 5109 0.858 0.142

1 02154 0242 0852 0138

0.3 3 0363 0309 0847 0132

180 3 0438 0404 0.828 0173

I 1105 1373 0801 0110

5 3 1639 1335 0878 0122

3 5511 1857 0.863 0137
20 (0. AHOWEVETI, dl Igner sualris, uiere 1s a sndrp increase in
the electrical resistance with no return to its original value

401 after the relaxation time.

Generally for a polymer/CNT composite to be electrically
— 604 conductive, the nanotubes must either be in contact, or be
E sufficiently close to each other to enable conductance
B a4 through tunnelling effect [30, 31]. The increase on the
o electrical resistance with the applied strain can be
3 0. attributed to changes in the carbon nanotube network
configuration. Two competing mechanisms are developing
120 - * Experiment 140°C during stretching of polymer/CNT composites: (i)
& Experiment 130°C deformation and breakdown of the conductive network
140 . . T Prediction Pawer law and (ii) the formation of a new conductive network [30,
T o 1 2 3 4 g 6 31]. When external loads are applied, the polymer chains

MWCNT (wt.%)
Fig. 6. Electrical conductivity of unstrained EVA/IMWCNT composite

It was found that the conductivity of EVA/IMWCNT
composite increases with increasing nanotube loading and
melt temperature. Although a small number of conductive
paths are formed, the EVA/IMWCNT composite with 1 wt.%
behaves mostly like an insulator (~10%? S/cm). The sharp
increase in the conductivity at 3 wt.% (~10° S/cm)
indicates the formation of the conductive network. The
maximum conductivity of 7.35%10* S/cm was obtained
for EVAIMWCNT with 5 wt.% at 180°C.

The experimental data in figure 6 were fitted to the
power law model [28]:

Gpe = Ope (-6, ) @
where ¢°,. is the conductivity of the MWCNTs, ¢t is the
critical exponent, ¢ is the carbon nanotube wt.%, and
is the electrical percolation threshold.

The ¢, values for EVA/IMWCNT composite injection-
molded at 140 and 180°C were found to be 0.223 and 0.994
wt.%, respectively. The low percolation threshold value for
the composite injection-molded at low melt temperature
is an indication of uniform dispersion of nanotubes during
the melt processing [29].

Figure 7 shows the relative electrical resistance, (R-R )
/ Ry, i.e. the ratio between the resistance change due to
the applied strain and the initial electrical resistance, R ,
and the corresponding stress relaxation curve of EVA/
MWCNT composite with 5 wt.% for different applied strains
at melt temperature of 180°C.

The electrical resistance of EVA/IMWCNT composite
with 5 wt.% increases with increasing tensile strain. At
low strains (1 % and below), there is only a slight increase
in the electrical resistance, and the resistance returns to
its initial value after the relaxation time, as shown in figure
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and the conductive network are stretched and aligned in
the direction of stretching; as a consequence, the average
distance between the nanotubes increases, i.e., the tunnel
junction gap increases [32] and the network breaks down,
thus, the electrical resistance of the sample increases, as
shown in figure 7.
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Fig. 7. Electrical and mechanical response of EVA composite with 5
wt.% as a function of time and strain (Melt temperature of 180°C)
(a) and detail for 0.5 % strain (b)
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MMelt temperature (TC) Inmtial stram level AWCNT: () F=(12) (Gauge
() (Wt.2%) factor
03 3 1.09E+11 2TE+1L 15.63
03 3 240E+07 | 221E+07 16.71
1 3 133E+11 T42E+11 2717 Table 2
140 1 3 I51EH07 | 232E+07 13.33 GAUGE FACTOR AS
2 3 1.30E+11 1.62E+11 26.64 FUNCTION OF STRAIN
) 3 I0IEH07 | 251E+07 15.77 FOR EVAFILLED WITH 3
3 3 TO03E-11 | 218E411 19.04 AND 5 WT % MWCNTS
3 3 T4BEH07 | 2.36E+07 1131
0.3 3 1L17E+09 | 1.02E+09 36.66
03 5 103E+05 | 931E+4 22.06
1 3 142E+09 | 147E+09 3244
120 1 5 108EH05 | 0.63E+4 16.06
2 3 32IEH9 | 2.77E+H9 382,51
2 5 1.34E+05 1.10E+05 2408
5 3 163E+10 | BS45E+00 3155.01
5 5 2 04E+05 1.20E+05 2460

For each applied strain value, AR/R is higher for samples
with lower filler contents. For example, for 5% strain and
melt temperature of 180°C, AR/R; of the sample with 5
wt.% MWCNTs is about 1.23, while for the sample with 3
wt.% MWCNTs is about 17.75.

Figure 7 also shows that the relative electrical resistance
has an exponential decay with time, which correlates with
the stress relaxation. This can be attributed to the nanotube
capacitive behavior [20, 33].

To estimate the strain sensitivity of the EVA/IMWCNT
composites, the gauge factor was calculated [30-32, 34]:

AR/R,
GF = =

= @

where AR /R stands for the relative electrical resistance
or sensitivity factor, and €, is the initial applied strain.

Table 2 shows the gauge factor (GF) as a function of
applied strain, nanotube wt.%, and melt temperature. It
should be noted that the EVA/MWCNT composite with 1
wt.% of MWCNTSs behaves like an insulator (the electrical
resistance was greater than 10®* Ohm) and thus the gauge
factor was not considered. As seen from table 2, the
sensitivity of the EVAIMWCNT composite decreases with
increasing nanotube loading. The highest sensitivity was
achieved for the composite with 3 wt.% of MWCNTSs. Also,
it can be seen that the melt temperature has an important
effect on the gauge factor. The value of gauge factor for
the composite injection-molded at 180°C is higher than
that of the composite injection-molded at 140°C.

Conclusions

In this paper, the time-dependence of the mechanical
and electrical properties of EVA/IMWCNT composite were
investigated under tensile strains as a function MWCNT
loading. The electrical resistance of the EVA/IMWCNT
composite was observed to increase with increasing strain,
and exponentially decrease with relaxation time, indicating
the capacitive behavior of MWCNTs. The EVA/IMWCNT
composite with 3 wt.% is the most sensitive one among
the EVA/IMWCNT composites. The electrical percolation of
EVA/MWCNT composite was found to depend on the melt
temperature. The electrical percolation threshold
increased from 0.223 wt.% to 0.994 wt.% for the composite
molded at 140°C and 180°C melt temperature, respectively.
The maximum conductivity achieved was 7.35x10* S/
cm for 5 wt. % EVA/IMWCNT composite at 180°C.
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