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Abstract

Composite of carbon black (CB) dispersed into a multicomponent polyurethane matrix
combines the good mechanical properties of the polymer, such as elasticity, with the
electrical property of the conducting particles. Electrical current—voltage (/X V) analy-
sis found the percolation threshold through the sample surface to be between 0.6 and
0.8 vol%. Below the percolation threshold concentration (p,), the effect of the Cou-
lomb potential is accentuated on the CB dispersion, while in the region over p,, the
London—-van der Waals potential is important. The repeatability in the piezoresistive
behavior was observed under the application of several loading cycles. The gauge fac-
tors obtained were 4.9 and 2.0 for samples with 0.8 and 1.0 vol% of CB, respectively.
The results indicate that the material can be used as a piezoresistive sensor.
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Introduction

Currently, the need for more efficient and effective control of the structural integ-
rity of materials in any area of application is growing. The demands of society as a
whole for better products, greater comfort, and safety have motivated research in the
so-called structural health monitoring area.

The structural evaluation technique requires a good performance sensor, which
has contributed to the development of research in the area of sensors. The use of
sensors covers a wide range of applications such as textile, automotive, medical,
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aerospace, and civil engineering, among others [1-6]. The nondestructive, accu-
rate evaluation of the integrity of a building in a short time contributes to the
reduction of maintenance costs and avoids tragedies.

In the development of sensors, metallic, ceramic, and polymeric materials
were studied as sensors in several applications. Each application requires a cer-
tain type of sensor, and each specific application requires an appropriate material
for the construction of the sensor. However, considering the mechanical and elec-
trical properties as well as the problem of flexibility, weight, and impact resist-
ance, one-phase materials may have some restriction. In this context, composite
materials, which combine properties of one-phase materials to improve their per-
formance as a sensor, appear as alternative materials to be studied.

An interesting sensor for evaluating structures is the so-called piezoresistor,
which changes its electrical resistivity when a mechanical stimulus is applied
to it. The study of the piezoresistive effect in polymer matrix composites has
attracted the attention of many researchers because the sensor material becomes a
self-detector material for stress or strain and shows high sensitivity [7-9]. Thus,
certain advantages appear in piezoresistive materials, such as low cost, useful
lifetime, and higher volume detection, because all structures have detection capa-
bilities, and there is no degradation of mechanical properties [10, 11].

High sensitivity in the deformation detection of the composite material is very
important for structural deformation monitoring in many areas such as in the civil
engineering of structures, transportation systems, and equipment [11, 12]. In all
these areas, monitoring structural integrity, lifetime, and performance are funda-
mental for safety and economic efficiency.

During the deformation of the structure under analysis, the sensor material is also
deformed. This changes its electrical resistance, which can be observed in an appro-
priate measuring system [13]. Furthermore, the piezoresistive effect is used in sev-
eral applications, including accelerometers, sensors for pressure, tactile sensitivity,
and flux, as well as chemical and biological sensors, which require compatible mate-
rials (e.g., artificial skin, prostheses) [14—18]. Wu et al. proposed a simple, cost-
efficient, and large-area compliant strategy for fabricating a highly sensitive strain
sensor by coating polyurethane (PU) yarn with a conductive polymer composite
layer consisting of carbon black (CB) and natural rubber. This composite yarn strain
sensor exhibited high sensitivity with a gauge factor of 39 and a detection limit of
0.1% strain [19]. Li et al. studied polyurethane composites with conducting CB. The
percolation threshold is achieved at the CB concentration of 20 wt%. Polyurethane
composites with CB have displayed the combination of both shape memory proper-
ties and electric conductivity [20]. Polyurethane is a class of polymer containing
urethane linkages. In this work, the urethane will be a reaction product between
an isocyanate group and a hydroxyl group [21]. Other works have investigated the
adsorption behavior of steam and its influence on the gas sensitivity of water-based
polyurethane composites, and conductive CB conductors were studied regarding the
relationship between the vapor adsorption behavior and the electrical responsiveness
of the composites [22, 23].

In the present work, flexible films of multicomponent polyurethane (MCPU) and
CB composite were obtained, and the piezoresistive effects were studied to propose
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this material as a sensor for a nondestructive analysis technique. The polymer
matrix, commercially named UltraFlex PU, is an elastic polymer-based sealant used
in civil constructions for joint connections, windows, and general seals. The product
cures upon contact with room humidity, forming a high-strength elastomer.

In the MCPU/CB composite, the relation between electrical and mechanical
properties in polyurethane/carbon black had a tendency to form a conductor path
in the insulator matrix. When a critical concentration value is reached, it defines
the percolation threshold. From this concentration value, the electrical conductiv-
ity of the composite material increased significantly due to the formation of at least
one conductor path in the insulator matrix [24]. The piezoresistivity observed on
this composite sensor can be attributed mainly to the tunneling effect in adjacent
particles and the contact loss between the inclusion materials with the deformation
variation [25].

The UltraFlex polymer matrix is because it is already used in civil construction
on structures that eventually could be evaluated, because it is more appropriate to
have a sensor material surface installed into the structure allowing greater detection
capacity.

Materials and methods
Materials

The multicomponent polyurethane UltraFlex PU for construction of ITW
POLYMERS® with 1.32 g/cm® density was used in a paste form. The MCPU con-
tained the following: polyurethane (predominantly), titanium dioxide (0-4%), car-
bon black (0.2-1%), and vinyltrimethoxysilane (1-2%). CB particles with 50 nm
diameter, 1000 m%g of area, density equal to 2.0 g/cm?®, and a 99% degree of purity
were purchased from Cabot.

MCPU/CB composite preparation

The composite films were prepared by dispersing CB particles into isopropyl alco-
hol using an ultrasound for 60 min. The polymer MCPU was also dispersed into
the isopropyl alcohol (Sigma-Aldrich®) for 30 min. After that, both solutions were
mixed and stirred for 180 min. The final solution was then poured onto plastic film
(Parafilm®) for evaporation of the solvent at room temperature. The film had a
medium thickness of 550 pum.

Sample characterizations

Figure 1 shows how the system was used for the piezoresistive tests of the MCPU/
CB composite. The sample was under cyclic axial stress, with a velocity of 12.5 mm/
min. The mechanical deformation (e) was calculated by the claw displacement and
normalized by the useful length of the sample. Both stress—strain and piezoresistive

@ Springer



3020 Polymer Bulletin (2020) 77:3017-3031

*

Tensile o
Losd [ |

v

®

Fig. 1 Image of equipment used in the piezoresistive test: (1) universal test machine WDW-30E, (2)
Keithley Mod. 2611, (3) computer for data record, and (4) sample

measurements were taken at room temperature using 12.5 mm/min deformation
velocity, with a load cell of 600 N in the Universal Test Equipment Model WDW-
30E. The sample shape is according to ASTMD1708-10 standards. The electrical
resistance was measured in situ during the stress test using the Keithley model 2611
as a current source. The piezoresistive test was performed in composite films with
0.8 and 1.0 vol% of CB. This filler content range was used because for compos-
ite samples with lower CB content, the high value of electrical resistance did not
allow that measurement, and for volume fractions higher than 1.0 vol% of CB, the
piezoresistive analysis became difficult because the sample displayed poor mechani-
cal resistance. The piezoresistive sensibility of the composite films was quantified
by the calibration factor or gauge factor (GF) measured in the elastic regions of the
samples, which were £<25% and £<22.5%, for samples with 0.8 and 1.0 vol%,
respectively.

Two connectors were fixed in metal (aluminum) tape and used as an electrode.
The metal tape was involved with an insulator tape between the stress—strain test
machine. The cables were separated by approximately 30 mm. In the piezoresistance
study, the values of the deformation of the samples with 0.8 vol% and 1.0 vol% of
CB were close to 25 and 22.5%, respectively.

SEM images were performed on a Zeiss microscope, model Evo LS-15. The sam-
ples were previously covered with a layer of gold, deposited by sputtering, which
was previously fixed in support of samples using a conductive adhesive tape.

Results and discussion

Electrical conductivity analysis

The electrical conductivity of the MCPU/CB composite can be changed by adding
conductor particles into the polymer matrix, which is an insulator. For insignifi-

cant amounts of conductor particles dispersed into the polymer matrix, the electri-
cal conductivity increases in comparison with the conductivity of the pure polymer.
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However, to reach a significant conductivity level, the particles must be distributed
closely to each other, which provides a continuous conductor path through the poly-
mer matrix, i.e., the percolation threshold must be established [26]. Figure 2 shows
the conductivity behavior in the composite sample for different volume fractions of
the inclusion conductor particles. A significant increase in the conductivity can be
observed when the volume fraction of CB reaches 0.8 vol%; beyond 1.0 vol%, there
is no significant change in the conductivity. According to the percolation theory,
the conductivity of the composite sample near the percolation threshold follows the
power law given by the following equation:

o |p.—p|” )

where p, is the percolation threshold, p is the filler content, and s is a critical expo-
nent, in the range of p lower than p_. For p higher than p_, the power law related to
the percolation threshold is

ox(p-p) )

with ¢ as the critical exponent.

The insets in Fig. 2 show the fitting obtained, varying by a small quantity of the
values of p close to the p, region. The critical exponents obtained were s=1.55 and
t=2.22. It was verified that in the region (p. — p), below the percolation thresh-
old, the plot log oxlog (p. — p) shows a marked dispersion away from the power
law (Eq. 1), which is reflected in clear distortion presented by the critical exponent.
Such occurrence may be related to the local variation in concentration and/or shape
and orientation of the filler phase as well as effects of synergistic and electrostatic
interactions [27, 28], which reflect in an irregular behavior of the conductivity pat-
tern dominated by tunneling processes. On the other hand, for regions above the
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Fig.2 Electrical conductivity of MCPU/CB measured through the surface of the sample
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percolation threshold, with the formation of a continuous physical percolation path,
a pattern closer to the classical percolation is observed, which can be observed in
the value of the critical exponent #=2.22, indicating the formation of a three-dimen-
sional conducting network. The small deviation found for the critical exponent for
this region may be related to the existence of tunneling processes as discussed by
Vionnot-Menot et al. [29].

It is worth mentioning that elastomeric matrices filled with CB typically require
large filler concentrations (10-20 wt%) [30, 31]. Flexible nanocomposite films
derived from castor-oil polyurethane (PUR) and CB nanoparticles were prepared
by casting. The PUR/CB nanocomposites exhibited a percolation threshold (p,=5.7
vol%) [32]. In our work, the percolation threshold is around 1 wt%, close to the
value found in the composites of PU/CNT (carbon nanotubes) [33, 34].

Morphological analysis

Scanning electron microscopy (SEM) shows the morphology of pure MCPU and
MCPU/CB composites, with the volume fraction of CB varying in the range of 0.6,
0.8, and 1.0 vol%, as shown in Fig. 2.

Based on the electrical conductivity results, it is expected that the interconnec-
tive structure of the CB fillers will form along the MCPU polymer matrix. When
the CB content is lower than the percolation threshold, the loads exist in the form of
isolated aggregates (Fig. 3b), which is why the conductivity is not measurable [35].
For the sample MCPU/CB 0.8 (Fig. 3c), paths form for electric conduction along the

Fig. 3 SEM images of MCPU/CB films with a 0.0 vol%, b 0.6 vol%, ¢ 0.8 vol%, and d 1.0 vol% of CB
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Fig.4 Stress—strain test

Table 1 Results of stress—strain CB (vol%) Elongation at break (%) Tensile strength

ST NP

fractions of CB 0.0 109+ 13 1.35+0.04
0.6 59+8 0.80+0.03
0.8 57+4 0.69+0.05
1.0 56+7 0.89+0.02

material and these paths are maximized, increasing the CB content for the concen-
tration of 1.0 vol% (Fig. 3d).

Li et al. reported two possible reasons for the appearance of large aggregates of
CB in the polyurethane matrix. One is the relatively low wettability between CB and
polar polymers, such as the polyurethane used in this study. The other reason is due
to sample preparation. Unlike melt extrusion, the casting method has lower shear
strength [20, 36].

Stress—strain tests

The stress—strain tests for MCPU/CB composite films with different volume frac-
tions of CB are shown in Fig. 4.

Elongation at break and tensile strength at break values of the samples are shown
in Table 1.

The stress—strain curves reflect a decrease in the maximum deformation with
increasing CB concentration. The agglomerates of CB present in these composites
caused cracks to initiate and propagate easily. Such generated cracks usually reduce
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the strength of the composite. Samples with higher amounts of CB, mainly MCPU/
CB 0.8% and MCPU/CB 1.0%, show a reduction in elongation at rupture, prob-
ably due to problems related to the increase in MCPU/CB interfaces, immiscible
phases in which (physical) interactions are probably fragile [37]. In other works, the
mechanical properties presented similar behavior in relation to the elastic regime.
In this study, conductive cellulose nanofibril/AgNWs (CA)-coated PU (CA@PU)
sponge was fabricated using a simple dip-coating technique, and in the work of
Christ and co-workers, the elastic region was around 20% strain [38, 39]. Compar-
ing the properties of these materials with the composite obtained in this work, it is
suggested that the MCPU/CB composite has potential application for piezoresistive
Sensors.

Piezoresistance study

The piezoresistance response of the composite film was analyzed in situ while
the films were mechanically stretched across an elastic region. Figure 5 shows the
electrical resistance variation in the elastic regime of the samples with 0.8 and 1.0
volume fractions of CB while 10 loading—unloading test cycles were carried out.
For each cycle, the film deformation increased linearly with the applied stress.
Similar slope was observed during the unloading until it reached zero stress. In
addition, a temporal delay in the response of the electrical resistance to the defor-
mation was observed, which can be attributed to the internal viscoelasticity of
the polymer, related to the time of organization of the polymer chains against the
applied mechanical strain. Thus, the initial increase in the resistivity at concen-
trations above the percolation threshold occurred due to the breakdown of the
physical percolation network formed by the CB, resulting in smaller aggregates
and a significant reduction of the conduction paths. In the case of concentrations
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Fig. 5 Loading—unloading cycles applied to MCPU/CB films: a 0.8 vol% and b 1.0 vol% of CB
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below the percolation threshold, the reduction in resistivity was mainly due to
the breakdown of the percolated electric net resulting from the increased distance
of the aggregated CB, making tunneling processes difficult. Therefore, in both
cases, as the mechanical stress was held constant, the CB aggregates began to
rotate and align the polymer chains together in the direction of the uniaxial stress,
resulting in the observed decrease in resistivity in that period in both samples. As
this alignment reached its maximum and the mechanical tension was maintained,
the CB aggregates then aligned again and increased their distance, resulting in a
second increase in the electrical resistance observed at the end of the period of
application of the constant mechanical stress in both cases presented. When the
mechanical stress was removed from the samples, a sudden drop in the resistance
was observed that can be attributed to the reconstruction of both physical and
electrical percolated paths. However, as can be seen, due to the viscoelasticity
of the polymer, this reduction of the resistance to its stabilization level was not
instantaneous with the removal of the mechanical stress. It was observed that the
maximum strength obtained during the tests for different CB fractions occurred
at different times during the application of constant mechanical stress, which was
due to the fact that the process of maximum alignment of CB particles occurs in
late periods for concentrations below the percolation threshold.

Figure 6 shows the piezoresistance behavior during four cycles for sam-
ples with 0.8 and 1.0 vol% of CB. The electrical resistance does not return to
its original value after the first cycle. As the inclusion particles’ volume fraction
increases, this effect becomes more evident. This fact can be attributed to some
irreversible damage that occurred during the first loading—unloading cycle [40].
This effect has been observed by many authors working with elastomer/CB com-
posites and can be explained as a permanent change in the conductive network
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Fig.6 Cycles with gradual increases of mechanical deformation of the composite at a 0.8 vol% and b 1.0
vol% of CB
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as well as in the microstructure of the polymer matrix due to the deformation
[39-47].

Figure 7 shows the piezoresistive behavior of 0.8 and 1.0 vol% of inclusions in
MCPU/CB composites under continuous cycles of deformation. For each cycle,
the loading nears the yield strength. When the load is removed, the electrical
resistance is recovered and has a tendency to follow the applied stress.

The results in Fig. 7 were used to analyze the piezoresistive response of the
samples, verifying the repeatability and stability of these sensors and the essen-
tial parameters for use as a sensor under a regime of various mechanical deforma-
tions. In this work, 30 cycles that displayed acceptable behavior were performed.

Measurements in the fifth cycle, shown in Fig. 5, were utilized for obtaining
the gauge factor, and Fig. 8 specifies the relative electrical resistance as a func-
tion of the applied deformation to the composite film, with 0.8 and 1.0 vol% of
the CB.

Linear regression was used for the point’s adjustment, which was also used by
Ku-Herrera and co-workers [43, 44]. The values of the gauge factor (GF) for the
MCPU/CB samples are listed in Table 2 in comparison with some values reported
in the literature.

The GF values obtained for the MCPU/CB composites are close to those pre-
sented by metal sheet deformation sensors and much smaller than semiconduc-
tor-based sensors. However, the main disadvantages of these semiconductor and
metallic piezoresistors are their brittleness and rigidity, and the production of
semiconductor materials is much more expensive in comparison with that of the
polymer-based composite [50]. An important point of the MCPU/CB is that its
matrix is a sealant base and that it can be used in civil construction or other appli-
cations that require a sensor adhered to the structure to be monitored.
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Fig.7 Cyclic loading of a 0.8 vol% and b 1.0 vol% of CB
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Fig. 8 Piezoresistive curve for MCPU/CB samples: a example of the linear approach used to calculate
the gauge factor (GF) 0.8 vol% and b 1.0 vol% of CB

Table 2 Values of GF for

. . . Material of sensor GF

some main material used in the

deformation sensor manufacture Multilayer carbon nanotube and vinyl ether 2.3-2.6 [47]

and GF for the MCPU/CB R

composite Crystalline silicon 50-150 [48]
Metal sheets 2-5[49]
MCPU/CB 0.8 vol% 49+0.2
MCPU/CB 1.0 vol% 2.0+0.1

Table 2 shows that the GF value of the sample with 1.0 vol% of CB is lower
than that of the sample with 0.8 vol%. The decreasing piezoresistive sensibility
with an increased amount of CB was reported in some works [51-53]. The elec-
trical resistance of the composite film depends on the CB content, among many
other factors. For a high concentration, there is more contact between the CB
particles, which increase the conductor path’s density and consequently the elec-
trical conductivity of the sample. However, for the piezoresistance, the relation
between sensibility and volume fraction does not follow the same law.

As considered by other researchers, the dominant parameters of the piezore-
sistive response seem to be the percolate network geometry, the structure of CB
particles, and the relative contribution of tunneling resistance to the total electri-
cal resistance [52, 54, 55]. Both the CB network contribution and the capability
to enhance the tunneling resistance were optimized for low CB concentrations
because better particle dispersion was reached [52]. However, very low CB con-
centration means low electrical conductance, which makes it difficult to meas-
ure AR. Although the CB concentration that made the sample more sensitive
occurred slightly above the percolation threshold, Hu and collaborators stated that
the relation between piezoresistive sensibility and the electrical current requires
CB content far above the percolation threshold [52, 56].
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Conclusions

MCPU/CB composite films were obtained with different electrical conductivities
according to their amounts of carbon black inclusion particles. They were analyzed
by stress—strain tests, and it was verified that the material only interferes with the
structure to be monitored to a small degree. Therefore, it can be used as a sensor.
Piezoresistive analysis under various loading—unloading cycles indicates that the
material has stability, and the electrical resistance response is repeatable. The unre-
covered electrical resistance is related to the permanent change in the conducting
network and microstructure of the polymer. A temporal delay in the electrical resist-
ance response in relation to the deformation was observed in the composites and
attributed to the internal viscoelasticity of the polymer. The gauge factor of the com-
posite is similar to the one shown by a metallic sheet sensor.
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