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Piezoresistive response of epoxy composites with carbon nanoparticles under tensile load
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In this paper, electrically conductive epoxy based nanocomposites based on multiwall carbon nanotubes and
carbon black were investigated concerning their potential for strain sensing applications with electrical con-
ductivity methods. This paper aims to investigate the electromechanical response of the nanocomposite matri-
ces subjected to mechanical load. It was found that the nanocomposites exhibit a distinct resistance vs strain
behavior in the regime of elastic deformation, which is in good agreement with prevalent theories about charge
carrier transport mechanisms in isolator/conductor composites. Applying an analytical model, it could be
shown that the piezoresistivity of nanocomposites may contribute valuable information about the conductive
network structure and charge carrier transport mechanisms occurring in the nanocomposites.

DOI: 10.1103/PhysRevB.80.245437

I. INTRODUCTION

One of the main disadvantages of composite structures is
that inspection and assessment of the mechanical condition is
challenging. Composite parts are highly heterogeneous and
nontransparent, thus a nondestructive investigation (NDI) or
in situ health monitoring of composite parts under dynamic
loading conditions is difficult to perform. In recent years,
health monitoring technologies have therefore attracted great
interest in composites science, especially motivated by the
developments in the aircraft industry, where composite parts
are critical for operational safety. Another important devel-
opment is the trend toward off-shore wind energy parks,
where inspection and maintenance could be significantly
supported by these techniques. The most important benefits
of a real-time, in situ health monitoring would be an increase
in safety by the prevention of catastrophic failures and the
reduction of maintenance costs, by optimizing inspection
cycles. In the optimum case, a health monitoring system
could provide a quick assessment of damage location and
damage extent. Typical damage in composites structures are
interfacial and interlaminar cracking, fiber breakage, surface
cracks, delaminations, propagating fatigue cracks, and corro-
sion. Especially intrinsic damage, such as matrix cracking
and delamination are very difficult to detect with conven-
tional NDI methods.

The potential of electrically conductive nanocomposite
matrix systems for sensing damage, as well as stresses/
strains in fiber reinforced composite materials has been
proven in various experimental setups.'= It could be shown
that thermosetting matrix systems loaded with very small
volume contents (P <1 vol %) of conductive nanoparticles,
such as carbon black (CB) and multiwall carbon nanotubes
(MWCNTSs), exhibit distinct piezoresistive properties, en-
abling the electrical measurement of apparent mechanical
load on the composite specimen.

The piezoresistive response of particle modified polymers
has been extensively analyzed in the past. The first systems
investigated in this context were highly filled carbon black
rubber systems.>~!! These studies have shown that the elec-
trical resistance behavior of the carbon black/rubber compos-
ite can deliver valuable information on the network structure
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and reinforcing mechanisms of the carbon black.

The first comprehensive study on the piezoresistive prop-
erties of carbon/epoxy composites was conducted by Car-
mona et al.'”> They investigated the influence of hydrostatic
pressure on the resistivity of CB/epoxy and short carbon fi-
ber (SCF)/epoxy composites. The reason for the piezoresis-
tive behavior was clearly connected to the heterogeneous
structure of the composite, as the authors emphasize that the
constituents of the composites do not necessarily need to
exhibit intrinsic piezoresistive properties. A similar study by
Wang et al.'3 yielded comparable results. Further experimen-
tal studies conducted on different systems, e.g.,
polypropylene/graphite,'* epoxy/graphite,'”” and PE, PS and
epoxy based metal particle composites'® all deliver the same
qualitative results, revealing a distinct piezoresistive behav-
ior.

The application of conductive nanoparticles for the manu-
facturing of conductive nanocomposites has been extensively
studied in the past decade. Conductive carbon nanoparticles
such as carbon black, carbon nanofibers, and carbon nano-
tubes are suitable candidates for the production of conduc-
tive nanocomposites, utilizing only very low volume con-
tents (P<<1 vol %). In their study on soft thermoplastic
matrices, Flandin et al., first explicitly applied conductive
nanoparticles to investigate the potential of these materials as
sensors for mechanical strain and damage.!”'® They found
that the nanoparticles provide a very smooth and noise free
piezoresistive effect. Knite et al. were able to correlate the
piezoresistive behavior of a nanoscaled carbon black/
polyisoprene composite'>?’ to the change in interparticle dis-
tances. Studies on the piezoresistive effect in carbon nano-
tube based composites revealed comparable results.”!~2° The
macroscopic electrical behavior and the piezoresistive re-
sponse in the elastic regime are usually found to be well
explained by the tunneling theory of Simmons,*3 later ex-
tended by Sheng et al.,>*7 who considered the influence of
temperature on the electrical properties of an isolator/
conductor composite. These models predict an exponential
increase of the interparticle tunneling resistances with in-
creasing particle separation. The often cited relationship be-
tween electrical conductivity o and the particle volume con-
tent ® in particle reinforced composites of In o~ ®~? is
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FIG. 1. A contacted tensile test specimen with four contacts. The
current was injected at the outer contacts, while the voltage was
measured at the inner electrodes during the tensile tests.

derived from these models,’® assuming a statistical distribu-
tion of the particles in the isolating matrix.

In this work, the piezoresistive responses of carbon black
and carbon nanotube/epoxy composite systems with very
low filler contents are analyzed in detail. The electrical resis-
tance behavior under tensile load is analyzed in the elastic as
well as in the inelastic regime. The influence of particle vol-
ume fraction and particle geometry on the macroscopic elec-
trical response is investigated. Furthermore, the piezoresis-
tive response in the elastic regime is correlated with existing
analytical models. It is demonstrated that the macroscopic
resistance behavior of conductive nanocomposites subjected
to mechanical load may contribute valuable information
about the intrinsic particle network structure and the appar-
ent conduction mechanisms.

II. EXPERIMENTAL

Epoxy nanocomposites with different volume contents of
multiwall carbon nanotube and carbon black were produced
via a high shear mixing process involving a three roller
mill.** As matrix system, the Araldite LY556 epoxy system,
the Aradur 917 anhydride hardener and the DO70 accelerator,
provided by Huntsman, Switzerland, was used. CVD-grown
MWCNTs, provided by Arkema, France, as well as carbon
black XE2, provided by Evonik Degussa, Germany, were
applied. Filler contents of 0.1 and 0.3 wt. % for the
MWCNT nanocomposites and 0.5 wt. % for the carbon
black nanocomposite were chosen. This was done to tune the
electrical conductivity over a range of two orders of magni-
tudes and to investigate a possible influence of filler content
on the sensitivity of the nanocomposite sensors. The carbon
black nanocomposite was investigated for comparative rea-
sons, as the primary particles are of a spherical nature and
exhibit an aspect ratio of around one (compared to several
hundred for MWCNTS).

The tensile tests were performed using a Zwick Z010 uni-
versal testing machine, according to DIN EN ISO 527.1. A
crosshead speed of 1 mm/min was applied. Dog-bone speci-
mens were prepared according to DIN EN ISO 527.2 by
countersinking. The elongation of the specimens was mea-
sured optically, using a laser extensometer. For the electrical
resistance measurements, the samples were contacted at the
ends and at the ends of the parallel part with a surface-ring
contact of conductive silver paint in order to allow for a
four-probe measurement. A photograph of a contacted speci-
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TABLE 1. Average ac conductivity values and standard
deviations.
o
Material (S/m)

20X104x1.27x10™*
1.32X 1072 £2.06 X 1073
249X 1073 +1.67Xx 1074

0.1 wt. % MWCNTs
0.3 wt. % MWCNTs
0.5 wt. % CB

men is given in Fig. 1. A Keithley Sourcemeter 2602 was
used for resistance measurements, performed simultaneously
to the mechanical tests. For each sample, the current was
chosen to produce an initial potential of U=10 V between
the measurement electrodes. At least seven specimens were
tested for each material produced.

III. RESULTS AND DISCUSSION
A. Nanocomposite characterization

The conductivities of the nanocomposites produced are
given in Table I. The 0.1 wt. % MWCNT nanocomposite
exhibited a conductivity of about 2X10™* S/m; the
0.3 wt. % MWCNT nanocomposite showed a value of about
1.3X 1072 S/m. For the carbon black nanocomposite, a con-
ductivity of about 2.5X 107> S/m was measured. The con-
ductivity values for the 0.1 and 0.3 wt. % nanocomposite
differ by two orders of magnitude. The filler content of
0.5 wt. % for carbon black was chosen as it yields a con-
ductivity value in between the two carbon nanotube compos-
ites. It is one order of magnitude higher than the conductivity
of the 0.1 wt. % MWCNT composite and one order of mag-
nitude lower than the 0.3 wt. % MWCNT nanocomposite.
Figure 2 shows the electrical conductivity vs electric field
behavior of the nanocomposites investigated. As the charge
carrier transport in such composites is dominated by the in-
terparticle contacts, they generally behave non-Ohmic. The
non-Ohmic behavior is known to become more significant
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FIG. 2. Electrical conductivity vs field strength of the three dif-
ferent nanocomposites.
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FIG. 3. Electrical resistance change vs tensile strain for (a) the 0.1 wt. % MWCNT composite, (b) the 0.3 wt. % MWCNT composite,
(c) the 0.5 wt. % CB composite. Representative curves of the different composites are combined in (d) for comparative purposes. The
mechanical stress/strain curves are shown as dotted lines in all diagrams.

close to the percolation threshold.?* From Fig. 2, it can be
seen that the nanocomposites investigated in this study show
a quasi-Ohmic behavior at low electrical field strength values
and a weak deviation from Ohmic behavior occurs at higher
values. The electric field strength applied during the tensile
tests was around 4 V/cm, ranging within the regime of quasi-
Ohmic behavior.

It should be noted that in both types of nanocomposites,
the electrically conductive network is formed by kinetic per-
colation during the curing process,***! as is typically ob-
served for carbon nanoparticle/epoxy composites. A recent
synopsis on this issue can be found in Ref. 42. This implies
that the average interparticle distances cannot be simply cal-
culated from the particle volume content. Indeed, a quantita-
tive description of conducting network structures is difficult
to perform and matter of many ongoing studies, mostly in-
volving numerical modeling.**=*¢ The analysis of the pi-
ezoresistive response may contribute significantly to the
characterization of these network structures, as shown in the
following chapters.

B. Tensile tests

Exemplary results of the tensile tests are shown in Figs.
3(a)-3(c). Mechanical stress/strain curves are shown as dot-

ted lines. The nanocomposites exhibit strain to failure values
between 6-7 % and tensile strength values between 85-90
MPa, being in excellent agreement with the manufacturers’
data for the epoxy matrix system LY556/Aradur 917/D070.
The solid curves in Figs. 3(a)-3(c) represent the correspond-
ing resistance measurements. The relative resistance change
AR/R is plotted vs strain. The experiments revealed a pro-
nounced dependency of the electrical resistivity on the me-
chanical load. With regard to the resistance vs strain charac-
teristics of the MWCNT composites [Figs. 3(a) and 3(b)], it
can be observed that the resistance monotonically increases
with strain in the elastic regime, up to ~1.5% of mechanical
strain. With further increasing strain the resistance change
passes a point of inflexion and its maximum at around 4%
strain. This value was found to be independent of the CNT
content. At strain values of 4% and higher, the resistance
monotonically decreases until final fracture of the specimen.

The carbon black nanocomposites were found to exhibit a
significantly different behavior [Fig. 3(c)]. In the elastic re-
gime, a behavior similar to the MWCNT composites is ob-
served. However, the sensitivity, i.e., the rate of increase in
resistance with strain is much higher for the CB nanocom-
posites [note the different scales of the resistance change axis
and see Fig. 3(d) for comparison]. At strain values above the
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FIG. 4. Electrical resistance change vs stress in the elastic re-
gime (50 MPa corresponds to ca. 1.5% of strain).

elastic regime, the carbon black composites exhibit a com-
pletely different behavior. Although the slope of resistance
change is also decreasing at strain values higher than 2%, the
curves do not go through a maximum, but pass through a
point of inflexion, followed by a drastic increase in resis-
tance shortly before final failure. In Fig. 3(d), the AR/R,
measurements of the three different nanocomposites are plot-
ted into one diagram for comparative purposes.

From the results in Figs. 3(a)-3(c), it can be concluded
that the piezoresistive characteristics are mainly dependent
on the type of filler but also on the filler content. In the
elastic regime, all nanocomposites seem to exhibit a quanti-
tatively similar behavior. At high strain values, effects of
inelastic matrix deformation will influence the conductive
network and thus, particle geometry might have a stronger
influence in this regime. It should be noted that the reproduc-
ibility of the resistance change vs strain measurements is
very good. In the elastic regime, the piezoresistive responses
of the different measurements shown in each diagram are
hardly distinguishable. In the following subchapters, the
elastic regime and the regime of inelastic deformation will be
separately analyzed in more detail for the three nanocompos-
ites investigated.

C. Elastic regime

Figure 4 shows the resistance change vs stress in the elas-
tic regime. A closer look at the elastic regime clearly reveals
an exponential dependence of the resistance change vs strain/
stress. This behavior is in good agreement with other experi-
mental findings and can be interpreted via an interparticle
tunneling model.'®?%47 The conduction through a network
consisting of conductive particles and interparticle tunneling
contacts can be approximated by a simplified analytical de-
scription of a resistor network according to Ruschau et al.,*

o (M- DR +MR, MR +R,)
¢ N N

. (1)

where R, is the network (or composite) resistance, M is the
number of conducting particles per path, N is the number of
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paths, R, is the interparticle contact resistance and R, is the
resistance of the particles. In this approach, the conducting
pathways are assumed to be connected in parallel and the
resistance of pathways perpendicular to the current is ne-
glected. If the tunneling resistance between two particles, R;,
and the resistance of the polymer matrix are much higher
than the resistance of the particles, Ry, the resistance of the
particles can be neglected (R,~0). By combining the tun-
neling model of Simmons®*-33 and the network approach, the

composite resistance can be described as'®

M| 8whs
=N WGXP(YS) ; ()
with
4 ——
Y= 2md¢ (3)

Here, m and e are the electron mass and charge, d? is the
contact area, ¢ is the height of the tunneling potential barrier,
h Planck’s constant and s is the thickness of the insulating
film. It should be noted, that this simple model neglects any
statistical distribution of the tunneling distances, as well as
the real network structure and the particle geometry. In the
case of high aspect ratio fillers, such as CNTs, one particle
might be connected to several other neighboring particles
resulting in many more possible parallel connections of path-
ways, than with spherical particles. In these cases, the defi-
nitions of N and M are not accurate to describe the real
network structure.

In the elastic regime at low strain values the deformation
of the specimen and thus the conductive network in the ma-
trix can be assumed to be homogeneous. The relative resis-
tance change caused by elastic deformation can then be de-
scribed as

AR
s ~ exp[ yso(cos> @— v sin® O)e] -1, (4)
0

where s, is the average interparticle distance in the unde-
formed state, e is the applied strain and 6 is the average
angle between the particle contact and the direction of ap-
plied load.*° @ was calculated as /4 for rodlike
particles.*’! Note that the values N and M do not appear in
Eq. (4).

If an assumption is made for the height of the potential
barrier ¢, the average interparticle distance can be gained
from fitting Eq. (4) to the experimental results. As pointed
out in Ref. 34, the overall composite behavior can be de-
scribed with single junction behavior, giving a characteristic
average value for the material investigated. It should be
noted that this analytical model is a simplification as it as-
sumes mean values for interparticle distance and contact
angles and also neglects any influences of contact formation
or breakup. Furthermore, the strain distribution within the
sample must be homogeneous. For this reason the elastic
regime up to a strain value of 1% was fitted to the tunneling
model. As the reproducibility of the measurements was ex-
cellent, only one exemplary measurement was fitted for the
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TABLE II. Calculated values for the average interparticle dis-
tances according to the tunneling model [Eq. (4)].

Material ¢=02 eV ¢=05¢eV =10 eV
0.1 wt. % MWCNTSs 2.65 nm 1.68 nm 1.19 nm
0.3 wt. % MWCNTs 1.68 nm 1.06 nm 0.75 nm
0.5 wt. % CB 3.23 nm 2.04 nm 1.45 nm

analytical analysis. In Table II the values for the average
interparticle tunneling distances for s, are given for three
assumed values of the potential barrier. Values of ¢
=0.1-2.5 eV are typically found in the literature for the
height of the potential barrier in carbon particle/polymer ma-
trix composites.”®3* It can be seen that the values for the
MWCNT composites do not differ significantly and are all
within the same order of magnitude, confirming the argu-
ments stated above that the particles are forming a network
and are not homogeneously distributed. Thus, increasing the
concentration from 0.1 to 0.3 wt. % does not lead to a sig-
nificant change in interparticle distance, as it would be ex-
pected if the particles were distributed statistically. In fact,
the average distance between two carbon nanotubes in a per-
colated path seems to be relatively constant, independent of
the filler content. Comparing the values of the carbon black
nanocomposite, it can be seen that the tunneling distances
are significantly higher than in the case of MWCNT compos-
ites. Again, it should be noted that this analytical model is a
simplification as it assumes mean values for interparticle dis-
tances and also neglects any influences of agglomerate for-
mation and particle geometry. Therefore, the absolute values
in Table II should be treated with caution. However, the
method provides the possibility to quantitatively compare the
different nanocomposites.

Comparing the different sensitivities of the nanocompos-
ites resistivity vs strain, one can see from Fig. 3(d) that the
carbon black containing material exhibits a more pronounced
exponential behavior and the resistance increase per strain
unit is significantly higher for this material. At 2% of strain,
the nanocomposite containing 0.1 wt. % of MWCNTs ex-
hibited a resistance increase of about 9%. The 0.3 wt. %
MWCNT-nanocomposite showed an increase of about 6.5%
in resistance at this strain value and the carbon black nano-
composite revealed a 17% resistance increase at 2% of strain.
This can be explained through the aspect ratio of the par-
ticles and the resulting percolated network structure. As the
carbon black nanoparticles are spherical in shape, whereas
the MWCNTs may have aspect ratios of up to ~1000, the
number of interparticle tunneling contacts along a conductive
pathway is significantly higher in the case of CB nanocom-
posites. Furthermore, MWCNTs may be in electrical contact
to numerous other MWCNTs along their longitudinal axis,
thus resulting in a more redundant network structure. Fur-
thermore, the orientation of the tunneling contact with re-
spect to the direction of deformation has to be considered.
The influence of contact orientation is depicted in Fig. 5. In
Fig. 5, the interparticle distance s, between two particles is
shown. Because of the applied strain &€ and the lateral con-
traction —ve, the interparticle distance changes with defor-
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FIG. 5. (a) Influence of tensile strain on the contact distances
between two CNTs, according to Ref. 48. (b) Reduced contact dis-
tance after deformation in a CNT composite. The effects of strain as
well as the absolute length of the tunneling path are exaggerated for
illustrational purposes.

mation. The interparticle distance s, after deformation can be
calculated as [see Eq. (4) (Ref. 48)],

s1=5o[1 + &(cos® §— v sin’ 6)]. (5)

For spherical particles and CNTs oriented as depicted in Fig.
5(a), the interparticle distance will increase with applied ten-
sile strain. But as the MWCNTSs are randomly oriented in the
bulk matrix, intertube contacts may be oriented in a manner,
that even though the geometric centers of two contacting
CNTs are moving apart by the applied strain, the tunneling
contact distance actually decreases, as depicted in Fig. 5(b).
These orientation and entanglement effects cannot occur
with spherical particles. Equation (5) therefore does not de-
liver correct results for angles of #>90°, which may occur
in the case of high aspect ratio particles. This effect has to be
considered when calculating the mean contact angles and the
piezoresistive effect. The result of the contact angle effect
[Fig. 5(b)] and the contact number effect is a reduced sensi-
tivity of the electrical resistance toward strain for MWCNT
composites, compared to CB composites.

It is also noteworthy, that in the case of the MWCNT
nanocomposites, the resistance change vs strain in the elastic
regime can be approximated reasonably well with a linear
function. Up to 1.5% of strain, a linear fit can be applied to
all measurements taken, with a correlation coefficient of R2
>0.99. In view of potential technical applications, this is a
significant advantage, as integration into electrical measure-
ment bridges would be facilitated for instance. The CB nano-
composites exhibit a decidedly more exponential response.
In piezoresistivity theory, the slope of the curves can be in-
terpreted as the gauge factor &,

AR
3 =k-e, (6)

where
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0.1 wt. % MWCNT content. As the matrix epoxy exhibits a
Poisson’s ratio of 0.35, the geometric term in Eq. (7) be-
comes 1+2v=1.7. Thus, the higher k values observed for the
piezoresistive effect can be attributed to the intrinsic change
in resistance, caused by the increase in the tunneling resis-
tances (Fig. 6).

D. Plastic regime

As discussed above, at strain values higher than 2%, the
tunneling fitting curves start to deviate significantly from the
measured data. From Figs. 3(a)-3(c), it can be seen that the
linear elastic regime of the nanocomposites ends between
1.5% and 2% of strain. At higher strain values, the resistance
change vs strain curves show a strong deviation from the
exponential behavior observed in the elastic regime. In the
case of the MWCNT nanocomposites, the slope of resistance
change decreases above the elastic regime and passes a
maximum at around 4% of strain. This value was found for
all measurements, independent of the MWCNT content. The
CB nanocomposite exhibits a completely different behavior.
The slope of resistance change is also decreasing at strain
values higher than 2%, but the curves do not pass a maxi-
mum. Instead, they pass through a point of inflexion. Shortly
before final failure, a drastic increase in resistance can be
observed. Beyond the elastic regime, viscoelastic and inelas-
tic deformation processes occur in the epoxy matrix, leading
to irreversible changes in the percolated network of conduc-
tive particles. However, the formation of a maximum in the
case of the MWCNT nanocomposites is surprising. Obvi-
ously, the pronounced differences in the resistance develop-
ment at higher strain values can be attributed to the different
structure of the network of conductive particles, which itself

FIG. 7. (a) Stress/strain curve and corresponding piezoresistive
response of the loading and unloading branch of the tensile test, (b)
tunneling fit of the unloading branch according to Eq. (4).

depends on several factors, such as aspect ratio, interparticle
interactions etc.

In order to further investigate the effects occurring in the
inelastic regime, modified tensile tests were performed. The
specimens were subjected to a tensile strain of 6% (close to
strain to failure, see Fig. 3) and subsequently unloaded to
zero external stress, while the resistance was again measured
simultaneously. Figure 7 shows an example of such a tensile
test, performed on a 0.1 wt. % MWCNT composite. Look-
ing at the stress-strain curve on Fig. 7(a), it can be seen that
the residual strain at the end of the test is about 0.5%, i.e.,
the value of inelastic deformation. As the specimen was sub-
jected to a strain value of 6%, the remaining 5.5% of strain
are composed of elastic and viscoelastic deformation. Re-
garding the resistance change during this test, one can see
from Fig. 7(a) that upon unloading the resistance decreases
monotonically with strain. The maximum, occurring during
loading, is not reproduced during unloading. In fact it de-
creases exponentially with strain, as depicted in Fig. 7(b).
This suggests that the unloading process occurs by elastic
resilience. A similar behavior was observed for the
0.3 wt. % MWCNT and the 0.5 wt. % CB composites.

Interestingly, all tested specimens of all nanocomposites
exhibit a lower resistance after testing, even though its length
increased by ~0.5%. From these results it can be concluded
that the conducting network structure of nanoparticles is be-
ing irreversibly affected by viscoelastic and plastic deforma-
tion processes on the molecular level. In the case of
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FIG. 8. Resistance change vs strain during loading and unload-
ing of a 0.3 wt. % MWCNT composite during incremental tensile
test.

MWCNTs, these effects lead to a reduction in the composite
resistance above 4% of strain. In the case of spherical carbon
black particles only the rate of resistance increase is reduced
when the elastic regime is left, but upon unloading, it can be
observed that the resistance is also irreversibly reduced.
Thus, it can be concluded that the carbon black network
structure is affected in a similar way by inelastic deformation
as the CNT network, but the decrease in resistance is super-
posed by the higher sensitivity of the carbon black network
vs tensile deformation, resulting in a net increase in resis-
tance for the whole course of the tensile test. It can be as-
sumed that orientation effects and contact formation by lat-
eral deformation may be responsible for the reducing effect
at high strain values.

In order to gain a deeper understanding of the processes
leading to a decrease in resistance, a hysteresis measurement
with several cycles was performed. In this incremental ten-
sile test, the maximum strain value was chosen above 4%
(5.25%) in the first cycle so that the maximum in resistance
is passed and the specimen retains a permanent plastic defor-
mation upon unloading. The maximum strain was increased
in each cycle in order to achieve additional plastic deforma-
tion. The resistance change vs strain for such a test is exem-
plarily shown in Fig. 8. It can be observed that for each load
cycle elastic resilience occurs during unloading, as discussed
above (Fig. 7). Furthermore, it can be observed that the same
quantitative behavior is observed for the loading section in
each of the cycles. The resistance first increases exponen-
tially with strain, but then deviates and proceeds toward a
maximum. As the strain value at which the maximum occurs
is shifted to higher strain values in each subsequent cycle,
the maximum is only overcome in the first and second load
cycle during this specific test. Thus, it can be concluded that
effects of inelastic deformation are responsible for the de-
crease in resistance. As the onset of inelastic deformation in
the epoxy is shifted to higher strain values for each cycle, the
maximum of the resistance is shifted accordingly. In each
cycle, additional plastic matrix deformation has a decreasing
effect on the network resistance. Upon unloading, the speci-
mens exhibited a subsequently decreasing irreversible resis-
tance change. In the example shown in Fig. 8, the specimen
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exhibited a permanent resistance change of —8.5% after the
third load cycle, which corresponded to an inelastic deforma-
tion of ~1%.

A further hint for the strong influence of localized inelas-
tic deformation can be found in the resistance development
of the carbon black nanocomposites at high strain values.
From Fig. 3(c), it can be seen that the onset of the final
drastic increase of the specimen resistance seems to be cor-
related with the onset of final failure. At very high strain
values (around 5.5% of mechanical strain) the epoxy matrix
shows the typical necking behavior in the area of the final
failure. After this point is reached, the specimen deforms
mostly locally and high local values of inelastic strain occur.
This leads to a significant impairment of the network of
spherical particles resulting in the drastic final increase in
resistance, as displayed in Fig. 3(c). The resistance develop-
ment of the MWCNT nanocomposites seems to be indepen-
dent of an upcoming final failure, as can be seen in Figs. 3(a)
and 3(b). Beyond its maximum at around 4% of strain, the
resistance decreases monotonically in a nearly linear manner.
A possible explanation may again be the different aspect ra-
tio and more redundant network structure in the MWCNT
composites. Instead of a rupture of the conducting pathways,
the MWCNTs may be reoriented and aligned in zones of
high local deformation, leading to an actual decrease in the
network resistivity.

IV. CONCLUSIONS

In the present study, the potential of electrically conduc-
tive epoxy based nanocomposites for sensing stress/strain via
electrical conductivity methods was investigated. The nano-
composites investigated contained 0.1 and 0.3 wt. % of
MWCNTs and 0.5 wt. % of carbon black nanoparticles. It
could be demonstrated that the nanocomposites produced
show distinct piezoresistive behavior. The resistance vs strain
response was found to exhibit a very high signal to noise
ratio and high reproducibility. In the elastic regime, the pi-
ezoresistive response of the nanocomposites exhibits an ex-
ponential resistance vs strain behavior, being in agreement
with the prevalent theories on charge carrier transport
mechanisms in isolator/conductor composites. The macro-
scopic electrical conductivity, as well as the piezoresistive
response of the nanocomposites is dominated by the interpar-
ticle contacts, which can be characterized by a tunneling
mechanism. For the nanocomposites based on CNTs, a
nearly linear dependence of resistance vs strain was observed
in the elastic regime, while the CB nanocomposites exhibited
a more exponential dependence. The different behavior can
be explained qualitatively with the morphology of the con-
ducting network (number of contacts, contact orientation
etc), resulting from the different particle geometries. While,
the MWCNT nanocomposites provide superior sensing char-
acteristics (linearity), the CB nanocomposites reveal a higher
sensitivity to mechanical deformation. At very low strain val-
ues <1%, the piezoresistive response of all nanocomposites
can be approximated fairly well with a linear function.

The piezoresistive response of conductive nanocompos-
ites may also be used to gain quantitative information about
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the conducting network, i.e., the number of contacting paths,
the interparticle distance etc. In this study, a simplified ana-
Iytical model based on common tunneling theories was ap-
plied for a first analysis. These models need to be developed
further in order to take into account parameters such as par-
ticle geometry and network formation. Because of the com-
plexity of this topic, numerical modeling is needed to accu-
rately reflect the structures at the nano- and microscale.?34346
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