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Abstract

Natural fiberOreinforced composites (NFRCs) suffer from water absorption and low tem-
perature stability, resulting in fiber degradation and subsequent material failure. BuiltOin
piezoresistive sensors are investigated to monitor the deformation/strain of the compo-
nent. As a lowllcost material from renewable resources biochar particles derived from olive
stones were applied on flax plies and yarn bundles that served as model systems. Car-
bon black samples as petrochemical variants were used as a reference material. Biochar
and carbon blackOcovered fiber systems were laminated in epoxy resin followed by ten-
sile tests. The electrical resistance was recorded simultaneously during testing. Biochar
with a broad size distribution from nano to high micrometer range (D <200 pm) was supe-
rior in sensor performance compared to carbon black and biochar with a smaller particle
size range D <20 pm. Gauge factors (GF) of NFRC samples with integrated biochar particles
reached 30-80 while carbon black could not exceed a GF of 8. To obtain maximum GFs,
yarn count of flax yarn/ply substrate should be as thin as possible, but still enable percola-
tion of the adhering particle network. Comparatively large particle size was identified as a
contributing factor enabling the high GF for coarse biochar compared to carbon black.

Highlights - A nonfossil biochar builtdin piezoresistive sensor in natural fiberOreinforced
composites was fabricated - Deposing biochar directly on flax fibers facilitates processing -
The biochar piezoresistive sensor exhibits superior sensitivity compared to carbon black
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1 | INTRODUCTION

Carbon fiber-reinforced composites (CFRCs) and glass
fiber-reinforced composites (GFRCS) are important

Franziska Liibkemann-Warwas?® |

Stephen Kroll* |

Abstract

Natural fiber-reinforced composites (NFRCs) suffer from water absorption and
low temperature stability, resulting in fiber degradation and subsequent
material failure. Built-in piezoresistive sensors are investigated to monitor the
deformation/strain of the component. As a low-cost material from renewable
resources biochar particles derived from olive stones were applied on flax plies
and yarn bundles that served as model systems. Carbon black samples as pet-
rochemical variants were used as a reference material. Biochar and carbon
black-covered fiber systems were laminated in epoxy resin followed by tensile
tests. The electrical resistance was recorded simultaneously during testing.
Biochar with a broad size distribution from nano to high micrometer range
(D < 200 pm) was superior in sensor performance compared to carbon black and
biochar with a smaller particle size range D < 20 pm. Gauge factors (GF) of NFRC
samples with integrated biochar particles reached 30-80 while carbon black could
not exceed a GF of 8. To obtain maximum GFs, yarn count of flax yarn/ply sub-
strate should be as thin as possible, but still enable percolation of the adhering
particle network. Comparatively large particle size was identified as a contributing
factor enabling the high GF for coarse biochar compared to carbon black.

Highlights

« A nonfossil biochar built-in piezoresistive sensor in natural fiber-reinforced
composites was fabricated

« Deposing biochar directly on flax fibers facilitates processing

« The biochar piezoresistive sensor exhibits superior sensitivity compared to
carbon black
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materials for structural components in many areas of
application.* However, recycling these materials remains
problematic, leading to the loss of finite resources at the
end of their lifespan.>* Therefore, materials made from
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renewable resources like natural fiber reinforced composites
(NFRCs), in which plant fibers such as hemp, sisal, jute, or
flax are used for mechanical reinforcement, have gained
attention.”® In terms of mechanical behavior, for example,
flax fiber-reinforced composites are inferior to CFRCs and
GFRCs in regards to tensile strength and Young's modulus
so they are mostly considered for applications, in which the
strength-to-weight ratio is not the most important factor.
But NFRCs also show superior fatigue behavior” and very
good damping properties of vibration and noise. Therefore,
flax fibers and hybrid structures of flax fibers and carbon
fibers are currently investigated for demanding applications,
t0o."%"* A disadvantage of natural fibers is the compara-
tively low durability of the composite when water is
absorbed. Then the material swells which leads to swelling
stress and matrix cracking.'* Moisture absorption also pro-
motes microbial contamination (e.g., fungal growth). This
results in further degradation and deterioration of mechani-
cal properties such as stiffness and strength."® Therefore, for
mechanically demanding applications, structural health
monitoring (SHM) to detect incipient strain or swelling of
the component, which could indicate degradation of
mechanical properties, is a promising tool and subject of
current research.'®'®

For this application, the use of a sensory polymeric
nanocomposite is a suitable choice due to the polymeric
nature of the composite matrix. This broad field of differ-
ent material compositions and possible applications is
characterized by the fact that a polymeric material
is combined with other materials in order to quantify a
measurand. For example, chemical or biological sub-
stances can be detected using metal (oxide) nanocompo-
sites in which the metal nanoparticles are embedded in
polymeric structures. Bio-based alternatives are also
increasingly investigated.'*' In terms of structural
health monitoring, the strain of a component can be
sensed using integrated piezoresistive (nano)composites.
This can be realized by integrating electrically conductive
particles into the composite. Then, a conductive network
of particles in direct contact or adjacency within the
tunneling distance is formed.** Strain e and the deforma-
tion behavior of these materials can be measured by a
change in the electrical conductivity of the component.
Above the critically necessary filler loading (percolation
threshold ¢.), conductive paths are assembled in the parti-
cle network.?*** When the particle network is deformed, a
change in resistance occurs. Its magnitude is reflected in
the sensitivity of the sensor, also referred to as the gauge
factor (GF).*® In the case of tensile strain, the change in
contact resistance between increasingly separating parti-
cles and the more difficult tunneling or hopping transport
between particles leads to a rise in electrical resistance.**
The network structure (particle shape, density,
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distribution, etc.) of the conductive particles and the
changes that occur to it under applied strain are very
important factors influencing GF. For instance, Shim et al.
showed that the GF of CNT polymer composites depends
strongly on the aspect ratio of the CNTS. They attributed
this behavior to differing numbers of contacts between
CNTs which contribute to conductive paths.*® This and
other mechanisms affecting GF are still being investigated.

For NFRCs, the principle of piezoresistive SHM with
carbon nanoparticles from fossil resources deposited on
flax fibers has already been demonstrated.”’ In general,
petrochemically derived carbon-based nanomaterials
with different morphologies such as carbon nanotubes
(CNTs), graphene, and carbon black (CB) have been
studied and are subject to ongoing research for applica-
tion as piezoresistive strain sensing systems in a wide
variety of polymer composite setups.”*>* This is partly
due to their low percolation threshold.**>” Moreover,
with suitable nano-disperse incorporation into the matrix,
they can improve the mechanical properties of plastics
such as stiffness,®* tensile streng and fracture
toughness.***’ Additionally, they can be used to enhance
the properties of fiber reinforced composites. For example,
Kaftelen-Odabasi et al. found that the flexural strength of
CFRC can be increased by adding small amounts of finely
dispersed graphene nanoplatelets (GNPs).** Burkov et al.
reported that mixing CNTs into the epoxy matrix of CFRC
increased tensile strength, stiffness, and strain at break.**
This behavior is attributed to the high surface-area-to-
volume ratio that leads to an excessive formation of
interfaces. At the interfaces the properties of the matrix
are improved, leading to an overall improvement of
mechanical properties, when strong adhesion to the
particle is ensured.*>*° In addition, better force trans-
mission occurs. The introduction of microparticles
instead of nanoparticles can have benefits to the over-
all performance as well. For instance, microfibrils from
bamboo can be mixed into the matrix of CFRCs to
increase fracture toughness, Young's modulus, and
fatigue behavior.*” In another study, 0.3 wt % of bam-
boo microfibrils added to glass fiber unsaturated poly-
ester composites led to an enhancement of tensile
strength, Young's modulus, flexural properties, and
impact strength.*®* Possible crack propagation is
impeded at the surfaces of the particles. However, the
mismatch between the properties of the matrix and the
particle also has a more severe effect than in the case
of nanoparticles, resulting in excessive stress at the
interface. In general, the selection of a suitable particle
species is crucial when choosing a micro-sized material
for polymer reinforcement.*

However, nanomaterials are expensive to produce,
and nano-disperse distribution is elaborate.’® In addition,

th0-42
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the highly conductive carbon materials are mostly
obtained from fossil raw materials,”>> which contradicts
the aim of using bio-based materials like NFRCs as more
sustainable materials. Hence, biochar made from renew-
able resources is a promising substitute. Biochar is a car-
bonaceous material obtained by pyrolysis of biological
feedstock. It is conventionally used as a solid fuel or car-
bon sink. New applications are emerging in the area of
binding pollutants from the environment. Prominent
examples here are wastewater treatment, mine remedia-
tion measures, and biogas/CH, production. Other current
research discusses whether biochar can improve soil
quality in agriculture beyond the absorption of pollut-
ants. The binding of pollutants is very efficient due to the
fact that the surface of biochar is negatively charged and
contains functional groups that interact with the pollut-
ants. The high specific surface area and the presence of a
wide range of pore sizes are also advantages. The produc-
tion parameters of the biochar are adapted for the respec-
tive application and, if necessary, tailored post-treatment
or compounding with other materials is performed.> >’
For the novel application as a built-in piezoresistive
sensor for structural components, it is unfortunate that
biochar can come in different particle sizes from micro-
to nanoscale and exhibits lower electrical conductivity
compared to carbon black or CNTs. Therefore, it needs to
be compounded in larger amounts, which results in the
deterioration of mechanical properties such as strength.”®
For instance, Nan et al. reported severe processing diffi-
culties during the fabrication of a wood biochar piezore-
sistive sensor. The biochar mass fraction necessary for
percolation could not be reached.”” However, the electri-
cal conductivity of biochar can be adjusted by varying the
source material and the applied pyrolysis parameters.
Therefore, in this work biochar from olive stones is used
with comparatively good electrical conductivity. Addi-
tionally, the carbon is applied directly in dispersion with
water to the flax fibers before lamination. Doing so, a
particle network is formed only locally, and less biochar
needs to be compounded overall. The poor conductivity
of biochar compared to carbon black is not linked to
poorer sensor properties, making biochar an interesting
research subject as an in-situ strain sensor for NFRC.
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As described above, the mechanisms leading to the
enhancement of GF are still a subject of research. To cap-
ture possible differences, four different carbon-containing
dispersions are investigated which are applied to flax
yarn and NFRC samples respectively: (a) biochar (broad
size distribution) + water = stable dispersion, (b) biochar
(D < 20 pm) + water = stable dispersion, (c) carbon
black + water = unstable dispersion, and (d) surface
functionalized carbon black + water = stable dispersion.
The smaller fraction of biochar (b) was received by refin-
ing (a) through a sieve with a mesh width of 20 pm. The
effects of carbon species (biochar and CB), particle size,
network structure (modified by stability/instability of the
carbon dispersion), and electrical conductivity on GF are
investigated in detail in this paper.

2 | EXPERIMENTAL

2.1 | Fabrication of piezoresistive sensor
samples

Two different kinds of samples are manufactured: flax yarn
samples and NFRC samples. The reason for this split is the
possibility to conduct a larger number of experiments to
gain a deeper insight into the mechanisms governing the
sensitivity of the piezoresistive sensors. Therefore, flax yarn
samples are prepared as a time-efficient alternative to
composite samples. The different carbon species used for
determining the sensing properties are listed in Table 1.

2.1.1 | Processing route for yarn samples

Flax yarn from flax textile (FlaxDry BL 200 by EcoTechnilin)
is bundled and cut to a length of 720 mm. One variable
for investigation is the amount of flax yarns that are bun-
dled, with 1 yarn having a yarn count = 108 tex. Bundles
of 6, 8, 12, 16, and 20 yarns are used (650, 870, 1300,
1740, and 2170 tex, respectively). A dispersion of water
and a certain carbon species is prepared by stirring the
chosen carbon species into water. The different used car-
bon species are listed in Table 1. Three products come as

TABLE 1 Carbon species used as basis for piezoresistive sensor coating.
(Trade) name Condition
Olive stone biochar® Powder
Olive stone biochar D < 20 pm* Powder

Derussol VU25/L°

Printex L6" Powder

#From Novocarbo GmbH.
From Orion Engineered Carbons.

RIGHTS L

Aqueous dispersion

Carbon type Abbreviation

Biochar Biochar

Biochar Biochar D < 20 pm
Carbon black CB stable dispersion
Carbon black CB unstable dispersion
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powders, one is already purchased as an aqueous disper-
sion of anionically stabilized carbon black. The yarn bun-
dles are immersed in the carbon-water dispersions on a
length of 220 mm in the middle of the yarn bundle. The
samples are dried at RT for 20 h minimum in exposure to
environmental conditions to remove residual water. Sub-
sequently, epoxy resin (ECO System Clear purchased
from EPODEX GmbH) is applied via a pipette on the
carbon-covered part of the flax yarn bundle. This is done
on a length of 150 mm to imitate lamination. The soaked
flax bundle is laid down in a straight line and cured for
>20 h at RT. Each sample is mounted in a tensile testing
machine (Zwick/Roell Z2.5) and connected with croco-
dile clips (150 mm distant) to an ohmmeter (Metriso
3000 by Wolfgang Warmbier GmbH & Co. KG). The dis-
tance between the mounting brackets is 300 mm. The
electrical resistance is measured while strain is applied
by 2 mm/min. As the maximum displacement is 10 mm,
that of the active sensor area is 5 mm. The tensile test is
stopped when F < 0.5 N on the way back. The Gauge fac-
tor is derived from Equations (2) and (3).

2.1.2 | Processing route for NFRC samples

A dispersion of water and a certain carbon species is pre-
pared (see Table 1). Three plies of flax fiber fabric
(170 mm x 320 mm, 200 g/m?, FlaxDry BL 200 by Eco-
Technilin) are painted with the dispersion until
completely soaked (~40 g is needed). After drying at RT
for >20 h the mats are imbued in epoxy resin (ECO
System Clear purchased from EPODEX GmbH), lay-
ered, and compressed (17 kg metal plate) by using a
hand lamination technique. Four insulating glass fiber
composite stripes (w = 50-60 mm, h =1 mm, from
R&G Composite Technology) are glued (3 M Scotch-Weld
EC-9323 B/A) on the ends, where the mounting brackets
of the tensile testing machine (Zwick/Roell Z100) touches,
to ensure electrical insulation. After curing for >20 h at
RT the composite is cut to fit the norm's requirement
(DIN EN ISO 527-4; Ly > 250 mm, w = 25+ 0.5 mm,
h =2-10 mm, ht = 1-3 mm, Lt > 50 mm with L, being
the sample length, w the sample width, h the sample
thickness, ht and Lt being the thickness and the length
of the glass fiber composite stripe, respectively). Actual
composite sample dimensions were L = 280-300 mm,
w=25mm, h=25mm, hr =1mm, Ly= 50-60 mm.
Top and bottom of the sample were contacted electrically
to the ohmmeter (Metriso 3000 by Wolfgang Warmbier
GmbH & Co. KG). Therefore, brass electrodes
(3 mm x 25 mm) were fixed on the samples with silver
conductive paint (from Busch GmbH Co. KG) and scotch
tape. The electrical resistance was recorded during tensile
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testing, which was performed at 2 mm/min to a maximum
3-4 mm displacement. Subsequently, the strain was
released until F < 0.5 N was reached. The samples were
cycled until failure. The gauge factor is derived from the
records using Equations (2) and (3).

2.2 | Definition of the gauge factor

The gauge factor (GF) is the measure of the sensitivity of
the piezoresistive sensor (Equation 1) with AR being the
electrical resistance difference, R the electrical resistance,
L the length of the sensor, and AL the length difference.
In the tests carried out, it is useful to apply two different
definitions namely GFjo., (Equation 2) and GFyyy
(Equation 3) of the gauge factor. GF ., is using the first
measurement point as a reference for L and R (L, and
Ry), while GFj,.,; compares two adjacent measurement
points. This is illustrated in Figure 1A. The distinction is
made for the following reasons.

1. Nonlinearity: The yarn samples show strong nonli-
nearity of the electrical resistance over length dis-
placement (see Figure 1A). On the one hand, if the
gauge factor is determined over a large range of dis-
placement using Equation (3) as shown in the graph,
the real sensitivity at a certain point can be underes-
timated. This is illustrated by the comparison of
GFiota1 and GF,; in Figure 1B. It happens, if no or
little change in resistance occurs at the beginning,
followed by a more significant rise. GF can be over-
estimated, on the other hand, if the resistance
increases drastically (e.g., 3-6 kQ). For GF, it makes
a difference of factor 2 whether R =6 kQ or R =3
kQ is selected as a reference point. Therefore, the
term GFjoc, is introduced (Equation 2). It compares
two directly adjacent measurement points of electri-
cal conductivity so that the two error factors
described are minimized.

2. Measurement accuracy: The Metriso 3000 ohmmeter
displays only three digits. Therefore, as shown in
Figure 1, if there is only a small difference in the con-
ductivity of two samples, there can be a significant
loss in measurement resolution (see Figure 1C).
Direct comparison of adjacent points then leads to
over- and underestimation of the GF with GFjyca
(Figure 1D). At this point, a comparison with respect
to the starting point R, and a consideration over the
entire distance, here called GFy,;, is more appropri-
ate. Both definitions are useful in their respective
contexts. Therefore, in this publication, the more
appropriate definition will be referred to depending
on the case.
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test. GFjoca and GF, (definitions see Equations 2 and 3) deviate from each other. (A) Electrical resistance over displacement during a tensile test

(stress and relax) on an exemplary sample recorded in high resolution with triangles describing the Gauge Factor (GF) derivation. (B) Electrical

resistance over displacement during a tensile test (stress and relax) on an exemplary sample recorded in low resolution. (C) GFy,; and GFe, are

derived from the graph above (A). GF.; reaches smaller values than GFyyeyp. (D) GFyo and GFy are derived from the graph above (B). Due to

the low resolution of the data applying GFj,, results in severe over- and underestimation of GF.

AR
GF=4; (1)
L
Rz—R1
GFlocal = LZ’EI+L1 (2)
Ll
Ri—Ro
GFlotal =17 (3)
Lo
2.3 | Other methods

To measure the electrical resistance on carbon-covered
flax ply, two clamp electrodes with a 60 mm distance
were used. The electrical resistance of carbon-covered
yarn bundles was measured between two crocodile clips
at a 150 mm distance. The pH-dependent zeta potential
was recorded using a ZetaSizer Nano ZSP from Malvern
Panalytical GmbH. The titration was done with 0.1 M
HCI and 0.1 M KOH via an MPT-2 Multi-Purpose
Titrator. Digital microscope pictures were taken using a
Keyence VHX 5000. SEM pictures were taken using a FE-
SEM JEOL JSM-7670F. The substances were studied with
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the SEM as pristine powders with the exception of stable
carbon dispersion which was dried before. Samples were
measured without previous sputtering.

3 | RESULTS AND DISCUSSION

3.1 | Percolation behavior

To describe the electrical conductivity of a network of
conductive particles in an insulating environment, the
percolation theory is usually applied (Equation 4).****

o~ 00— )" (4)

with ¢ being the electrical conductivity, ¢ the filler load-
ing (particle to matrix ratio), o, a factor, and t an
exponent. A certain filler loading is needed to reach
the percolation threshold ¢.. Above ¢, electrical
conductivity increases exponentially with further filler
loading.

In Figure 2, the electrical resistance is plotted against
the mass fraction of carbon in the water dispersion to
determine the percolation threshold. Therefore, the
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electrical resistances <10° Q. For biochar, percolation happens at higher carbon mass fractions in water dispersion compared to CB.

percolation behavior on a single carbon-covered flax ply
used for NFRC fabrication can be observed in Figure 2A.
In comparison, the percolation behavior of the yarn sam-
ples with yarn count = 650 tex is shown in Figure 2B.
Electrode arrangements are described in Section 2.3.
Despite having the same carbon concentration in the
water dispersion, a significant difference in the percola-
tion threshold can be observed. This is especially true for
biochar samples, which are shifted to higher mass frac-
tions of carbon in water dispersion. For the yarn samples
(Figure 2B), percolation does not occur even at a very
high mass fraction of 25% in the case of biochar
D < 20 pm. However, it should be noted that percolation
is achievable in yarn samples with higher yarn counts
>1740 tex. In the case of CB dispersions, the percolation
threshold of the stable dispersion is found at lower mass
fractions than the unstable CB dispersion. The observed
phenomena are discussed in Section 3.7.

3.2 | Piezoresistive response and
sensitivity of yarn samples

GFs resulting from the different carbon dispersion sys-
tems on flax yarn samples were compared, as can be seen
in Figure 3. As some samples show only very limited
change in electrical resistance, GFgjopa is chosen for bet-
ter comparability. The influence of the carbon concentra-
tion in the water dispersion and the yarn count on GF
were investigated. GFiy, = 11 is reached for biochar
samples (Figure 3A). Biochar D < 20 pm does not reach
percolation at yarn count = 650 tex. To achieve better
electrical conductivity, samples with increasing yarn
count up to 2170 tex at constant w, = 0.25 were prepared
(Figure 3D-G). The GF of biochar with a minor particle
size D < 20 pm is smaller than the GF of biochar with a
broader particle size distribution, at least at lower yarn
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counts (compare Figure 3D,E). In comparison, the results
show that GF,y, values obtained for the two carbon
black systems at constant yarn count are much smaller
than those reached with biochar. Additionally, they are
very close to each other (see Figure 3B,C). Values around
GFota1 = 3 are achieved, except for one sample using
unstable CB dispersion at yarn count = 1740 tex. The
mechanisms governing these findings are further investi-
gated in Figure 6 and are discussed in Section 3.8.

3.3 | Piezoresistive response and
sensitivity of composites

To further investigate this interesting effect, composite
samples were prepared. For the biochar composite sam-
ple, the flax plies were coated with a 25% w/w carbon/
water dispersion. For comparison, a stable CB dispersion
sample (1.56% w/w carbon in water) was chosen.
Figure 4 shows the results where electrical resistance
and GF (GFo and GFj,ea1) are plotted against mea-
surement time (Figure 4A,C) and against tensile dis-
placement (Figure 4B,D). The electrical resistance of
the biochar composite sample shows nonlinear behav-
ior at the beginning of each cycle (Figure 4A). In addi-
tion, the difference in electrical resistance is very large.
This is why, as described in Section 2.1, GFjc, and
GFya1 vary considerably and GFjy, in particular
should be taken into consideration. Here, values of up
to approx. 120 are achieved in the first cycle. In the
subsequent cycles, the number settles between 30 and
80. Direct comparison shows that the sensor effect gen-
erated by CB is found to be constantly lower than for
biochar with GF,. = 8 (see Figure 4C,D). This means
that the sensitivity of the biochar sensor is superior
compared to the sensitivity of the CB sensor, which is
discussed in Section 3.8.
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3.4 | Dispersion and agglomeration of
carbon particles

Figure 5A shows the zeta potential as a function of the
pH of the different carbon dispersions which is related to
the stability of the dispersion.”® Figure 5B-E shows digi-
tal microscopic images of the particles after drying. A
closer examination of the agglomeration behavior of the
dispersion and after the drying process is interesting for
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two reasons. First, to explain differences in the resulting
electrical resistances as can be seen in Figure 2 (discussed
in Section 3.7.2), and second, to identify possible effects
of agglomeration on measured GF (see Section 3.8.1).

As shown in Figure 5A, the zeta potential of biochar
is high in the negative regime for both fractions (green
symbols), as it is typical for biochar.”® Despite its rela-
tively large particle size/broad particle distribution, the
particles are homogeneously distributed. In contrast,
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FIGURE 4 Record of the electrical resistance of NFRC samples during stress—strain cycling and calculated gauge factor (GFjocy and GF )

derived from the measurements. (A) Biochar on flax composite (wgc = 0.25). GF and electrical resistance over time until failure of the composite.

The green area illustrates the range in which most values of GF,, are located: up to 120 in the beginning, settling between 30 and 80 during

cycling. (B) Biochar on flax composite (Wgc = 0.25). Electrical resistance and GF over displacement. (C) CB stable dispersion on flax composite

(Weas

GFyoca are located: 7.5-9 (D) CB from stable dispersion on flax composite (Wcgs

carbon black (blue) in its unstable form has a very low
zeta potential. As a result, agglomeration occurs immedi-
ately. Carbon black particles are nanosized, but large
agglomerates of approx. 200 pm in diameter form in water.
The other carbon black dispersion (black) was stabilized by
anionic surface functionalization and shows a high negative
zeta potential as can be seen in Figure 5A. It dries in par-
tially fine networks (Figure 5D) but shows a strong “coffee
ring” effect toward the edge, which leads to massive
agglomeration while drying. In the case of biochar, the cof-
fee ring effect is probably prevented by the more anisotropic
and angular shape of the particles. Quasi-static, loosely
packed structures might be built by which the transport to
the edge is avoided.®” It can be noted that the two carbon
black dispersions as well as the biochar show very different
dispersion and drying behavior.

3.5 | Influence of yarn count and
concentration on GF

To determine their effects on GF, both yarn count and
concentration of carbon particles in the water dispersion
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= 0.25). GF and electrical resistance over time until failure of the composite. The gray area illustrates the range in which most values of

= 0.0156). Electrical resistance and GF over displacement.

were varied for the yarn samples. The results are pre-
sented in Figure 3, which shows the variation of GFyy
versus increasing displacement. Figure 6 illustrates the
effect of varying yarn count (650 tex-2170 tex), as well as
concentration change (25% w/w down until percolation
threshold) on GF. More specifically, it shows the GFyy
at maximum displacement (5 mm) against a mass frac-
tion of carbon in water dispersion (Figure 6A) and yarn
count, respectively (Figure 6C). With varying concentra-
tions and yarn counts, the electrical resistivity of the sam-
ples also changes. Higher yarn counts and smaller carbon
concentrations lead to decreased electrical resistances. In
Figure 6B, GF is plotted against the electrical resistance
varied by carbon concentration. Accordingly, in
Figure 6D, the GF is plotted against the electrical resis-
tance varied by yarn thickness. Figure 6A,B shows that
the variation of concentration has no effect on GF. This
behavior is discussed in Section 3.8.1. When varying the
yarn thickness (Figure 6C,D), it can be observed that bet-
ter GF values are obtained with lower yarn counts. This
behavior is discussed in Section 3.8.2. Overall, it can be
concluded that a higher electrical resistance does not
inherently lead to an improved GF. Rather, it depends on
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FIGURE 5 (A) Zeta potential over pH for different carbon species. (B-E) Digital microscope images of dried carbon dispersion

(0.5% w/w) on a glass substrate.

the specific alteration of the network structure that
causes this increase in electrical resistance. Therefore,
the effects are discussed separately.

3.6 | Particle size of carbon species

SEM images of the different carbon species are shown in
Figure 7. The SEM micrograph of biochar (Figure 7A)
shows a very large particle (yellow outline). But the size
spectrum ranges from these big particles down to very
small particles in the nanosized regime (arrows pointing
at particles in Figure 7B). In the case of biochar with
D < 20 pm the same broad particle size spectrum can be
observed (compare Figure 7C,D), but the largest fraction
of particles was separated using a sieve with a 20 pm
mesh. The remaining particles have diameters <20 pm in
at least two dimensions. The CB powders consist of nano-
sized particles (Figure 7E-H). They are not uniform, but
their size spectrum extends only within the nanoscale.
Comparing the SEM images of Figure 7F,H, it can be
observed that the CB particles used in the unstable dis-
persion are on average smaller and show a narrower size
distribution than the CB used in the stable dispersion. All
particles that came in loose powders from the manufac-
turer (see Table 1) form agglomerates. Agglomeration

RIGHTSE LI MN iy

size can be found in Figure S1. When the particle size
results are integrated with the observations from
Figure 6, it becomes evident that the highest GF is
achieved with the substance containing the largest parti-
cles, namely, biochar. This correlation is further dis-
cussed in Section 3.8.3.

3.7 | Discussion on percolation behavior
of different carbon species

3.7.1 | Discussion on the effect of contact
resistance on percolation behavior

As presented in Figure 2, biochar samples reach percola-
tion at higher carbon weight fractions compared to CB
samples. At first glance, this might seem intuitive, since
the carbon black particles used are smaller than biochar
particles (see Figure 7). For smaller particles, the electri-
cal resistance should be lower. This is because for smaller
particles of comparable volume fraction, the average dis-
tance between particles is smaller, and therefore tunnel-
ing should be easier.”’ Presumably another effect plays an
even greater role. Intrinsic bulk resistance and contact
(e.g., tunneling junction) resistance add up to the total resis-
tance of the network.’>®® The intrinsic bulk resistance of
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Influence of yarn count on GF
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(A) Maximum values of GF,, (stress) taken from Figure 3 (at 5 mm displacement) over a mass fraction of carbon in water

dispersion (w.). No trend can be identified. (B) Maximum values of GFq, (stress) taken from Figure 3 (at 5 mm displacement) over
electrical resistance. Different electrical resistances are caused by the concentration variation of carbon in the water dispersion, see Figure 6
a. No trend can be identified. (C) Maximum values of GF, (stress) taken from Figure 3 (at 5 mm displacement) over yarn count of the flax

bundles on which the carbon/water dispersion is applied. Arrows and connecting lines indicate the overall trend of GF over yarn count for

different carbon dispersions. (D) Maximum values of GF, (stress) taken from Figure 3 (at 5 mm displacement) over electrical resistance.

Different electrical resistances are caused by yarn count variation, see Figure 6C. Arrows indicate the overall trend of GF over electrical

resistance for different carbon dispersions.

biochar might have an effect on the network resistance.
However, it is very likely that the shift between CB and bio-
char results at least partly from a high contact resistance, or
a broad contact resistance distribution in the case of bio-
char. The argument supporting the influence of contact
resistance is that the coarse biochar has a bigger particle
size than biochar D < 20 pm. Nonetheless, it achieves better
electrical conductivity results than the biochar consisting of
the finer fraction D < 20 pm, although it is the same mate-
rial derived from olive stones. The influence of the contact
resistance grows with an increase in the specific surface
area. The specific surface area increases with smaller parti-
cle size. Therefore, if the electrical resistance increases with
a smaller particle size, the influence of a high surface resis-
tance is a plausible cause.

However, the likelihood that conductive paths will
form from particles or particle sites with high contact
resistance increases with the size of the network. For a
given probability (mass fraction of carbon in dispersion),
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the higher the number of trials (yarn count), the higher
the number of events (conductive paths). Therefore, per-
colation is reached for biochar D < 20 pm in 2D flax plies
but not in 1D flax yarn bundles with a yarn count of
650 tex.

3.7.2 | Discussion on the effect of
agglomeration on percolation behavior

Pérez et al. showed that the conductivity of multilayer
graphene polymer composites increased for smaller gra-
phene agglomerates, but counterintuitively only until an
agglomeration size of 23 pm.** Below that agglomeration
size, electrical resistance decreased. Wang et al. per-
formed a simulation where CB particles were dispersed
in a polymer. They observed that smaller particles
(D = 40 nm vs. D = 250 nm) lead to better electrical con-
ductivity at a similar volume fraction. For different
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FIGURE 7 SEM pictures of different carbon species illustrate the difference in particle size between biochar (micro- and nanosized) and
CB (solely nanosized). (A, B) Biochar from olive stones powder. The yellow line marks the shape of a selected microparticle. A-C are selected
nanoparticles with measured diameters. (C, D) Biochar from olive stones powder, smaller grain fraction D < 20 pm. The yellow lines mark
the shapes of selected microparticles. A-C are selected nanoparticles with measured diameters. (E, F) Dried stable CB dispersion. Yellow
circles illustrate the size of the nanoparticles. The diameter of 100 nanoparticles was analyzed and the distribution is shown in the graph on
the right. (G, H) Unstable CB powder. Yellow circles illustrate the size of the nanoparticles. The diameter of 100 nanoparticles was analyzed

and the distribution is shown in the graph on the right.

aggregation sizes (19-90 nm particles) they did not find a
trend due to positive and negative effects canceling each
other out.®” Intuitively one might think that a better dis-
tribution of particles should generally lead to a better
electrical conductivity. The argument would be that
aggregation and agglomeration cause isolated conductive
islands with too large distances from each other to enable
tunneling. A better distribution would decrease the dis-
tances and therefore increase the probability of forming
conductive channels through the material. This argumen-
tation seems to fall short below a certain agglomeration
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size, possibly due to beneficial agglomeration morphol-
ogy (non-spherical), that improves the formation of con-
ducting channels. Another factor might be that in
agglomerates, particles are in direct contact with each
other. This could provide easier charge transport over
large channel sections compared to the need for frequent
tunneling in the case of better particle distribution.
Regarding this work, the percolation behavior of the dif-
ferent carbon species can be found in Figure 2. In
Figure 5 their agglomeration behavior can be observed.
The relatively high negative zeta potential of biochar
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which causes a stable dispersion and the even distribu-
tion of the particles after drying could be a factor for dif-
ferences between the electrical resistances of biochar and
CB. Nevertheless, it cannot explain the massive shift of
the percolation threshold between CB and biochar. Con-
tact resistance is discussed in Section 4. seems to be much
more influential.

There is also a shift in the percolation threshold
between the unstable CB dispersion and the stable CB
dispersion. The unstable dispersion has a percolation
threshold shifted to higher weight fractions and gener-
ally has higher electrical resistance for the same weight
fractions. The carbon particles used for unstable CB
dispersion have a smaller particle size than the CB spe-
cies in the stable dispersion as can be seen in Figure 7.
This should work in favor of the smaller particle
size.°’”® The opposite trend is found. This may be
partly due to the different intrinsic conductivities of
the particles. However, in Figure 5C big agglomerates
in the high micrometer range can be seen for the unsta-
ble CB dispersion compared to a fine network in
Figure 5B for the stable dispersion. Therefore, agglom-
eration is certainly the more important factor causing
percolation at lower weight fractions when using the
stable CB dispersion compared to the unstable CB
dispersion.

3.8 | Discussion of factors influencing
the gauge factor

In the following, the contributing factors are identified,
that were found to influence the GF of biochar and car-
bon black samples which are presented in Figures 3,
4, and 6.

3.8.1 | Discussion on the influence of carbon
concentration in water dispersion and
agglomeration on GF

Figure 6A,B shows the effect of densification of the net-
work (carbon concentration variation in water disper-
sion) on GF. It was found, that it has no effect on
GF. The responsible mechanisms are discussed in the
following.

When the piezoresistive effect of carbon nanoparticles
is studied in the literature, carbon particles are usually
dispersed in an insulating polymer matrix. Zhang et al.
derived a formula that describes the change in electrical
resistance of a conductive particle network in an insulat-
ing matrix under compressive load. It is based on
Simmons' equation for low applied voltages.°® They
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assume that particles are spherical, of the same size, and
are distributed in a cubic lattice in an insulating matrix,
with the electrical conductivity within the particles
being much better than across the particles. This way,
only the tunneling current has to be considered. Strain
is assumed to occur only in the matrix, not the parti-
cles.” The equation was rewritten for the case of ten-
sile stress (Equation 5).

- (b o o

with y :% 2mg, where AR is the difference in electri-
cal resistance, R is the electrical resistance after applied
strain, o is the applied stress, E is Young's modulus,
h is the Planck constant, m is the electron mass, ¢ is
the potential barrier height between adjacent particles,
D is the particle diameter, and 0 is the filler volume
fraction. For lower 6, which is achieved by lower con-
centrations in the carbon dispersion, we get a lower
electrical conductivity (see Figure 2). In addition, we
get a higher AR/R, according to Equation (5), that is, a
higher GF. Wang et al. confirmed experimentally that
GF increases for CNT filler fractions closer to the per-
colation threshold.>! The same behavior was found by
Gong et al. They argue that close to the percolation
threshold, there is a higher change rate of the number
of junctions between the CNTs when tensile strain is
applied.®® The total number of junctions is very low at
the percolation threshold and the breakage or building
of a new one causes a higher difference in electrical
resistance.®* Zhou et al. found that this also applies to
CB in polymer matrix: the sensitivity of a piezoresistive
sensor increases for smaller carbon black mass frac-
tions.®® Haghgoo et al. came to the same result in their
Montecarlo simulation of CB and CNTs in arbitrary
matrix.”” Our results do not fit these predictions (see
Figure 6B), as the gauge factor does not increase close
to the percolation threshold when the concentration is
varied. This might be because the estimation that the
particles are distributed evenly in a cubic lattice, does
not hold since the particles are applied on fibers and
are not distributed 3-dimensionally in the polymer
matrix.

Agglomeration behavior of carbon species, as studied
in Figure 5, can also have an impact on GF. For instance,
agglomeration can lead to fewer electrical junction
points, which leads to a better GF. As mentioned above,
this is because winning or losing a new conductive chan-
nel has a more severe impact on electrical resistance
when there are fewer in the first place.® This behavior
was not found in this work. The carbon species with an
extensive amount of agglomeration (unstable CB) did not
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show superior GF compared to stable CB dispersion, see
Figure 6A,B. To thoroughly clarify this atypical behavior
thoroughly, continuing research is required.

3.8.2 | Discussion on the influence of yarn
count on GF

Figure 6C,D shows that GF increases for lower yarn
counts. Literature on the GF of carbon-coated fibers
depending on yarn count is scarce. However, there are
studies about GF dependence on the thickness of sensory
layers. Layer thickness could be a suitable analogy for
yarn count. Caffrey et al. investigated a piezoresistive
sensor made of graphene ink on a polydimethylsiloxane
substrate.’® They found that below a thickness t, of the
conductive film GF increased. They attribute this behav-
ior to deviation from bulk conductivity for thinner layers
and the need to deploy percolation theory due to the scar-
city of conductive paths. By introducing thickness into
percolation theory, they derive that t. (thickness neces-
sary for percolation) changes when stress is applied
(dt./de) which is connected to a change in the percolation
threshold (A¢./Ae€). This leads to a change in electrical
resistance according to Equation (4). The change in per-
colation threshold is typically attributed to a change in
network morphology.** Caffrey et al. also came to this
conclusion.® Hwang et al. also showed for CNTs in
epoxy resin a positive influence of reduced thickness on
GF.”" Meng et al. applied a layer of graphene platelets on
an elastomer substrate and found out that for thinner
graphene layer thickness GF increased.”” Yu et al. printed
a polymer 3D network and embedded CNTs in the sur-
face. They also found that thickness reduction led to a
higher GF. They write, that in thinner samples there are

PROFESSIONALS  COMPOSITES

less CNTs contributing to the conductive paths. Upon
stretching, the change rate in CNT density is therefore
higher, leading to an increased GF.”* In this work, an
increase in GF was found for lower yarn counts, which
would be in accordance with the thickness analogy.
Hence, it can be concluded that a change in network
morphology and the decreased rate of particles that con-
tribute to the conductive paths might play a role in the
increased GF at a higher yarn count.

3.8.3 | Discussion on the influence of
particle size on GF

As can be seen in Figure 6, biochar D < 20 pm samples
do not exceed GF ., = 3. In comparison, the coarse bio-
char samples stand out strongly. GF.,; is also smaller at
low yarn counts, as discussed in Section 3.8.2., but it can-
not explain why the biochar samples obtain the highest
values for GF,y, compared to the others. It is unlikely
that this is due to an intrinsic property of the biochar
since the high values could not be obtained with biochar
D < 20 pm. However, biochar contains a portion of very
large particles D > 20 pm that were sieved out of the
smaller fraction. Both biochars have a much larger par-
ticle size than CB (see Figure 7, agglomeration size of
the pure powders can be found additionally in
Figure S1). Therefore, particle size could be a factor in
enhancing GF. Han et al. observed that GF in a nickel
particle-cement composite increases with increasing
particle size.®* They ascribe this effect to the tunneling
distance between the conductive particles, which is
illustrated in Figure 8. For the same filler fraction, elon-
gation in a network of larger particles (compare
Figure 8A,B) leads to further spacing of the individual

(A)
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FIGURE 8 Principle for particle size effect
on GF according to Ref. [61]. (A) Small particles:

db
o @ ®

Difference in particle distance for unstretched (B)
and stretched networks. (B) Bigger particles:

Difference in particle distance for unstretched
and stretched networks. The distance difference <:|

is larger for bigger particles.
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particles. This results in a larger conductivity difference
(Acy) as R(tunnel junction) ~ d® and therefore an
increased GF. Following this idea, the same effect
should be visible for a lower filler loading, too. How-
ever, as discussed in Section 3.8.1, with low filler load-
ing of carbon black close to the percolation threshold
this could not be observed.

4 | CONCLUSION

In our work, we applied aqueous carbon dispersions
directly onto flax, subsequently laminated it with epoxy
resin, and then measured the piezoresistive effect. In
doing so, a prerequisite for the piezoresistive effect to
occur are flax fiber bundles that are thick enough to pro-
vide enough surface area for the adhering particles to
form an electrically conductive network and reach the per-
colation threshold. Further increasing the thickness has a
diminishing effect on GF. The required conductivity can be
successfully achieved with biochar made from olive stones
on standard flax mats used for preparing composites. We
found that coarse biochar reaches superior GF compared to
carbon black and biochar D < 20 pm, which is probably
due to a larger particle size compared to the sieved biochar
D < 20 pm. The typical improvement of the GF due to the
dilution of conductive particles in an insulating matrix,
which is described in the literature, could not be observed.
One possible reason for this is the deposition of the carbon
particles directly onto the flax fibers and the resulting
unusual morphology.
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