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Bio-based photocurable polymers are increasingly demanded as environmentally friendly

materials for advanced applications. Together with functional fillers, represent a next step for
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the generation of functional and active smart materials, compatible with additive manufacturing
technologies. This work reports on, acrylated epoxidized soybean oil (AESO) mixed with
different amounts of reduced graphene oxide (rGO) up to 6 wt.% in order to obtain UV-curable
piezoresistive and thermoresistive materials. It is shown that the addition of rGO to AESO
hinders the curing process, but maintains always double bond conversions higher than 50 %.
Composites are characterized by a good dispersion of micrometric filler clusters. Further, the
thermal stabilities are close to 300°C and cross-linking degrees are above 1.75 mmol-cm™. The
Young modulus of the composites decreases with the addition of the rGO fillers, in particular
for the higher filler contents, and electrical conductivities up to 0.13 S-m™* are obtained for the
composites with the highest rGO content. UV-curable composites with piezoresistive and
thermoresistive responses suitable for applications are thus obtained, characterized by gauge
factors around 26 for deformations up to 2% and maximum thermoresistive sensitivity of S =

0.43, similar values to the values obtained for petroleum-based materials.
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1. Introduction

Research and technological development are increasingly focusing on smart and
multifunctional materials.[* The current demands of the Industry 4.0 concept are based on the
necessity to control any process at any time,!! in relation to the “Internet of Things”.[¥l In this
sense, the use of sensors and actuators plays an essential role in industry development, as well
as in areas such as health monitoring,® aerospace and automotive applications,® gas
detection,!"! agriculture and the food industry.(®!

An increasing number of daily used sensors and actuators are polymer-based smart materials.
Herein, polymer composites highlight due to the synergistic combination of their inorganic and
organic constituents. In this approach, the polymer matrix provides processability advantages
such as flexibility or ductility, while the nanofillers typically allow to tune or induce specific
physico-chemical properties, such as magnetism, optical properties or electrical
conductivity.[*® These polymer composites can be prepared by different methods, including
solvent casting or from the melting,™*!! but photopolymerization, defined as a polymerization
reaction that rapidly converts liquid formulations containing oligomers, monomers and
photoinitiator into a solid polymer by irradiation with light, emerges as one of the most suitable
alternatives. In fact, it presents a series of advantages, such as reduced emission of volatile
organic compounds, fast curing or improved accuracy of the printed patterns without the use of
solvents and high temperatures, which reduces the environmental impact of the polymer
processing.[*?

Typically, the thermoset polymers employed in the photopolymerization process are based on
multifunctional acrylates derived from crude oil, raising concerns regarding their environmental
impact.l*®! Thus, accordingly to the European Green Deal and Circular Economy policies,**!
renewable feedstock materials are increasingly explored nowadays, including for UV-curable
materials.[*%] In fact, the consumption of non-renewable energy and the carbon dioxide emission
can be reduced through the use of natural-based materials, being bio-based thermoplastics
widely available but bio-based thermosets still limited, representing thus an interesting and
urgent challenge for materials research.*6]

The use of renewable resources for the production of thermosets polymers are continuously
increasing. In this scope, vegetable oils, terpenes and carbohydrates such as soybean, linseed
and castor oils, limonene or starch are among the most used monomers for the manufacture of
plastics, elastomers or hydrogels.l*! In particular, oils and fats obtained from vegetables or
animals are the most important renewable feedstock employed in the synthesis of photocurable

bio-based materials, typically, after being functionalized using epoxidation or (meth)acrylation
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reactions.!*® Here, soybean oil stands out among the different bio-based polymers as it is one
of the vegetable oils, together with palm and rapeseed oils, that presents the largest global
production volumes and the most economical prices for large-scale use in commercial
products.™ It is also characterized by good mechanical properties, low curing time in the
presence of photoinitiator and high thermal stability,[*°! being thus used as a bio-based resin for
3D printing.[20-22

However, there are just few studies focusing on the photopolymerization of composite materials
based on natural sources, mainly due to light absorption and viscosity issues that hinder a proper
and efficient curing process.[®] As examples, urethane acrylate pre-polymer has been
synthesized with castor oil and mixed with modified zinc oxide nanoparticles to increase its
glass transition temperature.l?*! Acrylated epoxidized linseed oil has been also used together
with anatase titanium dioxide nanoparticles for the preparation of mechanically reinforced
coatings with antimicrobial behavior.[? Organic fillers have been also used as fillers such as
micro-scale bamboo fibers for the reinforcement of palm oil-based thermosets composites, 2!
synthetic nylon fibers within resorcinol epoxy acrylate oligomer!?! or microfibrillated cellulose
with epoxidized cardanol.?®l In addition, conventional photocurable polymeric matrices like
poly(ethylenglycol) diacrylate has been reinforced with fillers of natural origin like pollen.?’]
With respect to nanofillers for the processing of smart polymer composites, carbon-based
materials, namely carbon nanotubes, carbon black or graphene oxide, are particularly suitable
for developing multifunctional sensing materials, as they present thermal stability, low toxicity,
flexibility and high electrical and thermal conductivities.F®3 Polymer-based composites
containing carbonaceous materials have been widely used in applications such as temperature,
humidity, pressure or deformation sensors.*2! In particular, different functional systems and
devices have been prepared based on piezoresistive and thermoresistive materials obtained by
the combination of carbon-based fillers and different thermoplastic polymers,334 at the point
that the use of carbonaceous materials in combination with photocurable systems have been
extended to 3D printing™® or even 4D printing.[*® However, despite these recent advances and
up to our knowledge, there are not cases in which carbon-based fillers have been combined with
UV curable bio-based resins in order to obtain piezoresistive and/or thermoresistive materials
with improved sustainability, addressing therefore, both the functional and environmental needs
of current society.

In this scope, this work demonstrates the development of stimuli responsive materials obtained
via photopolymerization of a natural-based polymer composite. Acrylated epoxidized soybean

oil (AESO) was used as a matrix and reduced graphene oxide (rGO) as a functional filler. The
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developed material showed piezoresistive and thermoresistive responses, that were

characterized together with a physico-chemical properties, as a function of rGO content.

2. Results and Discussion

2.1. UV-Curing Process

The photopolymerization processability of the different formulations was evaluated by real-
time photorheology, measuring the evolution of both storage and loss moduli (G’ and G,
respectively) while samples were irradiated with UV-light at 405 nm. The G’ values as a
function of time (t) for all samples are reported in Figure 1a. The curing rate (AG’/At) measured
as the slope of the curve in the initial irradiation times, and the gel time (tger) or time required
to reach the crossover between both moduli are obtained and collected in Table 1.

The photorheology curves show that all samples can be cured by UV light, independently of
the rGO content, as identified by the plateau observed in all of them. However, the presence of
carbonaceous filler affects the photopolymerization reaction, leading to an increase of the gel
time and to a slower kinetics when the rGO content increases, as revealed by the decreased
slopes of the G’ curves. In particular, tge increases from 17.8 + 1.1to 79.8 £ 5.2 s by increasing
rGO content in the precursor formulation from 0 to 6 wt.%, while the curing rate is slowed
down from 75.5 + 7.5 t0 0.07 + 0.02 kPa.s™?, respectively.

The lower photoreactivity of the formulation with increasing rGO content is thus ascribed to
the UV-light shielding effect of graphene. A lower amount of reactive species is photogenerated
due to the light absorption by the rGO which competes with the light absorption by the
photoinitiator, resulting in a decrease of the acrylic double bond conversion and, therefore, to a
slowed photopolymerization rate.®”] A similar effect has been reported in literature for rGO
dispersed into UV-curable epoxy resins.®8l Furthermore, the increased G’ values of the
formulations containing rGO before the onset of photopolymerization indicate an increase in
the viscosity of the formulations, which is clearly observed during the preparation of the
samples.[*]

The photopolymerization process was also characterized by FTIR, measuring the acrylic double
bond (C=C) conversion upon samples irradiation under nitrogen atmosphere. The average
percentages of conversion were calculated monitoring the decrease of the corresponding peak
centered at 1630 cm™,1% and the obtained data for all formulations are reported in Table 1.
Figure 1b shows the FTIR spectra and the acrylic double bond conversion of the neat polymer

as a representative example.
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The FTIR spectra of AESO displays the characteristic peaks associated to the main functional
groups of the polymer. The stretching vibrations of -OH groups, C=0 and C-O-C group of ester
are shown at 3460, 1730 and 1160 cm™, respectively. Also, the bands at 2920, 2850 and 1450
cm™ can be identified and are due to the asymmetric stretching vibrations and deformations of
the C-H bond in the -CH.- and -CHzs- groups. In addition, the presence of the C=C band is
corroborated by the peak located at 1630 cm™.[39

The success of the acrylic double bond conversion was confirmed by the decrease of the peak
centered at 1630 cm™ upon irradiation.*®) The presence of rGO affected the conversion of
double bonds with a decrease of percentage of conversion by increasing rGO content in the
photocurable formulation (Table 1), in accordance with the photorheology data. When the rGO
content increases, a decrease in the conversion is clearly observed and it is significative higher
for the samples with the highest rGO content, i.e. 5 and 6 wt.%. For those samples, the apparent
viscosity appreciated during formulations preparation can represent an additional factor

hindering the photopolymerization process.”!
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Figure 1. a) Photorheologhy curves corresponding to the photopolymerization of AESO and
their composites with different rGO contents. b) FTIR spectra for AESO before (pre) and after
(post) irradiation with UV-light showing the double bond conversion.

Table 1. Photopolymerization main characteristics of AESO and AESO/rGO composites.

Sample tgel (S) AG'/At (kPas™)  FTIR conversion (%)
AESO 178+1.1 755+75 70+2
AESO + 1 wt.% rGO 18.1+1.3 29.8+3.2 68+ 3
AESO + 2 wt.% rGO 19.3+£1.5 7.0+0.5 69 +5
AESO + 3 wt.% rGO 19.8+25 6.3+£0.6 67 +3
AESO +4wt.% rGO  40.7+4.7 0.31+£0.08 63+4
AESO + 5 wt.% rGO 68.6 £ 4.9 0.15+0.03 51+5
AESO + 6 wt.% rGO 79.8+5.2 0.07 £0.02 45+7

2.2. Morphological Characteristics
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Filler dispersion and wettability between the rGO and the AESO were evaluated by SEM
images analysis of thin film samples with different filler contents. Figure 2 shows the SEM
images of pristine and rGO dopped samples at different magnifications.

The rGO dispersion within the polymer matrix can be identified as white platelets in the SEM
images,334142] the composite materials presenting quite different appearance compared with
AESO neat polymer, which is a completely flat material without any voids or loose interfaces.
When rGO is added, the appearance of white agglomerates of several micrometers is observed,
that increase in number when rGO content increases. Thus, there is no individual dispersion of
rGO within the polymer matrix, but a good distribution of small clusters, which is preferred to
achieve higher electrical conductivities, while maintaining suitable mechanical properties.[344]
Further, filler contents above 4 wt.% lead to the appearance of some voids within the polymer
matrix, that can have an impact in the mechanical properties, as it will be discussed later.
However, it is to stress that the obtained aggregates are homogeneously dispersed along the
samples, even in the case of higher filler contents (6 wt.% rGO) and that just a limited number
of small voids is observed, not compromising the electrical characteristics and the mechanical

integrity of the samples (section 2.4.).

Figure 2. Representative SEM images of AESO/rGO composites for filler contents ranging
from 0 to 6 wt.% at magnifications of 300x (a-f), 2000x (g) and 3000x(h).

2.3. Thermal and Viscoelastic Properties

Thermal properties of AESO/rGO composites were studied by thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) to define thermal decomposition behavior
and glass transition temperatures (Tg-psc), respectively.

As Figure 3a shows, the thermal degradation process of both AESO and AESO/rGO
composites mainly occurs in one step, as identified by a single mass-loss stage between 300
and 460 °C, corresponding to the degradation of AESO chains.[*®! In addition, all prepared

materials show the thermal decomposition temperature at the weight loss of 5% (T4-5%) above
7
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275°C (Figure 3a inset). Samples with higher rGO contents present significantly low Tg.s0
values, being approximately 310 °C for neat AESO and AESO/rGO composites up 4 wt.% filler
content, decreasing down to 295 and 290 °C for 5 and 6 wt.% rGO content samples, respectively.
This can be ascribed to the differences in the photopolymerization process, the higher rGO
content hinders the curing process achieving a less crosslinked materials with a slightly lower
thermal stability.["]

DSC analysis was used to evaluate the evolution of Tgpsc of AESO/rGO composites with
increasing filler content (Figure S1) and Table 2 indicates the obtained Tg.psc values. It is found
that the addition of rGO to AESO do not significantly alter the Tg.psc of the cured films, being
just observed a decrease for high rGO contents, associated to a flexibilization of the polymer
network due to the crosslinking degree reduction induced by the UV-shielding effect of rGO,
as previously discussed. However, this effect is low due to the small amount of the filler added
that is unable to strongly influence the mobility of the polymer chains,“® similarly results were
reported in literature when rGO is used as filler in photopolymerization of poly (ethylenglycol)
diacrylate (PEGDA).[4]

Thermal and viscoelastic properties of AESO and AESO/rGO composites were fully
characterized by dynamic mechanical thermal analysis (DMTA), in order to obtain the storage
(E’) and loss (E’”) modulus, and the corresponding glass transition temperature of DMTA (Tg-
pmTA) conventionally defined as the peak observed on the tan 6 curve (tan 6 = E”’/E’).

It is possible to observe that all curves present similar shapes and are of the same magnitude,
independently on the filler content. Attending to the Tg.omTA Values, a decrease is observed
when rGO content increases, denoted by a short shift on the maximum of tan 6 curves toward
lower temperature, from 26 °C of AESO neat polymer to 0 °C for the 4 wt.% AESO/rGO sample
(Table 2). This is in accordance with the DSC results. The Tq.omta Values are higher than Tg.
psc ones due to the different time response of the measurement (frequency effect).*8! Samples
containing 5 and 6 wt.% rGO are not possible to be measured by DMTA due to the instable
properties of the cured samples that induces an early break during characterization. Finally, the
tan & curves of AESO/rGO composites as a function of temperature are slightly broader (with
exception of 4 wt.% sample) than the one of the AESO pristine sample, suggesting a more
heterogenous network for composites materials.[*’]

Observing to the E’ values, all samples present a single E’ step decrease that change from
around 0.7-1 x 10° Pa to 2-3 x 107 Pa, corresponding to the transition between the glassy and
the rubbery state (glass transition).[*®] As it is described in the experimental part, the moduli in

the rubbery plateau can be related with the cross-linking density (vc) of the polymer networks
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and the vc values for the different samples are reported in Table 2. The addition of rGO to AESO
induces a decrease of vc from 3.04 mmol.cmin AESO to 1.75 mmol.cm™ for the 4 wt.% rGO
content sample. This result agrees with the results of the photopolymerization process which
indicate a decrease on the double bond conversion due to the shielding effect of the rGO, with
the corresponding decrease of crosslinking points in the polymer network and, therefore, the

decrease on cross-linking density.
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Figure 3. a) Thermal degradation analysis and b) tan 6 and E’ curves from dynamic mechanical
thermal analysis of AESO and AESO/rGO composites for 1 to 6 wt.% rGO content.

2.4. Mechanical and Electrical Properties

The mechanical characterization of the samples was carried out by strain-stress measurements
of thin films. In Figure 4 the stress-strain curves are reported for the different investigated
samples. The Young modulus (E) and strain at break (ep) values for the samples are summarized
in Table 2.

The AESO sample presents an E value around 93.9 MPa and the addition of low contents of
rGO does not influence this value significantly. The addition of 2 wt.% rGO content induces a
slight decrease of E down to 81.5 MPa what is more marked for samples with higher filler
content and, in particular, for the sample with 4 wt.% rGO content that presents an E value of
39.1 MPa. This is associated to the negative influence of the addition of rGO in the curing
process as evidenced in photorheology analyses (plateau values) and ATR-FTIR
experiments.[*’1 The addition of a highly light absorbing filler reduces the photogeneration of
reactive species and this competition between the photoinitiator and the filler leads to a less
effective curing process and, therefore, to a lower crosslinked material.>® In addition, the
deterioration of mechanical properties of the polymer containing carbonaceous material can be

also related to the presence of filler agglomerated, as evidenced in the SEM images, which act
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as defects, leading to heterogeneous stress distributions during the stress-strain
measurements.7]

At higher strains, the stress increases nearly linear with the strain up to the breaking of the film.
The maximum strain that films can stand before breaking, named as strain at break (&), varies
from 6.6% for the neat polymer to 4.7% for the sample containing 4 wt.% rGO. Samples with
5 and 6 wt.% filler content were unable to be measured due to the inhomogeneity of the samples
(filler agglomerations, voids or defects) and that causes an early break.

The effect of filler addition in the photopolymerization process is also related to the decrease
of the elongation of the AESO polymer chains due to particle-polymer interactions that restrict
the segmental motion of the polymer and, therefore, decrease the maximum elongation values
in the composite samples.

Regarding the electrical response of the prepared materials, Figure 4b presents electrical
conductivity of the samples as a function of rGO content obtained from the intensity-current (I-
V) characteristic curves shown in Figure S2 of the Supporting Information. The percolation
threshold determined for AESO/rGO samples is presented as inset in Fig. 4b.

Representative 1-V curves of all measured materials show a linear behavior between the
measured current and the applied voltage. The addition of rGO leads to an increase of the
electrical conductivity as represented by the increase in the slope of the I-V curves.

The electrical conductivity (o) of the samples is calculated from the slope of the I-V curve and
using the Ohm’s law. The electrical conductivity of AESO is 8.8 x 102 S m™ and the addition
of low contents of rGO up to 3 wt.% does not lead to a significantly variation of the electrical
conductivity, reaching 2.2 x 101 S m™ for the sample with 2 wt.% rGO content. For filler
content above 3 wt.% rGO, the electrical conductivity increases in several orders of magnitude,
as corresponding to a percolative system.*152 The o values for AESO/rGO samples increase
from 2.3 x 10'1° S m™ for the 3 wt.% sample to 0.13 S m™ for the sample with the highest rGO
content (6 wt.% samples). Thus, percolation threshold for the AESO/rGO samples is located
between 3 wt.% and 5 wt.%.

The calculation of the percolation threshold (Figure 4b, inset) provides the percolation
concentration at 4.1 wt.% rGO content, being in the order of the values obtained for related
polymer-based composites reported in literature.l*? Further, the universal exponent (t) that
depends on the connectivity of conductive material and indicates the dimensionality of the
conductive system, and that typically is between 1 and 1.3 for 2D networks and between 1.5
and 2 for 3D networks, shows in the present case the value of 8.5. This can be attributed to
the inhomogeneity of the rGO dispersion within the AESO matrix, which is consistent with the

10
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aggregates and voids observed in SEM images (Figure 2), indicating a not perfectly defined 2D
or 3D conductive path.l*®
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Figure 4. a) Mechanical behavior of AESO and AESO/rGO composites up to 4 wt.% rGO
content and b) electrical conductivity as a function of rGO content for composites up to 6 wt.%
rGO content, with the determination of theoretical percolation threshold for the composites
(inset).

2.5. Piezoresistive and Thermoresistive Properties

The piezoresistive properties of the AESO/rGO composites (Figure 5) were evaluated under
uniaxial stress mode and the piezoresistive sensitivity (Gauge Factor, GF) was evaluated for
samples containing the highest filler content (6 wt.% rGQO). The piezoresistive sensibility of
polymer composites is typically higher near the percolation threshold (4 wt.% in the present
case) but just for low deformations, as large deformations lead to a breakdown of the conductive
network of the samples. For large deformation applications, larger filler contents above the
percolation threshold are needed.[

The electro-mechanical response under loading and unloading cycles for 1% strain deformation
is represented in Figure 5a. It is shown that the electrical resistance variation follows the
mechanical strain applied to the composites, increasing the electrical resistance with increasing
applied strain and vice versa. The electrical behavior suffers some relaxation over cycling,
indicating that the conductive network does not completely recovers upon strain release, due to
irreversible rearrangements of the network.®® However, a good linear relationship between
electrical variations and deformation is observed, allowing the calculation of the GF.E75¢]

The obtained GF are in the range between 20 and 26 for the different applied strains and for the
different loading-unloading cycles, excepting for the 0.1% strain that shows a GF value of 6.6

+ 3.5. The increase of applied strain does not imply an increase of the GF as Figure 5¢ shows,
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being therefore compatible with a linear regime. The highest GF value is 25.7 £ 3.1 and was
obtained for a strain of 0.5%, being the GF values for the rest of the deformations within
experimental error. Similar behavior has been found in rGO/polymer composites with a GF
values in the same order of magnitude.54571

The piezoresistive response is determined by two contributions: the intrinsic piezoresistive
effect ('Z’;—;lp") and the geometrical effect (1 + 2v). Thus, piezoresistive composites with larger
0

GF values than their geometric contribution show relevant intrinsic conductivity variation when
stress is applied,[® i. e., variations of rGO network during sample deformation. In this case, as
the Poisson ratio of AESO is around 0.43,81 the maximum value of the GF that can be
associated to the geometrical contribution is GFgeometric = 2, which means that the piezoresistive
behavior of AESO/rGO composites is mostly attributed to an intrinsic piezoresistive effect.

The not fully recovery of the conductive network over repeated cycling and the successive
generation of a permanent modifications is reflected also in the slight decrease of the resistance
maximum and minimum values (Figure 5a).3%1 Nevertheless, under repeated stress-strain
cycling (over 500 cycles), a stabilization of the maximum and minimum resistance values is
observed (Figure 5d), indicating that aging is required to stabilize the piezoresistive response
of AESO/rGO composites in order to be applied as quantitative sensing materials. Moreover,
the variation of the electrical resistance involves a change in GF values for the initial cycles,
remaining constant and nearly around 9 after several cycles as can be observed in Figure 5c.
This behavior is typical for polymer-based materials,'***! including UV curable piezoresistive
ones,B’l and is related to “irreversible reconfigurations of the conductive network™ that occurs

during the piezoresistive cycling after several number of cycles.
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Figure 5. Piezoresistive response of the AESO/rGO composite with 6 wt.% rGO content: a)
piezoresistive behavior for 10 stress-strain loading-unloading cycles at 1% strain, b) linear
behavior between resistance changes (AR/Ro) and strain for the different applied deformations,
c) piezoresistive sensibility, Gauge Factor (GF), as a function of deformations and number of
cycles for 1% deformation, and d) electromechanical test for 500 cycles at 1% deformation.

The thermoresistive properties of the AESO/rGO composites (Figure 6) were evaluated in the
samples with the highest filler content, 6 wt.%, in the temperature range from 25 to 50 °C,
suitable for applications in areas such as microelectromechanical systems, medicine, agriculture,
food, chemical, and aerospace industries.

Figure 6a demonstrates that the thermoresistive response of the AESO/rGO composites is linear
and positive, increasing the electrical resistance with increasing temperature and decreasing
with decreasing temperature. The slopes observed for the four heating-cooling cycles show a
stable and linear behavior (Figure 6b) with a thermoresistive sensibility (S) —Equation 5,
experimental section— of 0.43 + 0.03 °C™. This value is in the range of the ones obtained for
carbonaceous/polymer composites prepared using carbon nanotubes or graphene in
combination with different polymers such as cellulose, polyethyleneoxide and

p0|y3U|fone.[33,59,6()]
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The mechanisms that determines the effective thermoresistive response are the intrinsic
thermoresistivity of the filler, the thermal expansion/contraction of the polymer, the tunneling
effect associated to this expansion/contraction, and filler-filler interactions.[5! Particularly,
studies carried out using graphene-based materials had reported quite diverse results including
both positive® and negativel® thermal resistivity sensibilities.

Overall, the prepared bio-based UV curable materials from acrylated epoxidized soybean oil
show piezoresistive and thermoresistive properties similar to the ones obtained for petroleum-
based materials and are compatible with a wide range of applications. Further, considering the
UV curing properties obtained, AESO/rGO composites show the ability to be 3D printed by
DLP or other UV curing-based 3D printing technologies.

a)

80 b)
300 ~ I 1 =
- ARR;

T
-~
o

Linear Fit

T
[02]
o

250 4

200 —_|

T
S
o

Resistance (kQ)
g
Temperature (°C)
AR/R, (%)

i3

150 - Slope = 0.45

r* =0.991

T
w
o
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_ _ 0 5 10 15 20 25
Time (min) 5T

Figure 6. a) Relative resistance variation of AESO/rGO composite with 6wt.% rGO content for
the temperature range from 25 to 50 °C. b) Linearity between the electrical resistance variation
and temperature variation.

Table 2. Main properties of the photocured AESO and AESO/rGO composite films.

Sample Tgosc (°C) Ta-s% (°C) Tg-omra (°C) E'r (MPa) v.(mmolcm?) E (MPa) &b (%) o (Sm?

939+ 8.84 x
AESO 3 312 26 26 3.04 6.6+1.4
0.2 1012
AESO +1 945+ 8.40 x
3 310 17 20 2.34 6.2+0.1
wt.% rGO 2.8 1012
AESO + 2 815+ 2.24 x
-2 307 8 16 1.87 7.2+0.9
wt.% rGO 3.7 101
AESO + 3 58.5+ 2.26 x
-3 307 4 17 1.99 57+0.2
wt.% rGO 1.1 10
AESO + 4 39.1+ 1.79 x
-4 306 0 15 1.75 4.7+1.3
wt.% rGO 0.2 10®
AESO +5 6.32 x
-8 295 - - - - -
wt.% rGO 103
AESO + 6
-9 290 - - - - - 0.13
wt.% rGO

3. Conclusions
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This work demonstrates the preparation of photocurable bio-based piezoresistive and
thermoresistive materials by the combination of AESO and rGO as filler for filler contents up
to 6 wt.%. It is observed that the addition of rGO to AESO hinders the curing process due to
the light absorption by the filler that competes with the photoinitiator. However, the double
bond conversions obtained are always above 50%. The addition of rGO induces a decrease on
the cross-linking degrees down to 1.75 mmol-cm™. In addition, the rGO dispersion within the
AESO polymer shows filler agglomerations and polymer voids that increases when rGO content
increases, but without a high influence on the thermal stability or in the Tgq. Mechanical
properties are negatively affected by the addition of high rGO contents as indicated by a
decrease of the E values. The electrical conductivity as a function of filler content shows a
percolation threshold about 4 wt.% rGO content. Piezoresistive and thermoresistive responses
have been evaluated for the 6 wt.% rGO content sample, the GF values being between 20 and
26 depending on the applied deformation, and stabilizing in values about 9 after repeated
cycling. Further, thermoresistive sensibility values as high as 0.43 are obtained. Thus, this study
demonstrates the important achievements and potentiality to obtain UV curable smart sensing

materials starting from vegetable oil as bio-renewable resources of the polymeric matrix.

4. Experimental Methods

Materials: Acrylated epoxidized soybean oil (AESO) that contains 4,000 ppm of monomethyl
ether hydroquinone as inhibitor was purchased from Sigma Aldrich and used as received.
Phenyl bis(2,4,6-trimethylbenzoyl) phosphine oxide, also named as Irgacure 819 or BAPO, was
purchased from BASF and used as photoinitiator. Ethanol (EtOH), from Merck, with 96% of
purity was used as diluent. Reduced graphene oxide (rGO) with 1 nm thickness per layer and a
flake size of 5 um was acquired from LayerOne, previously Abalonyx, and used as conductive
filler. This rGO is annealed at 1100 °C, presents a surface area of 300-350 m? g%, an apparent
density of 0.038-0.041 g cm™ and an electrical conductivity of the powder compacts of 7 S cm-
! Poly(ethylenglycol) diacrylate, PEGDA, with a molecular weight of 575 g mol? was
purchased from Sigma Aldrich and used as sacrificial materials during 3D printing process,
together with a 1 wt.% of Irgacure 819.

Sample preparation: AESO was initially mixed with ethanol (10 wt.%) in order to decrease its
high viscosity, and 1 wt.% of Irgacure 819 photoinitiator was added. A homogeneous solution
is obtained after magnetic stirring for 30 min at 50°C. Then, the corresponding amount of
carbonaceous filler was added to obtain samples with a rGO concentration range from 0 to 6

wt.%. To promote a good dispersion and disentanglement of rGO, the samples were
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homogenized using an IKA T10 basic ULTRA-TURRAX equipment at 10,000 rpm during 5
min at room temperature (RT). Then, samples were magnetically stirrer for another 1 hour at
50°C, followed by sonication during 2 hours in an ultrasound bath in order to degas the liquid
materials. After complete dissolution, films were prepared by coating each formulation on a
glass slide and curing them by illumination with a Dymax ECE 5000-UV lamp during 90 s at
130 mW cm of irradiance. The resulting composite films showed thicknesses between 80 and
200 pm.

Photorheology: Real-time photorheology was evaluated an Anton PAAR Modular Compact
Rheometer (Physica MCR 302, Graz, Austria). The tests were carried out in parallel-plate
configuration with quartz bottom plate and a 25 mm diameter upper disk with a distance
between them of 200 um. The measurements were performed at constant frequency of 1 Hz
and maintaining the sample at 25°C while UV light generated by a Hamamatsu LC8 lamp
irradiates the sample from the bottom part at 30 mW cm of irradiance. The light was switched
on after 60 s to let the system stabilize before the onset of the photopolymerization process. The
averaged results of each sample after three measurements are presented.

Attenuated total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR): ATR-
FTIR equipment was used for the monitoring of the photocuring reaction by the disappearance
of the acrylic double bond peak at 1630 cm™. For that, AESO/rGO samples were measured,
first liquid samples (pre-cured), and then, irradiated samples (post-cured), using Thermo
Scientific Nicolet iS50 FTIR Spectrometer equipped with a diamond crystal ATR accessory.
The post-cured samples are obtained after 90 s irradiation at room temperature and under
nitrogen atmosphere using a Dymax ECE 5000 UV lamp (130 mW cm of irradiance). For
each measurement, 32 spectra were obtained in the spectral range from 4000 to 600 cm™ with
a resolution of 4 cm™,

Scanning Electron Microscopy (SEM): rGO dispersion in the composite films was studied in
the cross-section images of the cold fractured samples using Hitachi S-4800 microscope at an
accelerating voltage of 5 kV with a magnification of 300, 1000 and 3000x. In all cases, samples
were coated with a 20 nm gold layer by sputtering with a Polaron SC502 apparatus.
Thermogravimetric analysis (TGA): Film composite samples was characterized using a TGA
equipment from Mettler Toledo model TGA/SDTA 851e. The measurements were carried out
from 25 to 700°C at a heating rate of 10 °C min! under nitrogen atmosphere (50 mL min™).
The onset degradation temperature (Tq-5%) Was obtained at the temperature of 5 % mass loss.
Differential scanning calorimeter (DSC): The DSC analysis was performed with a Mettler

Toledo DSC-1 equipment using a test method based on two heating scans and one cooling scan.
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The first heating scan was from -60 to 200°C and then the temperature was held at 200 °C for 5
min in order to stabilize the sample. After that, the chamber was cooled down to -60 °C and
stabilized for 5 min. Finally, a second scan from -60 to 200 °C was carried out. All heating and
cooling rates were at 20 °C min™ and experiments were carried out under nitrogen atmosphere
with a flow rate of 20 mL min™.

DLP — 3D printing: Rectangular samples with dimensions of 20 mm x 5 mm x 250 um were
prepared by 3D printing (Asiga MAX X27 DLP printer, XY pixel resolution of 27 um; diode
source emitting at 405 nm and building volume of 51.8 x 29.2 x 75 mm). In the printing process,
silicon oil in vat surface is used as well as a sacrificial PEGDA base (around 50 pum of thickness)
to avoid the adhesion and to easy-remove the printed samples. The layer thickness and the light
intensity were fixed at 50 pum and 40 mW cm. The exposure time was selected specifically for
each formulation attending to the photorheology results. Printed samples were washed in EtOH
bath under ultrasonication for 5 min and post-cured 3 min under UV-light of 12 mW cm of
irradiance provided by a Robot Factory medium-pressure mercury lamp.

Dynamic mechanical thermal analysis (DMTA): Rectangular 3D printed samples were used for
the thermo-mechanical characterizations. DMTA measurements were performed using a Tritec
2000 DMA equipment from Triton Technology Ltd setting a temperature ramp of 2°C min, at
a frequency of 1 Hz and with a total displacement of 20 um. The apparent cross-linking density
(vc) was calculated from the storage modulus values at the rubbery plateau (E’r), obtained from

graph at a temperature of 50°C above the glass transition temperature and applying Equation 1:

E’R

Ve = 3RT (1)

where v is the cross-linking density in number of moles of network chains per unit volume of

the network, R is the gas constant and T the absolute temperature (i. e., at Tq + 50 °C).
Stress-Strain measurements: The stress-strain mechanical characteristics of the composites
were evaluated in specimens with dimensions of about 30 mm x 10 mm of area (length x width)
and thickness between 120 and 160 um. Tensile tests were performed at laboratory conditions
(about 22°C) using a universal test machine Shimadzu model AG-1S (50 N load cell) at 1 mm
mint of strain rate. The Young modulus (E), obtained by calculating the slope of the linear
region, and the strain at break (ep) are provided as the average of three measurements for each
sample with a deviation of less than 5% in all cases.

Electrical conductivity: The electrical conductivity (o) of the composites was obtained with an
automated Keithley 487 picoammeter/voltage source by measuring the voltage/current (1-V)
curves applying voltages between -10 to +10 V with a step of 1 V. The volumetric electrical

conductivity was calculated from the linear slope of the 1-V curves. Previously, the composites
17
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were gold-coated using a magnetron sputtering (Polaron SC502) with round contacts of 5 mm
of diameter deposited in both sides of the samples. The electrical conductivity was determined
from the obtained resistance (R) and the geometrical characteristics of the samples, following

Equation 2:
1 l
g = R X " (2)

where A is the area of electrodes and | the thickness of the composites.

The percolation theory of electrical conductivity as a function of filler content allows the
determination of the percolation threshold for the composites according to Equation 3:

o =05(p — @) 3)

where oo Is the conductivity of the filler (rGO in this case), ¢ is the filler content (in volume
fraction), . is the filler concentration at the percolation threshold and t is a universal exponent
that indicates the dimensionality of the conductive system. 6364

Piezoresistivity: Piezoresistive tests were carried out by measuring, synchronously, the
mechanical strain applied to the composites (universal test machine Shimadzu model AG-1S
with a 50 N load cell) and the electrical resistance (Agilent 34401A multimeter). Test were
performed under uniaxial stress-strain mechanical solicitations, having the samples similar
geometry of those of the mechanical tests. Under uniaxial strain, the electrical resistance
variations were measured by placing two conductive contacts on the surface of the samples,
inside the deformation claws. To assure proper electrical connection, the contacts were painted
using silver ink (Agar Scientific AGG3790) over the width of the film samples (10-30 mm
distanced). The piezoresistive test were performed at deformations from 0.1 to 2 mm using
strain rates of 0. 1 and 0.5 mm min. More details on the experimental procedure can be found
in the following reference.3

The gauge factor (GF) was used to quantify the electro-mechanical sensitivity of the samples,

and it was calculated after Equation 4:

_ dR/Ry _ dp/po
GF = Al +1+4+2v 4)

where Ro is the electrical resistance value of the composite without deformation, dR is the
resistance variation when the material suffers a deformation dl.

Thermoresistivity: The thermoresistive effect of the composites was measured using a digital
multimeter Agilent 34401A synchronized with a Linkam THMSEG00 temperature oven. The
measurements were performed in the AESO/rGO 6 wt.% filler content samples. Conductive
silver ink (Agar Scientific AGG3790) was used as conductive electrode and contact to the

multimeter was performed with copper wire. The heating-cooling profile was divided into 4
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different cycles between 25 and 50 °C. The thermoresistive sensitivity (S) was determined
according to Equation 5:

__AR/Rg

S x 100 (5)

where AR and Ro are the electrical resistance variation and the initial resistance, respectively,

and AT is the temperature variation (in °C).
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This work reports on photocurable bio-based composite materials obtained by the combination
of acrylated epoxidized soybean oil and reduced graphene oxide. The addition of the fillers
leads a large increase on the electrical conductivity at the percolation threshold, as well as to
piezoresistive and thermoresistive responses compatible with the application of the

photocurable bio-based materials as sensing materials.
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Figure S2. Current vs voltage (I-V) measurements of the AESO neat polymer and
AESO/rGO composites from 1 to 3 wt.% rGO content (a) and from 4 to 6 wt.% rGO content

(b).
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