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posites has been studied. The use of HFB is an efficient method for reducing the
wear rate resistance and the friction coefficient (COF) of the epoxy resin.
Excellent results are obtained for the composite containing 2.5 wt% of HFB, for
which COF and wear rate decrease by 21% and 80%, respectively, as compared
with those of the unfilled epoxy resin. The overall results prove how a common
waste carbon source can significantly wide epoxy resin applications by a proper
modulation of its electrical and wear properties.
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GRAPHICAL ABSTRACT
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Introduction

In industry, epoxy resins are one of the most common
and widely used thermosets. This is because of their
high stiffness, high tensile strength and excellent
chemical resistance [1]. Epoxy resins find different
interesting uses: they are employed in the aerospace
sector as laminates due to their very high strength-to-
weight ratio when compared with steel and alu-
minum alloys [2]; in the automotive sector, they act as
adhesives replacing welding and as structural com-
ponents [3]. In the electronic industry, circuit boards,
diodes, capacitors and transistors are manufactured
with epoxy resins [4]. However, they exhibit low
electrical conductivity [5] and inadequate tribological
properties [6]. In order to overcome these issues,
different fillers have been dispersed into epoxy sys-
tems. Among them, bioderived fillers have risen
attention due to the diffusion of environment
preservation policies that have boosted the cultiva-
tion of crops able to act as platforms for multiple
products manufacture [7]. Hemp crops are one of the
most outstanding case in the field [8] and are able to
provide valuable sources for plenty of applications
ranging from textile to other relevant industrial sec-
tors [9]. Among all hemp-derived products, hemp
fibers are the most inexpensive, readily available and
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most employed for the production of reinforced
materials in cementitious and polymer matrices [10].
As reported by Scarponi et al. [11], epoxy-hemp fiber
composites reach comparable performances with
E-glass fiber-based materials, but with a considerably
reduced environmental footprint. However, hemp
fiber-reinforced composites show very high water
absorption [12] that significantly reduces the dura-
bility of the material [13]. Also, it is reported that
epoxy—carbon fibers composites have superior
mechanical performance with respect to epoxy-hemp
counterparts [14] and that carbon fibers show a
remarkable electrical and thermal conductivity [15]
while hemp fiber-containing composites are natural
insulators [16-18]. For all these reasons, in this work,
short damage hemp fibers not suitable for other
applications have been converted into carbonaceous
ones through pyrolysis [19]. The so-obtained biochar,
with the original fiber shape retained, has been used
for the first time as filler in an epoxy resin. It is well
known that the impact of carbonaceous materials
produced from pyrolysis (known as biochars) in
different applications has been growing in recent
years[20, 21]. Furthermore, despite biochar high
production temperatures [22] and high filler loading
[23] necessary for affecting the bulk properties of the
matrix (usually beyond 20 wt%) [24]), it has been



proved to be a valuable choice for the production of
conductive epoxy composites [25] with performances
comparable to those achieved by the incorporation of
carbon nanotubes [26]. The clear advantage of the
biochar as compared to the petroleum-based carbon
filler for composites fabrication is its waste utilization
and re-use resources which aids the circular econ-
omy, sustainability and reduction of environmental
footprint [27]. Interestingly, hemp fiber biochar (HFB)
could represent a good solution to produce conduc-
tive composites with low percolation threshold due
to its high aspect ratio. It is also expected that HFB
can improve the tribological performance of epoxy
resin as found for some other carbonaceous filler [6].
Katiyar et al. [6], for example, have found that gra-
phene and graphite inclusion at 5 wt% in the epoxy
matrix decreases its friction coefficient, though with
high wear track width. Cui et al. [28] have found that
acid-MWCNT and amino-MWCNT, prepared by
carboxylation and amidation method, are able to
improve the tribological behavior of epoxy networks.

In this light, we have thoroughly studied the
dynamic-mechanical, tribological and electrical (DC
and AC) properties of epoxy-HFB composites con-
taining different amounts of fibers (ranging from 2.5
to 10 wt%). Hardness measurements, thermal and
thermogravimetric analyses complete the characteri-
zation, providing a comprehensive overview of the
influence of HFB on the epoxy resin.

Materials and methods
Materials

Waste short hemp fibers (length below 10 cm) were
kindly supplied by Assocanapa s.rl. They were
obtained by field-retted hemp stalks using a proto-
type machine patented by Assocanapa and CNR [29],
able to separate shives from fibers. Short damage
fibers not suitable for other applications were col-
lected and used without further treatment. Hemp
fibers were pyrolyzed in a tubular furnace (Carbolite
TZF 12/65/550) in nitrogen atmosphere, with a
heating rate of 15 °C/min, reaching a final tempera-
ture of 1000 °C. The system was kept at 1000 °C for
30 min and cooled down at room temperature in
nitrogen atmosphere.

Diglycidyl ether of bisphenol-A epoxy resin (av-
erage M,: ~ 377; density: 1.16 g/mL at 25 °C) and

diethylene triamine (curing agent) were purchased
from Sigma-Aldrich (Milano, Italy). The resin and
hardener were thoroughly mixed in a ratio of 2 parts
to 3 parts, respectively. The fibers were dispersed into
the epoxy monomer using a tip ultrasonicator appa-
ratus (Sonics Vibra-cell) for 15 min, operating at
room temperature. Finally, the mixture was poured
in a silicon mold of different shapes according to the
subsequent analytical technique. The unfilled epoxy
polymer was coded as EP. The weight fractions of
EP/HFB were 97.5/2.5, 95/5, 92.5/7.5, 90/10. The
composites were left to cure for 6 h at room tem-
perature before being removed from the mold. Post-
curing was continued for two hours in a ventilated
oven at 80 °C.

Methods

The morphology of HFB was investigated using field
emission scanning electrical microscopy (FESEM,
Zeis SupraTM 40, Oberkochen, Germany), whereas
the distribution of HFB in the epoxy matrix was
evaluated through optical microscopy (Carl Zeiss
Axiolab Al m, Oberkochen, Germany).

The electric transport measurements on biochar
derived from hemp fibers were performed in the
four-wire configuration by electrically contacting the
biochar samples with thin gold wires and conducting
silver paste. A constant current, I = 100 mA, was
applied between the outer current contacts with a
B2912 source-measure unit, and the longitudinal
voltage drop that occurred across the inner voltage
contacts, V,,, was measured with a 34,420 nanovolt-
meter (Keysight Technologies, Santa Rosa, CA, USA).
Thermoelectric voltages were removed by inverting
the sourced current within each resistance measure-
ment. The temperature dependence of the electric
resistance, R = Vy/I, was measured by loading the
samples in the high-vacuum chamber of an ST-403
pulse-tube cryocooler (Cryomech, Syracuse, NY,
USA), cooling the system to the base temperature of
2.7 K, and then allowing the samples to quasi-stati-
cally heat up to 300 K due to the residual thermal
coupling to the outside environment. Then, the sheet
resistance was calculated as R, = R-w/I, where w and
[ are the length and width of the sample between the
voltage contacts, respectively, and the sheet conduc-
tance as Gy = 1/R..

Neat and pyrolyzed hemp fibers were analyzed
through FTIR (Nicolet 5700, Thermoscientific,
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Waltham, USA) in attenuated total reflectance (ATR)
mode (Smartorbit, Thermoscientific) in the range
from 500 to 4000 cm ™' with a resolution of 2 cm ™.

HFB was analyzed by Raman spectroscopy in the
range from 500 to 3500 cm™': To this aim, a Ren-
ishaw® Ramanscope InVia (H43662 model,
Gloucestershire, UK) equipped with a green laser
light source at 514 nm was employed.

Weight loss measurements were performed using a
Pyrisl TGA apparatus (Perkin Elmer, USA). The
temperature was reproducible to 1 °C and the mass
to 0.5%. A specimen size of approximately 15 mg cut
into small pieces, facilitating heat transfer and the
escape of the volatile products, was used [30]. The
samples were heated from 50 to 700 °C at 10 °C/min
under both N, gas and air flow (40 mL/min).

The thermal behavior of the composite was asses-
sed by using a Mettler DSC-822 apparatus. DSC
analyses were carried out by heating about 8 mg of
sample from 25 °C to 160 °C at a rate of 10 °C/min;
the glass transition temperature (T,) was taken by
applying the first derivative method. Calibration was
performed using indium as standard (T, = 156.4 °C;
AH,, = 28.15]/g).

DMTA tests (DMA Q800—TA Instruments) were
carried out to study the thermomechanical properties
of the epoxy composites under dynamic loading
conditions and to determine the glass transition
temperatures. The dual cantilever mode was used
with fixed oscillation amplitude in strain-controlled
mode (0.05%) and at 1 Hz. The temperature range
varied from room temperature to 185 °C, applying a
heating step of 3 °C/min. All the DMTA specimens
were rectangular bars (size: 3 mm-6 mm-35 mm).

Shore D hardness was determined according to
ASTM D2240 standard. Ten measurements were
performed for each sample by using a Classic
Durometer (model Sauter), and Spearman coefficient
was calculated for evaluating the data correlation
[31].

The surface roughness was measured with a Form
Talysurf 120 contact profilometer. The R, parameter,
i.e., the arithmetic mean deviation of the surface
profile, was obtained with a diamond conical stylus
of 2 pm. The measurements were repeated ten times
acquiring profile in different parts of the samples.
Duncan’s multiple range test was used for the sta-
tistical analysis (p < 0.05).

A CSEM High-Temperature Tribometer in ball-on-
disk configuration was used for friction and wear
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measurements. A steel ball (100Cr6) of 6 mm in
diameter (R, ~ 0.05 mm) was used as the counter-
body material. The sample, fixed on a support able to
rotate, was 4 mm thick and with a square surface of 4
cm®. For simulating severe conditions, tests were
performed under 7 N load, 5 mm radius, and for a
duration of 30.000 cycles without any lubricant. The
average value of the friction coefficient at the steady
state is the mean friction coefficient (COF), whose
standard deviation was considered as a friction sta-
bility parameter [32].

Worn surfaces, at the end of the measurements,
were gold-metalized with a layer of about 5 nm and
observed by SEM (ZEISS EVO 50 XVP with LaBg
source, equipped with detectors for secondary and
backscattered electrons collection and EDS probe for
elemental analyses). The wear depth and volume loss
were measured by the contact profilometer described
for roughness measurements. From the obtained 3D
profiles, 2D profiles were extracted from different
locations and the wear volume was calculated by
integrating the surface area of the tracks over cir-
cumference length. The specific wear rate (k) was
obtained by normalizing wear volume V (mm?®) to the
applied load L (N) and to total sliding distance S (m)
as shown in Eq. 1:

Vv
k= 57 (1)

The electrical resistance of composites was mea-
sured under increasing loads (up to 1500 bar) applied
by an hydraulic press (Specac Atlas Manual
Hydraulic Press 15 T, Orpington, UK) according to
Giorcelli et al. [24]. Electrically insulating sheets were
placed between the conductive cylinders and the load
surfaces in order to ensure that the electrical signal
went through the sample. The resistance of the car-
bon fillers was measured using an Agilent 34401A
multimeter (Keysight Technologies, Santa Rosa, CA,
USA).

The complex permittivity of the samples was
measured in the GHz range by means of a cylindrical
coaxial cell (EpsiMu toolkit [33]), containing the
sample as a dielectric spacer between inner and outer
conductors, whose diameters are 0.3 cm and 0.7 cm,
respectively, according to the methodology reported
by Torsello et al. [25]. Two conical parts link the cell
to standard connectors, allowing to keep the charac-
teristic impedance to 50 Q, thus avoiding mismatch
and energy loss. The cell is connected to a Rohde



Schwarz ZVK Vector Network Analyzer, suitably
calibrated, and measurements are analyzed with a
two-port transmission line technique. The electro-
magnetic properties of the sample are determined by
de-embedding, using Nicolson—Ross-Weir transmis-
sion/reflection algorithm [34].

Results
Characterization of HFB

The typical morphology of pyrolyzed hemp fibers is
shown in Fig. 1.

HFB is characterized by the presence of millimetric
fibers (Fig. 1 a) with an average size of up round
50 pm. The single fiber retains the original structure
as also reported by Kabir et al. [35]. As shown in
Fig. 1 b, HFB displays an external part that was
originally composed by a mix of cellulose, lignin and
hemicellulose wrapped around to a more compact
inner section originally consisting of cellulose. Dur-
ing the pyrolytic treatment, the temperature gradient
and the differential release of volatile organic matter
from the core of the fiber induce a partial detachment
of the external part of the fiber and the appearance of
some cracks on the inner part. No channels in the
single fibers are observable, probably as a conse-
quence of their collapse during the thermal degra-
dation [36].

Besides, the pyrolytic conversion of hemp fibers
induces a chemical modification of the structure of
pristine fibers as easily shown in the FTIR and Raman
spectra (Fig. 2).

As shown in Fig. 2 a, the typical FTIR spectrum of
neat hemp fibers displays a very intense and broad
vou band, due to the massive presence of cellulose as

Figure 1 FESEM
micrographs of a bundle of
pyrolyzed hemp fibers (a) and
of a single fiber (b).

confirmed also by the dco at around 1029 cm ™.

Besides, an intense ve_c at 1656 cm ™! ascribed to the
presence of lignin aromatic moieties is visible. Con-
versely, the FTIR spectrum of HFB displays only two
appreciable weak bands attributable to vc_c at
1647 cm™ ! and vc.o at 1392 cm ™. The disappearance
of functionalities in HFB is a consequence of pyrolytic
degradation that promotes the formation of sp” car-
bon structures [37] as clearly shown by the Raman
spectrum of Fig. 2 b. The Raman spectrum of HFB
displays very intense and not well resolved D and G
peak with an appreciable amount of intercompo-
nents, suggesting the presence of a materials that was
graphitic but highly disordered [38]. This finding is
supported by the high value of Ip/Ig ratio (equal to
1.24) and by a 2D region not well resolved.

The HFB electrical properties that are found to be
dependent the degree of carbonization [39] are eval-
uated according with the methodology reported by
Noori et al. [40]; the obtained data are shown in
Fig. 3.

As shown in Fig. 3a, the HFB conductivity increa-
ses as a function of temperature T, but not expo-
nentially. Two different power-law scalings (o TF)
are observed at low T (T'S20K, f = 0.16) and high T
(T2 100K, f = 0.22), with a crossover at intermediate
T. Similar behaviors have been reported in biochar
derived by pyrolysis of tea leaves [40] and in super-
hard carbon nanocomposites[40]. According to the
theory of the insulator-to-metal transition (IMT)
[41-43], power-law dependences of the conductivity
with temperature are typical of the quantum critical
regime of the IMT, with f <1/3 and > 1/3 being
associated with its metallic and insulating sides. The
values of § observed in HFB therefore place it firmly
in the metallic side of the IMT, albeit closer to the
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Figure 2 (a) FTIR spectra (ATR mode) of pristine (green) and pyrolyzed (black) hemp fibers and (b) Raman spectra HFB in the range
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Figure 3 DC electrical conductivity (a) and reduced activation energy (b) measured as a function of temperature in single carbonized

hemp fibers.

transition with respect to tea-derived biochar
(f=0.07) [40]. This quantum critical behavior is

further confirmed through Zabrodskii analysis [44] of

the reduced activation energy W = 322 As shown in

Fig. 3b, W is constant at low T and it mildly increases
at higher T, whereas W would decrease with
increasing T in hopping-type transport—as so far
observed in biochars derived from the pyrolysis of
cotton fibers only [23]. In agreement with Pukha et al.
[45], we therefore exclude charge-carrier hopping as a
significant source of conductivity in HFB and ascribe
its dominant DC electric transport mechanism to
direct tunneling between graphite nanocrystals
across sp° boundaries.
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Characterization of epoxy/hemp fiber
biochar composites

Optical microscopy was used for investigating the
distribution of HFB in the epoxy matrix; the typical
images are shown in Fig. 4.

As shown in Fig. 4 a, pyrolyzed fibers (white cir-
cled) preserve their sub-millimetric length and are
well embedded into the polymeric matrix. The single
fiber (Fig. 4 c) does not show any appreciable modi-
fication in size compared with what observed before
its dispersion within the epoxy resin. At higher HFB
loadings, the probability to find fibre bundles
increases, as shown in Fig. 4b for EP/HFB 90/10.



Figure 4 Optical microscopy captures of epoxy composites filled
with 1 wt% (a) and 10 wt% (b) of HFB; a snapshot on a single
embedded carbonized hemp fiber (c).

Thermal behavior in both nitrogen and air atmo-
sphere is reported in Fig. 5; T1o, Tmax and the residue
at 800 °C are summarized in Table 1. A one-stage

degradation process and a two-stage degradation
process are observed for all the tested samples in N,
and air atmosphere, respectively.

In nitrogen, the addition of HFB in the epoxy
matrix induces a remarkable decrease in the T, at
high HFB loadings: this phenomenon is probably due
to the radical degradation of epoxy matrix promoted
by the surface of HFB. In fact, the hydroxyl, carbonyl
and carboxylic groups on the filler surface may
induce the break of the nitrogen-carbon bond at high
temperature [46]. However, this decrease is not cor-
related with the HFB loading. T;p remains almost
constant.

In air, T1p and Tpax are slightly higher with respect
to the unfilled polymer network. Again, these varia-
tions are not directly related to the HFB loading.
However, Tmaxz seems more clearly affected by
presence of the filler and decreases by increasing the
HFB amount.

The DSC thermograms of the unfilled epoxy net-
work and its composites are shown in Fig. 6.
Exothermic peaks above Ty are not visible in the
curves, implying that the adopted experimental
conditions are sufficient to promote the creation of a
fully cured network. EP has a Tg of 116 °C, which
lowers to 96 °C by adding 2.5 wt% of HFB. The well-
distributed fibers in this composite were able to
penetrate the epoxy resin inter-chain gap, limiting the
production of crosslinks and therefore lowering the
Tg. As the amount of HFB in the system grows, more
fiber bundles develop as observed by optical micro-
scopy. As a result, the chances of these agglomerates
penetrating the resin inter-chain spacing are reduced,
minimizing the crosslinking restriction effect. Thus,
by increasing the HFB content (i.e., at 5 and 7.5 wt%),
the T, rises and approaches that of unfilled polymer
at 10 wt% of HFB loading.

To get useful insights into the viscoelastic behavior
of the epoxy composite materials, dynamic mechan-
ical analyses were carried out from room temperature
to 160 °C.

Figure 7a shows the effect of temperature and filler
loading on storage modulus values. In the glassy
state, in comparison with unfilled epoxy resin, the
composites show an increase in storage modulus
values, suggesting a reinforcing effect exerted by
HFB. At higher filler loadings, the composite storage
modulus improves even more. In particular, the
storage modulus for neat epoxy at 40 °C is about
1400 MPa, whereas for 10% of filler loading, the
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Figure 5 TGA analysis of epoxy/HFB composites run in a nitrogen and b in air.

Table 1 Thermogravimetric data of the epoxy system and its composites with HFB, in nitrogen and in air atmosphere

N2 Air

Ti0 (°C)  Tuax (°C)  Residue (%) @800 °C Tio (°C)  Tuaet (°C)  Taax (°C)  Residue (%) @800 °C

EP 341 367 5.8 337 343 551 -
EP/HFB 97.5/2.5 341 359 8.9 340 348 539 -
EP/HFB 95/5 342 360 10.3 341 347 537 -
EP/HFB 92.5/7.5 341 360 12.2 340 349 531 -
EP/HFB 90/10 339 360 12.5 340 349 524 -

o transfer and in increased modulus. In the rubbery
s 117 state (e.g., at 140 °C), the composites show slightly
EP/HFB 90/10 higher storage modulus values than the unfilled
105 epoxy resin. This finding can be ascribed to the
) EP/HFB 92.5/7.5 hich : : :
RS igher viscosity of the epoxy matrix as a result of the
= 101 inclusion of HFB slowing down the deformation rate.
B EP/HFB 95/5 . . . .
2 The increase in storage modulus value with the rise
= 94 in filler loading has also been found for other epoxy
o . . . 3 .
am EP/HFB 97.5/2.5 composites reinforced with wood fibers and more in
116 general in other fiber-loaded composites. [47-49]
EP Figure 7b displays the loss tangent (tand) as a
function of the temperature for all the systems
60 80 100 120 140 160 investigated. The glass transition in the dynamic
Temperature (°C) mechanical test is measured as the maximum of the
tand peak, which is associated with the movement of
Figure 6 DSC traces of epoxy-hemp fiber biochar composites. small groups and macromolecular segments within

the initially frozen structure of the epoxy resin.

storage modulus value is around 2310 MPa. The  Therefore, the higher the tand peak value, the greater

creation of a filler matrix network, which acts as an
energy barrier for chain mobility, results in easy load
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Figure 7 a Storage modulus and b tand of EP and EP-HFB composites.

is the molecular mobility [48] and hence the higher
are the damping characteristics.

The Ty value for pure epoxy samples is 142 °C,
whereas it ranges from 130 to 140 °C for the com-
posites, hence further supporting the behavior
already described for DSC analyses; however, the Ty
values determined with dynamic-mechanical analy-
ses are higher with respect to the corresponding DSC
values: This difference is ascribed to frequency effect
as clearly reported in the literature [50].

Furthermore, at the glass transition temperature,
pristine epoxy sample shows the highest damping
factor value. Due to the constrained molecular
movement in the polymer chain in the presence of
pyrolyzed hemp fibers, this value decreases as the
filler loading increases, minimizing energy

1.0 1
0.9+
0.8 1

0:7 mﬁiimgﬂl.nm a3 ““‘.‘!-

. .,'44

[ Lt
0.6
8
0.5 ﬂl
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02 J —— EP/HFB 97.5/2.5
’ —— EP/HFB 95/5
0.1 —— EP/HFB 90/10

T 1
0 100 200 300 400 500 600 700 800 900 1000

sliding distance [m]

Figure 8 Coefficient of friction (COF) as a function of sliding
distance for the epoxy resin and its composites.

dissipation. Another further possible explanation
refers to the decrease in volume of the epoxy matrix
able to dissipate the vibration energy [47].

Figure 8 depicts the COF as a function of the slid-
ing distance for epoxy resin and some composites
representative of low, medium and high biochar
loadings. The roughness, steady COF, wear depth
and wear rate, together with the hardness (shore D)
of the systems, are summarized in Table 2. The
peculiar fluctuation of the friction coefficient of the
polymer composites indicates the occurrence of a
stick-slip phenomenon due to the plowing motion of
the harder steel ball on the softer substrate [51].

Table 2 highlights a reduction of the composite
COF with respect to the unfilled resin. More in detail,
the composites display a COF 20% lower with respect
to that of unfilled epoxy resin. The amount of HFB
does not significantly influence the COF values. The
decrease in friction observed for the epoxy compos-
ites is also accompanied by a significant reduction of
the wear rate (Table 2) with respect to the unfilled
resin. This finding can be due to the increased
hardness (Table 2) and rigidity of the composites that
increase the resistance of composite material to wear.
The collected data show a Spearman coefficient of up
to 0.7 proving a light positive correlation between
HEFB loafing and shore D hardness [52].

SEM micrographs of worn surfaces (of both epoxy
systems and 100Cr6 counterbodies, Fig. 9) confirm
the observations previously discussed. However,
they also give important information for the com-
prehension of the wear mechanism involved in the
pair epoxy resin steel. Unfilled epoxy (Fig. 9A) shows

@ Springer



Table 2 Roughness,
coefficients of friction, wear
depth and steady-state wear
rates for epoxy resin its
composites

Figure 9 SEM micrographs
of a epoxy resin and b EP/
HFB 90/10 composite worn
surfaces. SEM micrograph
obtained by using
backscattered electron of steel
ball against ¢ unfilled epoxy
resin and d EP/HFB 90/10
composites. EDX results of
steel ball against e unfilled
epoxy resin and f EP/HFB
90/10 composites..

R, (um)* COF Depth (um) Wear rate (x 10~° mm*/N-m) Shore D**
EP 0.78 £ 0.11* 082 30.6 +£35 7.52 88.4 £ 0.6*
EP/HFB 97.5/2.5 0.79 £ 0.10* 0.65 99+ 14 154 90.5 + 0.4°
EP/HFB 95/5 0.71 £ 0.13* 0.67 119+16 175 91.8 + 0.6°
EP/HFB 90/10 0.78 £ 0.15* 0.67 193 +19 3.88 91.7 +£ 0.6°

*Values are given as mean =+ standard deviation. Different letters in the same column for R, (um)
indicate significantly differences (p < 0.05) when analyzed by Duncan’s multiple range test

**Values are given as mean =+ uncertainty. Different letters in the same column for shore D indicate

significantly differences (p < 0.05) when analyzed by Duncan’s multiple range test

(6]
(e) ®
Fe
Fe
—— Spectrum1
|~ Cr —— Spectrum1
C —— Spectrum2 C Spectrum2
Fe
L O
Fe
o N\ Fe LA Cr Cr “ Fe
. . T T T T
0 4 6 8 0 2 4 KeV 8 10

severe wear losses, whereas the worn surface of EP/
HFB 90/10 composite (reported as example for the
composites in Fig. 9B) is much smoother and the
signs of adhesion, deformation and exfoliation of

@ Springer

epoxy are significantly reduced. Considering steel
ball against unfilled epoxy resin (Fig. 9C), a transfer
film appears on the steel surface. Based on the EDX
results, outside this film (Fig. 9E—blue spectrum),



the elements are mainly Fe and Cr (only small
amounts of C and O are detectable) representative of
the ball element. Conversely, main elements of
adhesive transfer film (Fig. 9E—red spectrum)
include C, O and Fe, indicating both the formation of
iron oxides and the presence of polymer debris. As
far as the steel ball against epoxy composite (Fig. 9D)
is concerned, the worn surface is not covered with the
adhesion layer found before. The EDX spectra
(Fig. 9F) confirm this result. In fact, by observing the
worn steel surface (Fig. 9F—red spectrum), the rela-
tive intensity of the O signal with respect to C peak is
more compatible with the absence of oxidated species
and the presence of polymer composite debris.

The oxidation of steel assisted by a polymer matrix
we have found in this work is not completely new in
literature [53] and is called chemo-mechanical auto-
catalytic mechanism of destruction of steel. The
macromolecules of the polymer surface crack under
the action of severe shear stresses and produce active
free radicals and a series of mechano-chemical reac-
tions occur between the two surfaces, resulting in the
formation of chemical reaction film on the steel sur-
face. This film is mainly composed by Fe-polymer
compound and iron oxides as detected by EDX.
Conversely, as far as the composites are concerned,
the presence of HFB hinders/reduces the chemical
reactions between steel and polymer and the wear
mechanism proceeds with the formation of transfer
films prevalently made of polymer composite debris
as confirmed by EDX.

Thus, the different composition of the adhesion
films between the pair epoxy—steel is responsible for
higher COF values found in the case of the unfilled
epoxy resin with respect to the composites. In the
latter, the presence of HFB plays a crucial role in
reducing the amount of oxidated species in the tri-
bofilm. Several reasons that may justify this finding
can be mentioned: first, HFB, by increasing the
rigidity and hardness of the composites, could reduce
the amount of polymer debris. This, in turn, reduces
the amount of material that can react with the steel.
Besides, based on the structural properties (see
Raman discussion), it could be hypothesized a higher
thermal conductivity for HFB with respect to epoxy
resin. Thus, HFB could dissipate better the friction
heat by reducing the temperature at the polymer-
steel interface and hindering the chemical reactions.

From a general point of view, the combination of
epoxy resin with HFB is an efficient method to
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Figure 10 Conductivity of HFB-containing epoxy composites in
the pressure range from 1 and 750 bar.

improve the wear resistance of epoxy resin. Com-
pared with unfilled epoxy, the composites show a
lower friction coefficient and wear rate. In addition,
the chemo-mechanical autocatalytic mechanism of
destruction of steel seems reduced by the presence of
HFB.

The electrical conductivity was first investigated by
applying a pressure ranging from 1 up to 750 bar
(Fig. 10).

The composites containing HFB loadings below
5 wt% do not show any appreciable conductivity as
the unfilled epoxy matrix. All the other composites
show a negligible conductivity at 1 bar ranging from
0.02 mS/m (EP/BC 95/5) up to 0.6 mS/m (EP/BC
90/10). According to the filler loadings, EP/BC 90/10
sample shows the highest conductivity, reaching 6
mS/m at 750 bar.

The observed conductivity values are comparable
with those reported for loading exceeding 15 wt% of
coffee-derived biochar dispersed into an epoxy
matrix [24], but considerably lower compared to
cotton-derived biochar fibers produced at 1000 °C
and dispersed into poly(vinyl alcohol) [23]. The
improvement upon coffee-derived biochar is reason-
ably due to the aspect ratio of the HFB that allowed to
reach percolation threshold in a more effective way.
Conversely, the lower performance of HFB compared
with cotton-derived biochar fibers is reasonably due
to the improved aspect ratio of pure cellulosic
materials as compared with lignocellulosic hemp
fibers. Nevertheless, HFB composites show a

@ Springer



Table 3 Comparison of

electrical conductivity of Filler Loading Conductvity (S/m) Reference
ifferent filler- .
g;sz(rlele’ ;irb:;l;ces;fes e Coffee biochar @ 1000 °C* 15wt%  2.02 [24]
poxy P Carbonized cellulose nanocrystals @1000 °C* 10 wt% 3.01 [54]
MWCNTS 0.4 wt% 0.02 [55]
MWCNTS/carbon fibres 56 vol.% > 20 [56]
Carbon fibres (unidirectional prepreg) 61 vol.% 10 [57]
Graphene 0.4 vol.% 0.001 [58]
Carbon black® 15 wt% 0.02 [24]
HFB produced at 1000 °C 10 wt% 6 Present work
*Under pressure measurement
(a) 10 o T v T & T »: T T " T ¥ T (b) 25 T T T T T T T
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Figure 11 Real part of the complex permittivity a and conductivity b as a function of frequency, and complex permittivity ¢

and

conductivity d as a function of HFB weight fraction at representative frequencies for communication microwave bands.

remarkably high conductivity for low filler loadings
compared with other carbonaceous fillers as reported

in Table 3.
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The high-frequency electrical response of the
composite can be fully characterized by the real part
of the complex permittivity (¢)) and the conductivity
(0). These two parameters are reported in Fig. 11 as a



function of frequency in the 100 MHz-16 GHz range
and of HFB loading in the epoxy composites.

The real permittivity curves show a slight initial
decrease when frequency increases, followed by a
plateau, whereas conductivity increases monotoni-
cally with frequency, as expected. For the composites,
the trends of both ¢ and o increase are quite linear
with the biochar loading, and their strong variations
for a modest HFB content allow a fine-tuning of the
composite material properties, which is promising for
such applications as microwave shielding [59].

Conclusions

The utilization of waste hemp fiber to produce
fibrous biochar has not been investigated yet in
depth. In this work, we reported the use of hemp-
derived carbon fibers obtained by pyrolysis at
1000 °C for the production of conductive composites
with  enhanced mechanical and tribological
properties.

The storage modulus of the composites increases
with the increase in HFB due to the creation of a filler
matrix network, which acts as an energy barrier for
chain mobility, resulting in easy load transfer and in
increased modulus. The use of HBF is also an efficient
method to improve the wear resistance of epoxy
resin. In fact, compared with unfilled epoxy, the
composites show lower friction coefficient and wear
rate values. Also, the presence of HFB induces a
remarkable increase in electrical conductivity that
approaches 6 mS/m in the presence of 10 wt% of
HBF. A similar trend is also observed for the high-
frequency measurements.

The new approach in using waste hemp fibers,
proposed in this work, may favor an increased use of
this waste biomass for several key application sectors,
including automotive and aeronautical industry.
Moreover, the advantage in using waste carbon fiber
as compared to the petroleum-based carbon filler for
composites fabrication is its waste utilization and
reuse resources which aids the circular economy,
sustainability and reduction of environmental
footprint.
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