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Abstract

The combined effect of design parameters on the mechanical properties of the biocarbon filled hemp polymer composite
offers a newer dimension in biocomposite research. Biopolymer composites with/out hemp fiber and with/out biocarbon
fillers were fabricated and optimized. Results showed biocarbon with particle size: 50 microns, filler loading: 10 wt.%, and
pyrolysis temperature: 650 °C showed the maximum tensile strength (840.75 MPa with switchgrass biocarbon; 8§17.02 MPa
with hemp biocarbon). Tensile strength of the composite samples was directly proportional to the particle filler loading.
Tensile strength initially improved by 50% when particle size increased to 75 um; a further increase reduced the strength
of the composites. The energy at tensile rupture increased with particle size. In contrast, the increased filler loading was
detrimental to the energy at break. The parameters positively impacted the samples’ flexural strength. Impact strength of

the samples fell by 63% when filler loading was doubled to 20 wt.%.
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Introduction

Plant-based materials offer an alternative, environmentally
friendly and sustainable pathway towards a greener future.
The tailor-made composite materials demonstrate a wide
range of materials’ properties that individual constituents in
the composite material fails to offer. Hemp fibers find their
usefulness in thermoplastic and thermosetting polymer com-
posites to produce household products and automotive parts
[1] due to their availability, light weight, and performance.
These natural fiber-reinforced materials are lightweight
and have low density and bids resistance to corrosion, high
specific strength, and better stiffness than the forming con-
stituents’ fibers and polymers. The low-cost hemp-based
materials are easy to process and ecofriendly to use and
environment-friendly to disposal [1-6]. Nevertheless, the
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desired properties of a hemp-based composite material have
been found to be dependent upon the type [7-9], orientation
[10-16], size [17-21], and properties of the matrix, and the
reinforcement. The hemp fibers in composite materials come
in different physical properties (aspect ratio), mechanical,
thermal, and chemical properties [22-27]. These properties
are paramount as the strength and properties of a fiber rein-
forced composite depends on the alignment and size of these
fibers. Because the fibers are aligned in the direction of the
load so that the partial load is carried by the fiber that adds
the tensile strength and stiffness of the material in the prin-
cipal stress direction [28-31]. Mechanical strength of hemp
fibers has been studied for its superior mechanical properties
demonstrated by high tensile strength, tensile modulus and
mainly due to its strength-to-weight ratio. Shahzad found
out the hemp fiber’s tensile strength to be 277 + 199 MPa,
modulus 9.5 + 5.8 GPa, and failure strain is 2.3 + 0.8% [32].
Pickering et al. [33] studied the effect of growing period
on the hemp fibers’ strength. The result showed that the
unretted fibres with 114 days of growing period have above
800 MPa tensile strength. Therefore, the fibre’s mechani-
cal properties can even be highly affected by the growing
time and the selection between retted vs unretted fibres.
Additionally, the linearly related stress-strain curves for the
hemp fibres shows a huge deviation in the tensile properties
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among the fibres which is one of the challenges that needs
addressing to compare and compete against the synthetic
fibres with consistent mechanical properties. On the
brighter side, these fibres can still be used as reinforcement
to produce strong composite materials wit pre-processing
techniques implemented to produce consistent nature fibers.
Effect of hemp fibers orientation in the mechanical proper-
ties [34, 35] and hemp-epoxy and polymer composites for
the mechanical properties [36-39] were investigated for their
potential material application. Hence, abundantly available,
and short growth period of hemp plants makes them the
Suitable resource to design renewable and sustainable mate-
rials that supports the fight against global warming and cli-
mate change.

On the other hand, fillers in polymer are doped explic-
itly for the better mechanical, thermal, electrical, and other
desired properties. In a study, agricultural wastes such as
rice husk, walnut shell, and coconut shell were applied as
particulate reinforcement in bio-epoxy resin to investigate
the comparative flexural strength in wet and dry conditions.
Walnut and coconut showed least water absorption and supe-
rior mechanical properties: tensile strength (68.8 MPa), flex-
ural strength (14.9 MPa), and shear strength (81.92 MPa).
The elongation at break was 21.82%, energy absorbed during
the impact test was 20.9 MPa, and breaking load for tensile
and flexural tests of the composite samples with walnut and
coconut shells were also better than those of the compos-
ites with rice husk and coconut shell fillers and rice husk
and walnut shell fillers [40] . Another study involved the
plant-based fillers - biocarbon in polyvinyl alcohol in which
the fillers were against the materials’ tensile strength and
storage modulus when measured below the glass transition
temperature [41]. This suggests the organic fillers in com-
posite materials can help influence their mechanical as well
as physical properties [42].

Various parts of hemp plant find in many useful appli-
cations: for instance, the fiber is used as rope, paper, and
polymer reinforcement, the leaves are used to extract CBD
[43, 44], residual leaves are used as tea [44], hemp seed
are good source of nutritional fiber and are added as com-
modity supplements [45] and to extract hemp oil [46, 47].
However, the hemp stalk does not find any application and is
an agricultural waste. This valueless agricultural waste can
be turned into a value-added biocarbon filler for polymer
composites through pyrolysis. At present, the hemp growers
and farmers get rid of the hemp hurd either by leaving it to
decompose or by burning it in the field [48]. Moreover, the
past research in the mechanical properties of hemp-based
materials lacks the investigation of the effect of the bio-
carbon fillers obtained from hemp. This novel concept of
utilization of waste hemp hurd in materials in the form of
biofillers will have a significant contribution to the hemp
growers, academicians, and scientists.
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In this work, hemp stalk and switchgrass feedstock are
pyrolyzed at three different temperatures. The obtained bio-
carbon are added to the hemp fiber-reinforced biopolymer
composite system at three different loadings with three dif-
ferent particle sizes. The key mechanical properties of the
composite samples are studied and compared.

Materials and method
Biocarbon preparation

We obtained hemp stalk from the Utopia Hemp company,
Ontario, Canada, and switchgrass from OBPC Farmers,
Ontario, Canada. Hemp fabric was purchased from Effort
Industries Inc., Ontario, Canada. Ecopoxy Biopoxy 36
resin with hardener was purchased from Kitchener Fiber-
glass, Ontario, Canada. We prepared biocarbon through in-
house pyrolysis of the hemp stalk and switchgrass feedstock.
Hemp stalk and switchgrass were ground and sieved to 200
microns. Biocarbon was obtained by pyrolyzing the hemp
and switchgrass feedstock at three different temperatures
(450, 550, and 650 °C) in a nitrogen environment. The nitro-
gen flow was set to 0.75 1/min, the heating rate was kept at
10 °C/min, and the residence time was 30 min. the biocarbon
was left to cool under nitrogen conditions inside the reactor.

Biocarbon fillers and composite samples
preparation

The obtained biocarbon was crushed and sieved into par-
ticle sizes below 50 microns, below 75 microns, and 100
microns. Resin and hardener were taken in the ratio of 4:1
by volume. 6 layers of rectangular hemp fabric (13 cm by 26
cm) were used in each sample. The total weight of the fabric
in each sample was 46.6 (= 1.22) g. The biochar filler was
added to the resin at 10%, 15% and 20% by resin weight. The
resin-hardener-biocarbon mixture was stirred for 2 minutes.
A hand layup technique was implemented to prepare the
composite samples. The composite was left to cure under
a vacuum for 24 hours. The samples were prepared as pre-
sented in Table 1 as per the design of experiments.

Physicochemical analyses of the biocarbon

The proximate analysis of the raw samples (hemp stalk and
switchgrass) and their biochar samples at various tempera-
tures were performed as per the ASTM standard. The ASTM
D3173 was adhered to calculate the moisture in the sam-
ples. D3175-20 was followed to analyze the samples' volatile
matter, and ASTM E1755-01(2020) adhered to find the ash
in the samples. The fixed carbon was calculated from the
difference.
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Table 1 The Samples and their

L. Sample Code = Composites  Biocarbon Reinforcement Pyrolysis Particle  Filler
composItIons. Temperature (°C) Size (um) Loading
(wt. %)

a) H45-50-10 Hemp Hemp 450 50 10
b) H45-50-20 Hemp Hemp 450 50 20
9) H45-100-10  Hemp Hemp 450 100 10
d) H45-100-20 Hemp Hemp 450 100 20
e) HS55-75 Hemp Hemp 550 75 15
f) H65-50-10 Hemp Hemp 650 50 10
2) H65-50-20 Hemp Hemp 650 50 20
h) H65-100-10  Hemp Hemp 650 100 10
i) H65-100-20  Hemp Hemp 650 100 20
k) S45-50-10 Switchgrass Hemp 450 50 10
D S45-50-20 Switchgrass Hemp 450 50 20
m) S45-100-10  Switchgrass Hemp 450 100 10
n) S45-100-20  Switchgrass Hemp 450 100 20
0) S55-75 Switchgrass Hemp 550 75 15
P) S65-50-10 Switchgrass Hemp 650 50 10
q) S65-50-20 Switchgrass Hemp 650 50 20
1) S65-100-10  Switchgrass Hemp 650 100 10
s) S65-100-20  Switchgrass Hemp 650 100 20
) HeR None Hemp None None None
t) HaR None None None None None

Flash 2000 Organic elemental Analyzer CHNS-O Ana-
lyzer performed the samples' ultimate analysis. The instru-
ment determined carbon, oxygen, nitrogen, and sulphur.
Oxygen content was determined from the difference by
subtracting the C, H, N, S, and ash content from the total.

X-ray photoelectron spectroscopy (XPS)

A Kratos (Manchester, UK) AXIS Supra system at the Sas-
katchewan Structural Sciences Centre (SSSC)was used to
collect the X-ray Photoelectron Spectroscopy (XPS) images.
A spot size of hybrid slot (300x700) microns was used. The
spectra were scanned in the 0—1200 eV binding energy range
in 1 eV steps with a pass energy of 160 eV. The obtained
XPS spectra were analysed and deconvoluted using the Gauss-
ian—Lorentzian sum function. Atomic ratios mainly of C, O,
Si, and Ca were involved in the peak C(1s), Ca(2p), Si(2p),
and O(1s), respectively. In this study, the elemental composi-
tion was applied to compare the biocarbon samples at different
temperatures and to compare their effect on the composites’
properties; absolute chemical composition was not studied.

Tensile test

The Instron 5969 was used to study the tensile behav-
iour of the prepared composite samples as per the ASTM

standard D3039. Each sample of 100 mm length was
tested. From this test, the load (N) against the extension
(mm) up to the point of breakage was recorded. Then the
curves were transformed into stress—strain curves. Each
composites type had two replicates. Five test coupons were
cut out from each sample to perform the tensile test.

Flexural test

Three-point bending (flexural test) was performed with
Instron 5965 with 5 kN cell as per the ASTM D790-17
(Standard test method for flexural properties of unrein-
forced and reinforced plastics and electric insulating mate-
rials). The samples were sized as per the standard and the
tests were repeated for accuracy. The rate of the load was
taken as per the following formula:

R =ZxL?/6D

where:
R = crosshead speed (mm/min)
Z =0.01
L = distance between the supports = 50 mm
D = Depth of the sample (mm)
Hence, R =4.2/D
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Impact test

Results from the impact test was provided by department of
chemical engineering, University of Saskatchewan for the
impact test. ASTM D256 — 10 (2018): Standard test methods
for determining the Izod pendulum impact resistance of plas-
tics were used to determine the impact energy of the samples.
DH-1843-5.5D Izod impact tester was used to determine the
impact energy. The impact energy was set to 15 J at 3.5 m/s.
The tests were repeated for a minimum of four runs to obtain
accurate results.

Hardness test

Brinell hardness test was on a United Tru-Blue Universal
machine (USA) following the ASTM E10-18 Standard. Car-
bide ball indenter of 2.5 mm diameter was used to apply a
load of 62.5 kgf; the load was held for 10 seconds. The tests
were repeated for a minimum of six runs (two tests in three
different rows) to obtain the accurate results. The measured
hardness was recorded in HBW 2.5/62.5/10; 2.5 indicating
the indenter ball diameter, 62.5 being the applied load in kgf
for 10 seconds.

SEM analysis

The surface morphology of the composites was studied under
the FEI Quanta 250 Field Emission Scanning Electron Micro-
scope (FE-SEM) by generating magnified cross-sectional
views on the tested tensile samples. The accelerating voltage
was set to 20 kV, and a working distance of 10 mm was main-
tained. The instrument was set to 4.19 x 10-6 bar vacuum pres-
sure. The samples obtained from the tensile tests were frac-
tured in normal room conditions by shearing with a bolt cutter.
Before their microscopic imaging, each sample was sputter-
coated under Helium in a Desk V Denton Vacuum instrument.

Data analysis

The data from the thermal tests were statistically analyzed with
a confidence level of 95% for all the composites (p-value 0.05).
The average values with standard deviations were reported.
One-way analysis of variance (ANOVA) was performed
using Design Expert statistical software, and optimization
was performed.

Results and discussion

Biocarbon physiochemical properties

Figure la shows the volatile matter comparison of the
biocarbons obtained from the hemp stalk and switchgrass
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pyrolysis. It is shown that the pyrolysis temperature is
indirectly proportional to the volatile matter of the result-
ing biocarbon samples. Figure la also shows that the
hemp biocarbons contain slightly higher volatile matter
compared to the switchgrass biocarbon samples measured
at the same temperatures.

It can be observed that as the pyrolysis temperature
increases from 450 °C to 650 °C, the percentage of vola-
tile matter decreases for both the Hemp stalk and Switch-
grass samples. This indicates that the higher temperature
leads to more complete pyrolysis, resulting in a lower
percentage of volatile matter. Figure 1b further illus-
trates a negligible difference in the biocarbon samples’
H:C ratio obtained from two different feedstocks at three
different pyrolysis temperatures: 450 °C, 550 °C, and 650
°C. The Figure further explains the decreasing trend of
the ratio with the increase in pyrolysis temperature due to
the increase in carbon content and subsequent elimination
of the hydrogen present in the samples during the higher
temperature pyrolysis.

The O/C ratio in Fig. 1c shows a similar trend shown by
the H/C ratio. Here the decline in the ratio is aggressive
with the increase in pyrolysis temperature as the abun-
dantly available oxygen in biomass gets eliminated drasti-
cally in the subsequent higher pyrolysis temperatures. In
addition to that, the O/C ratios of switchgrass biocarbon
samples were observed higher compared to the hemp bio-
carbon samples.

X-ray photoelectron spectroscopy (XPS)

The surface chemistry of the biocarbon was performed
with the help of XPS spectroscopy. The obtained spectra
are illustrated in Figs. 2, 3, 4, 5. With XPS, the elemental
composition of the sample, as well as its atomic and mass
concentrations, was determined. These measurements are
useful for understanding surface chemistry. Based on the
high-resolution XPS spectrum of Cls for the biocarbon
samples, the deconvolution procedure identified the energy
range 283-284.45 eV which is associated to the 1s-x transi-
tion causing the C=0 bond in quinine C with G1 deconvo-
lution curve. Similarly, at the energy range of 284-285.5 eV
is due to the 1s-x transition causing the C=C with aromatic
C, C=H in protonated and alkylated aromatic C, and car-
bonyl substituted aryl C in G2 deconvolution curve [49-57].
Notably, Calcium (Ca 2p) at 347 eV energy separates the
biocarbon obtained from the hemp stalk at 650 °C from
the rest of the biocarbon samples. Other identified peaks
with descending concentrations were Oxygen (O1s) at 531
eV and Silicon (Si 2p) at 101 eV. The presence of calcium
in the biochar will have an influence in the mechanical
behaviour of the polymer composites [58].
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Fig. 1 a change in the volatile
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Fig.4 XPS spectra of the peak
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Tensile strength of the hemp fiber-reinforced
composites

The composite samples showed a change in mechanical
strength with the change in biocarbon filler type and prop-
erties. The findings from the tensile test on the hemp fiber
reinforced polymer composites are provided in Table 2.

Figures 6, 7, and 8 summarize the main effects of the
design factors (pyrolysis temperature, particle size and
filler loading) on the resultant composite samples’ tensile
strength.

The pyrolysis temperature of the biocarbon influenced
the tensile strength of the resulting composite samples. The
tensile strength of the biocarbon-filled hemp reinforced

Table 2 The mean tensile properties of biocarbon-filled hemp fiber-reinforced biopolymer composites.

Hemp Biocarbon-Filled Composites

Switchgrass Biocarbon-Filled

Composites
Sample Pyrolysis Particle Size Filler Loading Tensile Strength Energy at Break (J) Tensile Strength Energy at Break (J)
Code Temperature  (um) (wt.%) (MPa) (MPa)
O

45-50-10 450 50 10 802.02 (+17.26) 2.91 (+0.14) 748.08 (+195.06) 3.00 (+0.34)
45-100-10 450 100 10 713.00 (+35.75) 2.37 (+0.65) 748.11 (+82.05) 2.48 (+£0.41)
45-50-20 450 50 20 678.36 (+£57.75) 3.92 (+0.20) 635.60 (+£94.27) 4.93 (£0.65)
45-100-20 450 100 20 649.24 (+2.68) 2.63 (£.50) 530.62 (£119.97)  2.70 (=1.12)
55-75 550 75 15 778.38 (x101.30)  3.40 (+0.90) 755.82 (+61.09) 3.27 (£1.35)
65-50-10 650 50 10 817.02 (x114.94)  3.73 (=1.17) 840.75 (£27.05) 3.16 (+1.38)
65-100-10 650 100 10 723.33 (£6.97) 2.88 (+0.62) 833.69 (£91.48) 2.20 (+0.75)
65-50-20 650 50 20 713.16 (+4.53) 4.47 (+£0.57) 701.18 (£94.88) 2.92 (x1.25)
65-100-20 650 100 20 646.13 (£127.57)  3.21 (+0.76) 553.64 (+£13.56) 2.50 (+0.87)
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Fig.6 The effect due to

a pyrolysis temperature, b par-
ticle size, c filler loading on
the mean tensile strength of the
hemp fiber-reinforced compos-
ite samples
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polymer composites increased when the pyrolysis temper-
ature of the biocarbon increased from 450 °C to 550 °C;
however, the strength decreased when the temperature was
further raised to 650 °C as shown in Fig. 6a, irrespective
of the filler type. The observed trend in the tensile strength
of the biocarbon-filled hemp reinforced polymer composites
with increasing pyrolysis temperature can be attributed to
the change in the properties of the biocarbon filler material.

The biocarbon at a lower temperature (450 °C) con-
tains more volatile matter and have a lower degree of

carbonization, which can result in a filler material with lower
strength and stiffness. As the pyrolysis temperature increases
to 550 °C, the biocarbon becomes more carbonized and less
porous, leading to an increase in its strength and stiffness.
However, when the temperature is further increased to 650
°C, the biocarbon may become excessively carbonized and
brittle, resulting in a decrease in its strength.

Also, the observed trend could be the effect of the filler
morphology on the composite properties. More irregu-
lar shape and surface of the biocarbon at lower pyrolysis
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Fig.7 The influence of the a pyrolysis temperature, b particle size, and c filler loading on the breaking energy of the hemp fiber-reinforced

biocarbon-filled polymer composite samples
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Fig.8 The change in flexural modulus of the biocarbon-filled hemp fiber-reinforced biopolymer composites due to a pyrolysis temperature,

b particle size, and c filler loading

temperature can lead to weaker interfacial bonding between
the biocarbon and polymer matrix. As the pyrolysis tempera-
ture increases, the biocarbon particles may become more
uniform and have smoother surfaces, resulting in better
interfacial bonding and higher composite strength. However,
at higher temperatures, the biocarbon particles may start to
agglomerate losing their shape, resulting in weaker interfa-
cial bonding and lower composite strength.

The maximum value of tensile strength was 840.75 MPa
for S65-50-10 and 817.02 MPa for H65-50-10. These val-
ues are higher than the strength of the unfilled and unrein-
forced polymer composite (HaR) by about 200% and 208%
respectively, and these strengths are higher from the unfilled
composites reinforced with hemp fiber by 12.27% and 2.80%
respectively. This shows that both filler types have enhanced
the rigidity of the biopolymer composite samples. Similar
results with improved mechanical properties by adding natu-
ral plants-based fillers were claimed in the past research
[59-62]. The unfilled and unreinforced polymer composite
experiences brittle failure when tensile load is applied. This
failure is further supported by the voids and microcracks
present in the polymer matrix. This is why the unreinforced
and unfilled polymer composites showed the poor tensile
properties. The tensile properties show a great improve-
ment by introducing the fiber into the system. The presence
of hemp fiber-polymer matrix interlocking interface helps
transfer stress to avoid the formation of macro cracks from
micro cracks up to a critical load at which the cracks pro-
mote material failure. Thus, stress transfer depends upon
the bonding between the polymer matrix and the hemp
fiber properties. A weaker matrix-reinforcement results
in earlier fiber pullouts and weaker tensile strength, while
a strongly bonded interface results in fiber cracking. This
bonding between the matrix and the fibers is contributed
by the adhesive force of the polymer matrix, shear force
between the interlocked interfaces, and the frictional force
between the hemp fibers and the polymer interfacial surface.
Therefore, the introduction of the biocarbon in the polymer
matrix has increased the frictional force between the fiber
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and the polymer matrix that has initially increased the ten-
sile strength of the composite material. Further addition of
the filler particles, although increased the frictional force,
reduced the adhesive force between the polymer matrix and
the hemp fibers. Therefore, the tensile strength decreased
significantly while adding the biocarbon fillers to 20 wt.%.
The lowest tensile strength was observed in the samples with
20% filler loading of the 100 microns particle sized biocar-
bon fillers obtained at 650 °C, irrespective of the feedstock
type. The tensile strength at this condition was 646.13 MPa
and 553.64 MPa for hemp biocarbon and switchgrass bio-
carbon, respectively.

As shown in Fig. 6b, an initial rise in tensile strength
was observed when the fillers’ particle size was increased
from 50 pm to 75 um. Then the strength of the samples
decreased on further increasing the particle size to 100 um.
This effect was observed in both biocarbon filler types. The
improved tensile strength can be associated with an effective
stress transfer in the composite samples with 75 um parti-
cle sized fillers when the tensile load was applied. Further
increase in particle size weakened the fiber-matrix bond
resulting in weaker tensile strength. The weaker bond caus-
ing debonding of the fibers can also be caused due to the
agglomeration and uneven distribution of the bigger sized
fillers in the polymer matrix. The initial increase in the fric-
tion force between the polymer matrix and the hemp fiber
as well as the adhesive force of the polymer matrix to hold
the hemp fiber has led the tensile strength to rise. Further
increment of the particle size weakened the adhesive force
of the polymer matrix to hold the hemp fibers.

Figure 6¢ shows that the composite samples’ tensile
strength decreased when the filler content was increased,
regardless of the filler type. At 15 wt.% filler loading there
is a non-significant change in tensile strength compared
with the samples with 10% filler loading. This decline in
the tensile strength can be attributed to the poorer matrix-
filler-fiber interfacial bonding when the filler content was
increased. This weaker interfacial bonding results in easier
debonding of the fibers from the matrix and results in a
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poorer stress transfer mechanism when the tensile load is
applied. Moreover, the unevenly distributed biocarbon
forms agglomeration in the matrix that compromises with
the resulting tensile properties of the composite samples.
Both, there was a similar trend in change of the tensile
strength in the biocomposite samples with hemp biocarbon
and switchgrass biocarbon fillers. As the matrix-filler adhe-
sion plays a vital role to determine its resulting mechanical
properties [59, 63], the decrease in the tensile strength with
increased particle size and the filler loadings in the com-
posites may also be attributed to the loss of the adhesion of
the larger filler particles to the polymer matrix. The authors
have suggested that the loss in adhesion may be due to the
increased surface area of the filler, poor wettability of the
highly loaded filler in the composites and an easy debonding
of the filler- polymer interface [59].

These findings further boost the previous conclusions
of the dependence of the tensile strength of the composite
samples on the compatibility of the filler into the polymer
matrices’ microstructure. A stronger composite material can
be achieved by optimizing the amount, size, and type of
biocarbon filler.

Energy at break of the hemp fiber-reinforced
composites

The fracture toughness of a material can be studied by deter-
mining the energy required to break it. Table 2 summarizes
the energy at break and hence the fracture toughness of the
hemp fiber-reinforced biocarbon-filled polymer composites.
The increased pyrolysis temperature had a positive impact
on the hemp biocarbon-filled composites whereas the energy
at the break decreased by increasing the switchgrass bio-
carbon’s pyrolysis temperature. The energy at the break of
a composite material (fracture energy) represents the work
done per unit area to fracture the material during the tensile
load. The energy at the break of the hemp-reinforced com-
posite samples is presented in Fig. 7.

The tensile test of the composite samples showed that
the energy required to break the samples is influenced by
the particle size and loading of the biocarbon fillers. The
energy at break was found to increase by increasing the par-
ticle size from 50 to 100 microns whereas the effect was
reversed when higher amount of biocarbon filler was added
into the composite samples. These effects were consistent
in both types of biocarbons obtained from hemp stalk and
switchgrass pyrolysis. The pyrolysis temperature increased
the breaking energy of the composite samples with the hemp
biocarbon was used and the value depleted by switching into
the switchgrass biocarbon. This difference in the breaking
energy can be explained with the XPS images shown in
Fig. 8 which shows the binding energy of the hemp compos-
ite at higher temperature (650 °C) going off the trend due to

the presence of calcium in the biocarbon sample. The depic-
tion of calcium at higher temperature is due to its increased
concentration in the ash at higher temperature in the biocar-
bon as observed through the proximate analysis. The higher
breaking energy suggests the stronger energy required to
rupture the matrix-fiber bond. This can be inferred as the
bonding of the biocarbon-polymer and fiber gets stronger
by increasing the particle size from 50 to 100 microns and
the bond weakens as the filler loading is increased from 10
to 20 wt.%. Finally, the test showed that the rupture energy
per area of the unfilled hemp fiber-reinforced polymer com-
posite was 162.03 + 34.36 kJ/m2, which was seen to be the
highest among all composite samples. This result suggests
that the biocarbon in hemp-fiber reinforced composite sam-
ples degrades its energy at break during the tension force.

Flexural properties of the hemp composites

Results from the three-point bend test for the flexural
strength analysis of the hemp-reinforced composites are
presented in Figs. 8 and 9. The findings have been sum-
marized in Table 3. Figure 8 illustrates the main effect of
the design parameters (pyrolysis temperature, particle size,
and filler loading) on the flexural modulus of the resulting
composite samples.

The pyrolysis temperature increase in both filler types
(hemp biocarbon and switchgrass biocarbon) increased the
flexural modulus of the composite materials. This effect is
due to the better absorption of the resin inside the larger
pores of the filler biocarbon obtained at higher tempera-
tures resulting in a stronger matrix-reinforcement interface.
Similarly, the particle size and filler amount had a positive
effect on the flexural strength of the composite samples. The
results show a minimum flexural modulus (42.73 MPa) of
unreinforced unfilled polymer composite due to its brittle
nature in absence of fiber and filler. The hemp fiber raised
this value by 39% to 59.5 MPa. This is because more fibers
are present in the area where it would crack otherwise due
to flexural loading.

The results from the flexural test also showed that the
design parameters affect the breaking flexural load as shown
in Fig. 9. The pyrolysis temperature first increases the break-
ing stresses when it is raised from 450 °C to 550 °C. A fur-
ther increase in the pyrolysis temperature was seen to reduce
the breaking load of the composite samples. Similar effect
was observed while the particle size and the filler loading
were increased. The composite samples with 15 wt.% 75
microns sized of biocarbon obtained at 550 °C showed the
greatest breaking stress among all composite samples. The
increased flexural properties are again due to the improved
friction between the matrix-reinforcement due to the addi-
tion of the fillers in the system. The inclusion of the fillers
in the polymer matrix has delayed the crack propagation
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Fig.9 The change in breaking stress (Breaking load per unit area) of the biocarbon-filled hemp fiber-reinforced biopolymer composites during
the flexural loading due to a pyrolysis temperature, b particle size, and c filler loading

thus improving the flexural modulus. Moreover, the flexural
strength is higher with the longer fibers are they offer larger
bonding surface with the matrix thus increasing the fiber-
pull-out load [64, 65].

The composite samples without biocarbon fillers showed
the breaking stress of 225.96 +41.35 kPa, the flexural strength
of 4.10 + 0.09 MPa, and the flexural modulus of 56.02 +
6.10 MPa. This shows that the biocarbon fillers in composite
samples significantly increase their flexural modulus.

Impact test

The obtained impact energy to break the sample was divided
by the thickness to obtain the impact strength of the com-
posite samples as per the ASTM standards. Table 4 sum-
marizes the findings from the impact test of the hemp fiber-
reinforced polymer composite samples.

As shown in Table 4, the composite samples’ impact
energy was greatly influenced by the design parameters
(pyrolysis temperature, biocarbon fillers’ particle size, and
biocarbon filler loading). The main effects of the individual
parameters are demonstrated in Fig. 10.

Impact energy refers to the energy dissipated during the
impact loading on the composite material during which the
fiber pullouts, fractures, matrix deformation, matrix rup-
ture, and material failure takes place. The impact energy
of the hemp fiber reinforced composites without biocarbon
fillers showed a value of 8.09 + 2.22 J/m (when measured
as per the ASTM standard) and 630.31 J/m?2 (as per the
ISO standard). These values of impact energies are signifi-
cantly higher than those of the biocarbon filled compos-
ite samples. This can be inferred as the biocarbon in the
composite samples promotes earlier material failure dur-
ing the impact loading. Similarly, the gradual increment
of the pyrolysis temperature of the obtained biocarbon
decreased the impact strength of the composite materials
up to 550 °C and further increase in the temperature had
positive effect on the impact strength of the material sam-
ples. Furthermore, the particle size showed a very simi-
lar effect to that of the pyrolysis temperature. The filler
loading had a negative effect on the impact strength of
the measured composite samples. The value of the impact
strength decreased by almost 63% when filler loading was
increased to 20 wt.%.

Table 3 The summary Table showing the flexural properties of the hemp-reinforced polymer composites

Hemp Biocarbon-Filled Composites

Switchgrass Biocarbon-Filled Composites

Sample Code Pyrolysis Particle  Filler Flexural Flexural Max. Flexural Flexural Flexural Max. Flexural
Temperature ~ Size Loading Modulus Break Stress  Stress at Modulus Break Stress ~ Stress at Break
(°C) (um) (Wt.%) (MPa) (kPa) Break (MPa) (MPa) (kPa) (MPa)
45-50-10 450 50 10 68.90 176.50 4.27 76.63 176.77 4.57
45-50-20 450 50 20 81.65 166.20 4.14 120.59 180.82 4.66
45-100-10 450 100 10 61.02 218.16 3.96 72.01 263.20 4.08
45-100-20 450 100 20 95.83 207.69 4.39 119.79 190.58 4.96
55-75 550 75 15 92.51 239.51 4.42 100.18 22091 4.62
65-50-10 650 50 10 70.57 210.79 4.16 63.22 248.38 4.07
65-50-20 650 50 20 89.52 195.66 4.78 145.37 181.52 4.71
65-100-10 650 100 10 87.85 235.54 4.35 101.70 194.51 4.75
65-100-20 650 100 20 137.25 212.97 4.87 141.92 170.84 5.06
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Table 4 The summary Table showing results from the impact test pf the hemp fiber-reinforced composite samples

Hemp Biocarbon-Filled Composites

Switchgrass Biocarbon-Filled

Composites

Sample Code  Pyrolysis Particle Filler Loading Average Impact  Average Impact Average Impact Average Impact

Temperature (°C)  Size (um) (wt.%) Strength (J/m) Strength (J/m2) Strength (J/m) Strength (J/m2)
45-50-10 450 50 10 1.58 (+0.10) 123.00 (+9.18) 1.29 (+0.13) 101.39 (£9.65)
45-50-20 450 50 10 0.69 (+0.13) 53.46 (+9.76) 0.54 (+0.12) 41.58 (£8.76)
45-100-10 450 100 10 1.73 (+0.24) 132.01 (+18.74) 1.51 (+0.36) 114.25 (+27.32)
45-100-20 450 100 20 0.54 (+0.13) 40.80 (+£9.97) 0.67 (+0.15) 50.50 (+11.43)
55-75 550 75 15 0.45 (+0.04) 34.28 (+3.54) 0.60 (+0.08) 45.92 (£5.31)
65-50-10 650 50 10 1.47 (+0.08) 110.64 (+5.27) 1.87 (+0.40) 141.15 (+29.36)
65-50-20 650 50 20 0.61 (+0.00) 46.23 (+£0.44) 0.56 (+0.05) 42.43 (+£3.07)
65-100-10 650 100 10 1.28 (+0.15) 98.67 (+11.17) 1.50 (+0.08) 115.05 (+5.22)
65-100-20 650 100 20 0.59 (+0.09) 44.15 (x6.72) 0.73 (+0.13) 55.12 (+10.09)
Hardness test Test results showed that the hemp fiber in the polymer

The influence of pyrolysis temperature, the filler size and
the filler loading on the hardness of the hemp reinforced
bioepoxy composites is presented in Table 5. The samples
show the effect on their hardness (tested with the Brinell
Hardness test) with varying biocarbon temperature, its par-
ticle size, and its loading.

matrix increased its hardness by 51.19% to 31.75 HBW.
The integration of 10 wt.% biocarbon filler in the hemp
fiber-reinforced polymer, as shown in the comparative
Fig. 11, first decreased the hardness of the polymer com-
posite regardless of the filler type. Further increasing of
the filler content to 20% increased the hardness of the com-
posite materials from the 10% filled biocomposites in both

(a) Pyrolysis Temperature effect on the

(b) Particle Size Effect on the Impact

(c) Filler Loading Effect on the Impact

Impact Energy (J/m) Energy (J/m) Energy (J/m)
_15 15 _ 2
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Fi

g.10 The impact energy of the composite samples due to a pyrolysis temperature, b particle size, and c filler loading

Table 5 The measured values

. Sample Code Pyrolysis Particle  Filler Hemp Biocarbon Switchgrass Biocarbon
of t,he hardness (in HBW) of Temperature  Size Loading Composite Hardness Composite Hardness
various hemp ﬁber-re}nforced °C) (um) (Wt.%) (HBW) (HBW)
composite samples with
biocarbon fillers 45-50-10 450 50 10 26.57 (+1.29) 29.5 (+2.64)

45-50-20 450 50 20 32.45 (+2.59) 33.25 (+2.46)
45-100-10 450 100 10 22.14 (+2.08) 26.14 (+1.60)
45-100-20 450 100 20 23.43 (+0.55) 27.33 (¢1.25)
55-75 550 75 15 26.67 (+0.89) 29.83 (+1.62)
65-50-10 650 50 10 29.25 (+1.86) 30.14 (+0.50)
65-50-20 650 50 20 32.17 (x2.07) 34.8 (£3.27)

65-100-10 650 100 10 25.43 (+1.46) 27.13 (+1.62)
65-100-20 650 100 20 28.75 (x1.51) 29.67 (x0.96)
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Hardness Comparison of Hemp vs Switchgrass Biocarbon Composites
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Fig. 11 The comparative study of the mean hardness of the biocarbon-filled hemp fiber-reinforced biopolymer composites

types of biocarbon filled samples. However, the increased
value was still lower than the maximum hardness of the
composites that was seen in the unfilled hemp compos-
ites. The hemp biocarbon filled composites experienced
the least hardness. The hardness of the composites sig-
nificantly increases with the increase in filler loading from
10 wt.% to 20 wt.%. This has been attributed to the filler
properties that enhance the mechanical properties of the
resin-hardener composites. The incorporation of the fillers
in the composite systems inherits its hardness properties to
the composite system. The increased hardness also signi-
fies the stronger interfacial interactions between the filler
particles and the polymer in the composite samples. It can
also be seen that the hemp biocarbon-filled composites
have comparatively lower hardness values compared to

(a) Hardness due to the

(b) Hardness due to the Particle

their counterpart switchgrass biocarbon-filled composites.
This could be attributed to the carbon content of the filler
as shown in Table 2.

The main effects of the individual factors (pyrolysis tem-
perature, particle size, and filler loading) on the hardness of
the resulting hemp fiber-reinforced polymer composites are
shown in Fig. 12.

As shown in Fig. 12a, the hardness of the biocarbon-
filled composites has experienced an increase in value with
the increase in the pyrolysis temperature from 450 °C to
650 °C. This can be attributed to the change in carbon con-
tent, oxygen level and the hydrogen in the biocarbon with
the changed temperature leaving behind more porous car-
bonaceous material. The change in H/C ratio and O/C ratio
is presented in Fig. 1. Similarly, the hardest composite was

(c) Hardness due to the Filler
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Fig. 12 The effect of a pyrolysis temperature, b particle size, and ¢ biocarbon filler loading in the samples’ mean hardness
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obtained when small sized filler particles were added in the
composite material as depicted in Fig. 12b. The ability to
distribute evenly in the epoxy resin of the smaller particle
sizes results in a more homogeneous mixture which forms
a stronger bond with the fiber reinforcement. The larger
particle sizes may result in voids and space that may have
compromised with the hardness of the composite material
as shown by the SEM images.

Figure 13c suggests that the hardness of the compos-
ite materials significantly increased with the increase in
filler loading. The harder biocarbon filler has contributed
its properties towards the increased hardness of the result-
ing material with higher filler concentration. These effects
were almost identical in both types of feedstocks (i.e.,
hemp biocarbon and switchgrass biocarbon fillers). The
measured hardness of the resin-hardener composite was
found to be 21 HBW which is the least among all composite
samples. Hence the biocarbon in bioepoxy matrix enhances
its stiffness and the resistance to the plastic deformation
when the load is applied to it [66]. Also, the hardness of
the composites is highly dependent on the filler properties
including its surface area, porosity, hardness, and its bond-
ing compatibility with the polymer [59, 60].

Fig. 13 Fractured samples
from tensile test showing hemp
biocarbon-filled hemp fiber
reinforced composites with the
letter as coded in Table 1

Failure mechanism

Figures 13 and 14 shows the damaged samples during the
tensile and flexural tests, respectively. The failure in tensile
test was due to the breaking of both fibers and cracking of
the polymer matrix. While the failure during the three-point
bending analysis was due to mainly polymer failure. The
load is redistributed among the remaining fibers through the
matrix when one fiber starts breaking off. A cross-ply com-
posite subjected to the tensile loading fails due to several
subsequent damage modes: the first one being the matrix
cracking (known as first ply failure) in the transversa lamina.
This is because of the weaker nature of the polymeric matrix
as compared to the longitudinally loaded hemp fibers. This
causes in the drop of the transverse tensile modulus of the
composite material. The lateral splitting of the fibers with
further tensile load is the second ply failure. The fiber frac-
ture takes place in further increasing the tensile loading [67].

Similarly, Fig. 14 shows the failure in composite samples
visible on the compression side. During the test and observa-
tions, it was seen that the delamination only occurred near
the fractured surface. This was followed by the fiber break-
age on further increment of the flexural loading.
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Fig. 14 Fractured samples from
three-point bend showing hemp
biocarbon-filled hemp fiber
reinforced composites with the
letter as coded in Table 1

In tensile loading, the failure occurred due to the breaking
of both fibers and cracking of the polymer matrix. The first
failure mode was the matrix cracking in the transverse direc-
tion, which resulted from the weaker nature of the polymeric
matrix as compared to the longitudinally loaded hemp fibers.
This caused a drop in the transverse tensile modulus of the
composite material. The second failure mode was the lateral
splitting of the fibers with further tensile load, followed by
fiber fracture at higher loading levels.

In flexural loading, the failure occurred mainly due to
polymer matrix failure, with delamination occurring near the
fractured surface. This was followed by fiber breakage on
further increment of the flexural loading. This failure mode

Fig. 15 The morphology of the
hemp biocarbon obtained at 450
°C pyrolysis temperature
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can be attributed to the bending stresses acting on the com-
posite material, which caused the polymer matrix to deform
and eventually fail, leading to delamination and fiber break-
age. The failure mechanism was due to the interplay between
the tensile and flexural loading, the relative strengths of the
fibers and matrix, and the propensity for delamination and
fiber breakage.
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Morphological study

The morphological study of the biocarbon samples from
hemp stalk and switchgrass feedstock are presented in
Figs. 15, 16, 17, 18, 19, 20. The images show the voids
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Fig. 16 The morphology of the
hemp biocarbon obtained at 550
°C pyrolysis temperature
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of the biocarbon samples responsible for its unique proper-
ties including low density and porosity. The inability of the
resin to penetrate these pores would result in the poor filler-
matrix interface resulting in weaker mechanical properties.
The improved tensile strength of the biocomposite samples
with biocarbon obtained at 650 °C is due to the formation of

Fig. 17 The morphology of the
hemp biocarbon obtained at 650
°C pyrolysis temperature
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more mesopores and void rib like structure along with the
micropores in the biocarbon surfaces during the removal of
the volatile matter. These mesopores offer comparatively
easier pathway for the polymer flow into the filler structure.
As a result, the increased tensile strength was observed with
the fillers obtained at 650 °C.

pressure
2.09e-6 mbar
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Fig. 18 The morphology of the
switchgrass biocarbon obtained
at 450 °C pyrolysis temperature
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Due to the better tensile properties of the H65-50-10 and  has been presented in Fig. 21 to Fig. 25. The HeR com-
S65-50-10, competent mechanical behaviour of the HeR  posites showed better mechanical strength than the H65-
composites, and the poor performance of the H65-100-20  100-20 because of the better fiber-polymer matrix adhesion
and S65-100-20, the morphological study of these samples  relationship and utilization of the fiber pull-out to minimize

Fig. 19 The morphology of the
switchgrass biocarbon obtained
at 550 °C pyrolysis temperature
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Fig.20 The morphology of the
switchgrass biocarbon obtained
at 650 °C pyrolysis temperature
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the fiber cracking as depicted in Fig. 21 to Fig. 25. Simi-
larly, the better tensile strength of the H65-50-10 was due
to the better adhesion between the polymer-filler matrix
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pressure ——1mm
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and the hemp fibers, the increased friction force between
the matrix-fiber interface and the utilization of the fiber
pull-out during the tensile loading (Figs. 22, 23, 24, 25).

Fig.21 FE-SEM images from
the tensile tested HeR sample

Fiber pull-out

@4 Fiber cracking

Detached fiber-
matrix interface.
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Fig.22 FE-SEM images from
the tensile tested H65-50-10
sample
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Fig.23 FE-SEM images from
the tensile tested S65-50-10
sample
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Fig.24 SEM images from
the tensile tested H65-100-20
sample

Fiber cracking

Detached fiber-
matrix interface.
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Fig.25 SEM images from
the tensile tested S65-100-20
sample
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Conclusions

The biopolymer composites with and without hemp fiber
reinforcement and with and without biocarbon fillers were
fabricated. The maximum tensile strength was recorded as
840.75 MPa for the S65-50-10 followed by 817.02 MPa
for the H65-50-10. The tensile strength of the hemp fiber
reinforced unfilled polymer composite was determined
to be 727.73 MPa. Tensile strength was indirectly pro-
portional to the biocarbon concentration in the polymer
composite. Irrespective of the biocarbon type, the tensile
strength of the composite samples with 20% filler loading
and 100 microns particle size biocarbon fillers obtained
at 650 °C showed the weakest. The tensile strength at
this condition was found to be 646.13 MPa and 553.64
MPa for hemp biocarbon and switchgrass biocarbon filled
hemp fiber-reinforced composites, respectively. Tensile
strength initially increased when the fillers’ particle size
was increased from 50 um to 75 pum, and then decreased on
further increasing the particle size to 100. The energy at
tensile rupture was found to increase by increasing the fill-
ers’ particle size. The filler loading decreases the energy
at break of the composite samples. The impact energy
of the hemp fiber-reinforced unfilled polymer compos-
ites showed a value of 8.09 + 2.22 J/m (as per the ASTM
standard) and 630.31 J/m2 (as per the ISO standard). The
biocarbon in the composite samples promotes earlier mate-
rial failure during the impact loading). The impact strength
of the composite samples decreased by almost 63% when
filler loading was increased by 100% from 10 wt.% to 20
wt.%. The composites’ hardness significantly increases
with the increase in filler loading. The calculated specific
tensile strength of values above 650 MPa/ (g.cc) of the
optimized composite samples proves to be the most supe-
rior one among all plant fiber reinforced thermosetting
composites and these hemp fiber-reinforced composites
can replace the glassfiber reinforced composites in the
tensile and flexural loading applications.
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