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Abstract: This study assessed polyethene composites produced by rotational moulding with hybrid
reinforcement using recycled carbon fibre (RCF) and hemp fibre (HF). First, the RCF was treated
with nitric acid to introduce hydroxyl groups on the fibres” surface and was characterised by infrared
spectroscopy and microscopy analyses. Although the fibre surface treatment improved the tensile
properties of the composites, the use of grafted maleic anhydride polyethylene (MAPE) as a coupling
agent was more effective in improving the interfacial bonding between the fibres and the matrix.
Alkali-treated hemp fibres were then used in combination with RCF to produce rotationally moulded
composites with an overall fibre content of 10 wt.% but with different ratios of HF/RCF, namely,
(20/80) and (50/50). The results showed that the addition of RCF increased the composite’s Young’s
modulus compared to neat PE, regardless of the fibre treatment. Similarly, the hybrid composites
showed superior Young’s moduli than the HF-PE composites through the increase in the RCF content.
It was also observed that adding RCF reduced the void size within the final composites compared
to the HF-PE composites, which contributed to the greater performance of the hybrid composites
compared to their natural counterparts.

Keywords: hybrid composites; recycled carbon fibre; hemp; rotational moulding

1. Introduction

Rotational moulding has advantages over other manufacturing methods, such as low
investment costs and mould flexibility [1,2]. Therefore, there is an increasing demand for
rotationally moulded products, which highlights the need for developing cost-effective
and sustainable materials suitable to this process [3]. Nowadays, polyethylene (PE) is the
most used material in this industry due to its low melting point, good thermal stability,
and low cost. However, PE has low mechanical properties compared to other materials,
which prevents its use in many applications [4,5]. Natural fibres have been proposed as a
reinforcement to improve the mechanical and physical properties of rotationally moulded
polyethylene [6-8]. Indeed, natural fibres have advantages such as high specific stiffness,
low cost, low density, and they are obtained from renewable resources [9-11]. However,
only a modest improvement in mechanical properties has been reported using natural
fibres as a reinforcement in rotational moulding, mostly due to fibre agglomeration and
porosity within the final composites [6,7].

Hybrid composites containing two or more different fibres are promising materials, as
the advantages of one kind of fibre can complement what is lacking in the other. For exam-
ple, a few studies have explored the hybridization of natural fibres with glass fibre [12-14].
These studies reported an improvement in mechanical properties and reduction in water ab-
sorption with the addition of glass fibres to natural fibre-thermoplastic composites [15-17].
Likewise, the use of carbon fibre along with natural fibre has been reported to improve
composites” mechanical properties compared to their natural counterparts [18]. A previous
study showed that the flexural properties of a hybrid composite of carbon/bamboo/PP
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increased due to the carbon fibre content [19]. Another study suggested the hybridization of
jute with carbon fibre as a sustainable and economic alternative to CFRPs with high damp-
ing properties [20]. Similarly, the hybridization of flax-PP composites with carbon fibre
has been shown to improve tensile strength by 252% and the damping ratio by 114% [21].
As the interface is crucial to both the physical and mechanical properties of composites,
the combination of fibre treatment and the use of coupling agents is often used to improve
mechanical properties [22-25].

Recycled carbon fibre has been the topic of a great deal of research into the creation of
applications for recycled materials with high mechanical performance [26-28]. However,
the hybridization of recycled carbon fibre with hemp or any other natural fibre is a topic
that has not yet been explored, especially with respect to rotational moulding. Accordingly,
the combination of these two fibres in rotationally moulded composites is an innovative
approach to producing more sustainable products with good tensile properties at a low
cost. In addition, recycled carbon fibre has high thermal conductivity, which could assist in
the polymer flow during processing, thus reducing the porosity within the final composites.
Therefore, this study aimed to investigate the effect of a hemp fibre/recycled carbon fibre
combination on the tensile and thermal properties of rotationally moulded PE composites.

2. Materials and Methods
2.1. Materials

Industrial hemp fibre (Cannabis sativa L.) was grown in New Zealand. The hemp
fibre had an average diameter of 26 um, real density of 1.5 g/cm?, length ranging from
2 to 4 mm, and tensile strength of 715 £ 471 MPa [8]. Recycled carbon fibre (RCF), of
the type Carbiso C (MSDS004) (unsized), was obtained from ELG Carbon Fibre Ltd in
Bilston, England. The RCF had an average diameter of 7 um, real density of 1.8 g/cm?,
length ranging from 6 to 12 mm, tensile strength of 4150 MPa, and Young’s modulus
of 230-255 GPa. The coupling agent used was polyethylene-grafted maleic anhydride
(3 wt.%) Licocene PE MA 4351 in powder form, obtained from Clariant, with a viscosity
of 200-500 mPa.s (140 °C) and acid value 42-49 mg KOH/g. Stearic acid (3 wt.%) with
a molecular weight of 284.48 g/mol was obtained from Merck. Rotationally moulded
polyethylene with a grade of low—medium-density, melt flow index of 6.0 g/10 min (ASTM
D1238), and density of 0.935 g/cm?® (ASTM D1505) was obtained in powder form from
Vision Plastics (VPLAS).

2.2. Methods
2.2.1. Alkali Treatment of Hemp Fibres

Industrial hemp fibre was treated with a solution of 5 wt.% NaOH/2 wt.% NaySO3
with fibre/solution ratio 1:8 (by weight). Hemp fibre and the alkali solution were placed
in canisters and processed at 120 °C for 60 min under high pressure using a laboratory-
scale pulp digester. Once the digestion process was completed, the canisters were cooled
to about 30—40 °C, and the fibres were removed. Treated fibres were washed in clean
water for 10 min and dried at 80 °C for 48 h. More information on the methodology and
corresponding characterisation of the fibres can be found in [8].

2.2.2. Carbon Fibre Treatment with HNOj

Recycled carbon fibre (RCF) was immersed in 14 mol/L concentrated HNOj3
(65% volume) at 100 °C. The content of nitric acid to RCF was 10 mL:1 g and oxida-
tion was performed for 60, 120, and 180 min. Treated RCF was washed in distilled water
several times until neutral pH, and then dried at 90 °C for 24 h prior to use.

2.2.3. Fourier Transform Infrared Spectroscopy

FT-IR was used to evaluate the recycled carbon fibre’s surface chemistry after the
treatment with HNOj3. FT-IR measurements were performed using a PerkinElmer Spectrum
One spectrometer with transmission mode from 4000 to 400 cm 1. A total of 20 scans were
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taken for each of the five samples with a resolution of 4 cm~!. To prepare the samples,
ground, dried fibre and KBr (0.8 mg fibre per 400 mg KBr) were pressed into pellets.

2.2.4. Scanning Electron Microscopy

Scanning electron microscopy (SEM) micrographs of untreated and treated recycled
carbon fibre were taken using a Hitachi 5-4100 field emission scanning electron microscope.
The same equipment was used to analyse cryogenic, fractured filaments of RCF-PE com-
posite. The samples were previously mounted on aluminium stubs using carbon tape and
then coated with platinum plasma. SEM observation was carried out at 5 kV.

2.2.5. Preparation of Composites

Hemp fibre and RCF were individually melt-compounded with PE, MAPE, and stearic
acid using a Labtech twin-screw extruder, with an L/D ratio of 44:1. The temperature
control on the extruder is separated into five zones, which were set at T;: 130 °C (barrel
entrance), Tp: 140 °C, T3: 140 °C, T4: 140 °C, and Ts: 125 °C (barrel exit). The composite
material was extruded through a 3 mm diameter circular die and drawn with assistance of
a filament winder to a final diameter of about 1.5 mm. Filaments of RCF-PE and HF-PE
were individually chopped into pellets of 1.5 mm length and diameter (aspect ratio 1) using
a benchtop lab pelletiser SGS 25-E4.

Pellets of RCF-PE and HF-PE composites were mixed in a monoaxial rotational
moulder at a speed of 20 rpm. In all cases, 350 g of material (composite pellets) was loaded
into the mould. A square “box-shaped” mould was used with internal dimensions of
100 mm x 100 mm x 140 mm. Mould rotation was initiated before heating. The oven
temperature was set to 240 °C (maximum temperature available in the oven), and the
material was heated for approximately 30 min until the air temperature in the mould
had reached the peak internal air temperature (PIAT) of 190 °C. At this stage, the oven
was turned off and a fan was placed in front of the oven to assist the cooling by as much
as 40 °C.

2.2.6. Thermal Gravimetric Analysis

Samples of hemp and hybrid’s composites were analysed using a PerkinElmer STA
8000 analyser. The analysis was performed in a dynamic mode; heating was applied from
50 to 800 °C at 10 °C/min under argon atmosphere at 50 mL/min with an empty pan used
as a reference. The initial weight of the samples was about 5-10 mg. The data from the
test are displayed as TG (weight loss as a function of temperature) and DTG (derivative
thermal gravimetry weight loss rate as a function of time).

2.2.7. Tensile Testing of Composites

Tensile strength and Young’s modulus of reinforced composites produced by extrusion
and rotational moulding were measured using a universal testing machine. The specimens
were placed in a conditioning chamber at 23 + 3 °C and 50 4 5% relative humidity for
48 h. The specimens were tested according to the ASTM D638-14 “Standard Method for
Tensile Properties of Plastics” using an INSTRON-4204 tensile-testing machine fitted with a
10 KN load cell and operated at a rate of 1 mm/min. An Instron extensometer was used to
measure the composite strain and five specimens of each type of composite were tested.
The composites were cut as per sample V- ASTM D638-14, whereas extruded filaments
of composites were 3 mm in diameter and 150 mm in length. The tensile strength of the
composites was calculated as the maximum force achieved during testing divided by the
area of the free-span cross-section. The Young’s modulus was determined as the slope of
the stress—strain curve in the linear (elastic) region.

2.2.8. Porosity by Optical Microscopy

The surfaces of rotationally moulded composites were examined by optical microscopy.
The images were taken at 6.5x magnification using a WILD M3B stereomicroscope fitted
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with a Nikon camera (Digital Sight DSU1). The porosity in percentage per area was obtained
using Image-J software as per equation below.

Porosity (%) = X pore area/X analysed area

2.2.9. Statistical Analysis

The software MINITAB version 18.1 was used for the statistical analysis of the results of
tensile testing. T-test was applied to compare the differences in the mean of two population
means with a 95% simultaneous confidence level.

3. Result and Discussion
3.1. Effect of Recycled Carbon Fibre Surface Treatment

FT-IR was used to investigate the changes in the surface chemistry of the recycled
carbon fibres after their treatment with HNO3. The description of the main peaks ob-
served on the treated recycled carbon fibre can be seen in Table 1. Figure 1 shows that the
band at 1630 cm ™!, corresponding to the H-bonded carbonyl group (C=0) conjugating
with C=C in the graphene wall, appeared more intense after the treatment [29]. Similarly,
the band at 1385 cm ! related to the carboxyl (COOH) group reached a maximum at
120 min of the treatment. In addition, the band at 1052 cm !, which corresponds to
O-H stretching vibrations, also increased in intensity with the increase in the treatment
time [30,31]. These results indicate an increase in the reactive functional groups on the
fibres’ surface with treatment time. This introduction of reactive functional groups (OH)
on the carbon fibres’ surface improves fibre-matrix adhesion by creating a chemical
bond between them with the use of a coupling agent [32-34]. In addition, introducing
polar oxygen groups onto the fibres” surface increases their surface energy, which can
lead to the better wettability of the fibres via the nonpolar matrix, thus improving the
fibre-matrix interface.

Table 1. Result of FI-IR analysis.

Wavelength (cm~1) Functional Group Band Assignment

3384 OH Water absorption
Stretching of the methyl and methylene

2900 C=H,CH, groups, hydrocarbon chains
Stretching vibration in conjugated
1630 C=C and C=0 carbonyl (C=0) with C=C in the
graphene wall
1385 COOH Carboxyl (COOH) group
1052 OH O-H stretching vibration

The SEM images showed some impurities on the surface of the untreated recycled car-
bon fibre (Figure 2a). These impurities were reported by previous researchers to be the ashes
of the decomposed epoxy matrix from the recycling stage’s pyrolysis process [35]. This
pyrolysate material on the fibres’ surface acts as a stress concentrator point, weakening the
fibres during tensile loading [36]. Therefore, the fibre treatment was beneficial to removing
these impurities (Figure 2b). Figure 2b also shows an increased fibre roughness alongside
the treatment time. The parallel grooves distributed along the longitudinal direction of
the recycled carbon fibres deepened, as shown in Figure 2¢c. This increased roughness is
beneficial to the mechanical anchoring effect between the fibre and the matrix [34]. It was
also observed that some defects on the fibre’s surface appeared at 180 min of treatment
(Figure 2d), indicating the beginning of severe oxidation [37]. For this reason, the fibres
treated for 120 min were chosen for further testing.
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Figure 1. FT-IR analysis of untreated (URCF) and treated recycled carbon fibre (RCF) for 60, 120, and
180 min.

Figure 2. Cont.
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(d)

Figure 2. SEM images of recycled carbon fibre (RCF). (a) Untreated RCF; (b) RCF treated for 60 min;
(c) RCF treated for 120 min; (d) RCF treated for 180 min.

3.2. Tensile Testing of Composites

The addition of recycled carbon fibre improved the Young’s modulus of the composite
filament compared to pure polyethylene, regardless of the fibre treatment, as shown in
Figure 3. This behaviour was likely due to the high stiffness of the recycled carbon fibre.
Likewise, the use of treated RCF improved the composites’ tensile strength and Young's
modulus compared to the untreated RCF composites, especially when combined with
MARPE (Figure 3). This result was attributed to the increased surface roughness of the RCF
caused by oxidation with nitric acid, as previously shown by SEM analysis. A higher fibre
roughness leads to better bonding of the fibre-matrix by mechanical interlocking.

It is known that good interfacial bonding ensures an efficient load transfer from the
matrix to the fibres, thereby improving a material’s overall mechanical properties. However,
using carbon fibre as a reinforcement for polyethylene composites is challenging because of
its non-reactive surface, which leads to poor adhesion between the fibre and the matrix [31].
Therefore, the best-performing composite was produced with MAPE and treated RCEF,
which improved the tensile strength and Young’s modulus by 45% and 350%, respectively,
compared to pure PE. This result indicates that the treatment of the recycled carbon fibre
with nitric acid increased the fibres” surface reactivity by introducing functional groups
containing oxygen. Similarly, previous research reported that treating carbon fibre with
HNOj3 produced the appropriate surface groups required to increase the IFSS of composites
with polystyrene, allowing for an effective transfer of the stress from the matrix to the
fibre [38]. Hydroxyl (OH) groups can form a chemical bond with the maleic anhydride
groups on MAPE, while the main PE constituent of MAPE entangles with the polymeric
matrix, improving the interfacial bond between the fibre and the matrix [31,32,34]. This
improvement in interfacial bonding enhances the mechanical properties of reinforced
composites [31,36]. Other studies have also reported an improvement in tensile strength by
using PE-g-MA to bond carbon fibre and thermoplastics [39-42].

Another factor that contributed to the better performance of the recycled carbon-PE
composites compared to neat polyethylene is the fibre alignment within the extruded
filaments, as shown in Figure 4. The molten polymer is submitted to both extensional and
shear flow during extrusion, causing the fibres to align in the flow’s direction [43], and the
best composite performance is obtained when the fibres are aligned parallel to the direction
of the applied load [9].
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Figure 3. Tensile testing of filaments of composites with treated (T)/untreated and (U) recycled carbon
fibre (RCF) with/without MAPE compared to pure PE. The error bars indicate one standard deviation.

(b)

Figure 4. Optical microscope images of extruded filaments of RCF and PE. (a) Horizontal cross-
sectional view—>500 um; (b) vertical cross-sectional view—200 pum.

SEM images of the fractured surfaces of the composite filaments produced with treated
RCF with and without MAPE are shown in Figure 5. It was observed that there were more
prominent fibre pull-outs in the composites without MAPE (Figure 5a,b) compared to the
composites with MAPE (Figure 5¢,d). This behaviour indicates fibre-matrix debonding;
this occurred less often in the composites with MAPE, which showed more broken fibres
embedded in the matrix or near-surface. However, the SEM images do not show a strong
interface between the polymer matrix regardless of whether treated or untreated recycled
carbon fibre were used, which means that some fibres were embedded in the matrix, while
others were not.
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Figure 5. SEM images of fractured surface of extruded filaments of RCF/MAPE/PE composites.
(a) and (b) Treated RCF; (c) and (d) Untreated RCFE.

Figure 6 shows that the use of MAPE also plays an important role in the response of
rotationally moulded composites when their tensile strength is tested. The composites
produced with untreated RCF without MAPE have lower tensile strength and Young’s
modulus than pure polyethylene. On the other hand, the composites prepared with
MAPE regardless of the fibre treatment improved the Young’s modulus by about
50% and 20% compared to pure PE. Although the composite filaments with treated,
recycled carbon fibre had superior mechanical properties than those with untreated
fibres, the low shear and absence of pressure in the rotational moulding process do
not contribute to a good fibre-matrix interface and polymer consolidation. Thus, the
porosity within the final composites contributed to a reduction in tensile strength and
Young’s modulus compared to the filaments of the composite. Considering there was
no improvement in the tensile properties of the rotationally moulded composites with
treated fibres and that HNOj is a hazard chemical, this fibre surface treatment was
considered to be disadvantageous for composites produced by rotational moulding
under the conditions used in this study. The use of MAPE sufficiently improved the
matrix/fibre interface.
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Figure 6. Tensile testing of rotationally moulded composites. PE—polyethylene, U—untreated,
T—treated, RCF—recycled carbon fibre, and MAPE—maleic anhydride polyethylene. The error bars
indicate one standard deviation.

3.3. Effect of Hybridisation on the Porosity of Rotationally Moulded Composites

Hybridising the hemp with recycled carbon fibre improved the surface aesthetics of
the rotationally moulded composites. This is because the hybrid composite has more but
smaller voids on its surface compared to the hemp-PE composite, as shown in Figure 7a,b.
This behaviour is attributed to the high thermal conductivity of the carbon fibre (5 to
15 W-m~1.K~1) [44], which assisted the sintering of the hemp-PE composite pellets during
the process. It is known that the amount of formed conductive chains exponentially
increases with the content of carbon fibre, thereby increasing the thermal conductivity
of a composite [45]. This reduction in the void’s size has not reduced the porosity of the
final composites (Table 2). However, this might have contributed to the improved tensile
properties observed in the hybrid composites compared to the composites only reinforced
with hemp fibre.

Pinholes are commonly present on the surface of rotationally moulded composites
due to the release of air trapped during the process. Usually, the use of external pressure
minimises gas inclusions in composites, even those that occur within the filling structure.
However, the absence of pressure and shear forces during rotational moulding can lead to
a significant number of voids [46,47].

Table 2. Porosity of rotationally moulded composites. PE—polyethylene, U—untreated, T—treated,
RCF—recycled carbon fibre, and MAPE— maleic anhydride polyethylene.

Sample Porosity (% Area)

50(THU1.5)/50(UCU1.5) 6.8
THU1.5 7.7
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Figure 7. Figure 7. Optical microscopy image of the surface of rotationally moulded composites
reinforced with hemp (a) and hybrid (b). 500 um scale.

3.4. Effect of Hybridisation on the Mechanical Properties of Rotationally Moulded Composites

In general, hybridising hemp with recycled carbon fibre resulted in a stiffer and
stronger composite (about 30%) than their natural fibre counterparts, as shown in Figure 8.
Furthermore, Figure 9 presents exemplary stress—strain curves for these composites. It
shows that the incorporation of RCF into the HF-PE composite resulted in a notable increase
in tensile strength. The hybrid composites showed a higher Young’s modulus (about 20%)
than pure polyethylene, but no difference in tensile strength. This result was confirmed as
statistically significant by the 2-sample t-test with 95% confidence. Likewise, the Young's
modulus of the hybrid composites increased with the recycled carbon fibre content (from
20 to 50%), which is attributed to the high stiffness of the RCF and the reduction in the size
of the voids in the final composites. Likewise, a previous study showed that hybridising
flax fibre with carbon fibre resulted in greater stiffness for the hybrid material relative to its
natural fibre counterparts [48]. It was also observed that hybrid composites (5 wt.% RCEF)
had the same tensile properties as recycled carbon fibre-PE composites (10 wt.% RCF). This
result shows that hemp fibre also contributed to the reinforcement of the hybrid composites.
In general, the presence of pores in rotationally moulded composites weakens the stress
transferred between the fibre and the matrix resulting in low tensile properties.

M Tensile Strength 1 Young's Modulus 100

0.61 0.61
0.57

0.45 198 1339 L 050
107

anni

Young's Modulus (GPa)

HF-10 RCEF-10 HE-8/ RCE-2 HEF-5/ RCE-5

Figure 8. Tensile testing of rotationally moulded composites. PE—polyethylene, HF—hemp fibre, and
RCF—recycled carbon fibre followed by fibre content (wt.%). The error bars indicate one standard deviation.
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Figure 9. Example of a Stress vs Strain curve of rotationally moulded composites. HF—hemp fibre
and RCF—recycled carbon fibre followed by fibre content (wt.%).

3.5. Effect of Hybridisation on Thermal Behaviour of Composites

The TG and DTG curves of the hybrid and hemp-PE composites are shown in Figure 10.
Both formulations show a two-stage degradation process between 250 and 500 °C. The
first stage of weight loss from 200-360 °C is due to the thermal degradation of amorphous
materials such as hemicellulose, lignin, and pectin, followed by cellulose. The final stage of
weight loss ranging from 360-500 °C is due to the thermal degradation of cellulose and
the remaining lignin. On the other hand, the carbon fibre is stable at high temperatures
and inert environments, which is evidenced by the almost unchanged weight of the carbon

fibre up to 500 °C.
—— Hybrid Composite Hemp composite
————— Hybrid Composite --=--- Hemp composite
100 A
—_ 80 )
N —
2 60 - é
3 2
o
'S: N
% 10 2
3 a
=
20 A
0 T T T T T T T '20

100 150 200 250 300 350 400 450 500 550 600
Temperature(°C)

Figure 10. Thermal analysis of hybrid and hemp-reinforced rotationally moulded PE composites.
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Figure 10 shows that the onset of decomposition temperature for hemp and hemp-PE
is recorded at 230 and 370 °C, respectively; however, the decomposition temperature for
the carbon/hemp fibre hybridised composite samples was approximately 385 °C and the
residual charcoal content increased from 2.9 to 4.7% with the hybridisation of the hemp
composite. These results show a slight increase in the onset of decomposition temperature
and the temperature of maximum degradation rate upon introducing recycled carbon fibre
onto the hemp fibre-PE composites. The obtained properties are summarised in Table 3.

Table 3. Results of TGA analysis.

Onset The Temperature at the
Sample Decomposition Main Decomposition = Residual Char Yield (%)
Temperature (°C) Peak (°C)
Hybrid composites
HE.5/RCE-5 385 500 47
Hemp Composites
HE-10 370 490 29

4. Conclusions

The treatment of the recycled carbon fibre with nitric acid for up to 120 min was bene-
ficial for increasing the number of oxygen groups in the fibre. This resulted in an increased
fibre roughness and better fibre-matrix adhesion along with MAPE. Therefore, the tensile-
testing procedure revealed increased tensile strength and Young’s modulus in the filaments
of the treated RCF-PE compared to the untreated RCF-PE composites. However, this result
was not reproduced in the rotationally moulded composites, and no significant difference
in the tensile properties’ results was observed between the composites with treated and
untreated carbon fibres. In conclusion, the treatment of recycled carbon fibre with HNO3
before rotational moulding is not advantageous considering the slight improvement in
fibre-matrix adhesion, the time consumed, and the hazardous waste generated.

On the other hand, the rotationally moulded composites reinforced with RCF had a
superior Young’s modulus than PE regardless of the fibre treatment. As the RCF weight
ratio increased up to 5 wt.%, the hybrid composite demonstrated the best Young’s mod-
ulus. In addition, the hybridisation of hemp fibre with recycled carbon fibre resulted in
composites with superior tensile strength and Young’s modulus than neat polyethylene.
This result was due to the high tensile properties of the recycled carbon fibre with reduced
void sizes on the surface of the hybrid composite compared to the hemp-PE composite.
Although there are many hurdles associated with the addition of fibres in polymers for
rotational moulding, it was demonstrated that PE composites using RCF and hemp fibres
with improved thermal and tensile properties can be produced by rotational moulding.
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