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Abstract: Natural fibre as a reinforcing agent has been widely used in many industrial applications. Nevertheless, several factors need to be considered, such as the size and weight percentage of the fibre used in binding. Using fused deposition modelling (FDM), this factor was investigated by varying the size of natural fibre as the responding variable with a fixed weight percentage of kenaf fibre. The process of modifying the natural fibre in terms of size might increase the dispersion of kenaf fibre in the polymer matrix and increase the adhesion bonding between the fibre and matrix of composites, subsequently improving the interfacial bonding between these two phases. In this paper, the effect of fibre size was evaluated by performing the mechanical test, Scanning Electron Micrograph (SEM) to observe the morphology of the composites, and also by surface analysis. The surface roughness was visualised using a 3D profilometer and the figure was illustrated as colour shading in the image. The composite with fibre size ≤100 μm displayed better tensile and flexural strength, compared to other sizes. In conclusion, by reducing the size of the fibre, the composites could develop high strength performance for industrial applications.
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1  Introduction

The combination of cellulose fibre and polymer matrix has attracted many researchers to develop new techniques to produce effective composite materials. Natural fibre has been explored to replace synthetic fibre as the filler in the composite’s platform [1]. A composite is a material that is made up of two or more different types of materials that are mixed and have varied qualities. Polymers are frequently used in construction as primary materials because of their high strength and quick setting characteristics [2].

The natural fibre is known for its strength and is one of the best replacements for synthetic fibre and artificial fibre in manufacturing because it is lightweight, biodegradable, and safe [3]. Table 1 summarizes characteristic values for the density and mechanical properties, of natural (plant), synthetic fibres and glass fibres.
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The natural fibre is safer than synthetic fibre, and its unique properties, such as low density, low cost, low energy consumption, biodegradability, high specific strength, and high vibration absorption, caused many academics to express an interest in learning more about it as a filler [4]. The concern towards the environment urges industries to produce “green materials” as their main filler. While natural fibre is biodegradable, renewable, nontoxic, sustainable, and environment friendly [5]; its drawbacks, are such as excessive moisture absorption, low processing temperature, low durability, and incompatibility between fibre and polymer matrix [6]. Some of the commonly available natural fibres are kenaf, pineapple leaf fibre (PALF), coir, hemp, wood, jute and sisal.

To resolve the incompatibility problem between fibre and polymer matrix, Jamadi et al. [3] stated that surface modification by alkaline treatment can enhance the bonding between these two phases. Subsequently, to obtain an accurate result in mechanical strength, the right amount of immersion time and concentration need to be studied. The surface modification is a step to remove any impurities such as wax or oil and enhance the surface roughness of the fibre surface. In addition, this paper observed that the wettability problem could be resolved by using silane as a coupling agent. This approach can improve the natural fibre and polymer matrix’s interlocking adherence [7].

It was noted that increasing the alkaline concentration can damage the natural fibres, resulting in decreased mechanical and physical properties. In conclusion, alkaline treatment is the most effective treatment compared to others because an alkaline solution can stand for a long period and has a lasting effect on the mechanical behaviour of the natural fibres, especially on their strength and stiffness and surface treatment can be improved the properties of the composites itself [8–13]. The optimum concentration for alkaline treatment is 6 wt%, consistent with the literature review shown in Table 2. The hydrophilic properties of the kenaf fibre can be reduced and enhance the interfacial bonding between fibre and polymer itself.
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Natural fibre reinforced composite has been used in several industries such as automotive, aerospace, and sports to substitute glass and carbon as their main reinforcement agent. The natural fibre is also used as a reinforced polymer composite in gears, bearings, clutches, and many other mechanical components due to its excellent mechanical qualities.

Aida et al. [6] listed several factors that might affect the effectiveness of the composites such as: (a) the variety of fibre size, (b) aspect ratio size, (c) particle size and shape, (d) particle surface area, (e) fibre orientation, (f) volume of fibre, and (g) chemical composition. Their study found increasing fibre size produces higher tensile strength and elasticity of composites. Additionally, increasing the fibre content could improve the composites’ strength and stiffness. The aspect ratio size shows that an increase in fibre content increases tensile modulus but decreases tensile and flexural strength. They concluded increasing the fibre content with poor dispersion would reduce composite strength, and increasing the fibre length would increase composite strength and elasticity but diminish toughness and strain [14–17].

Zhang et al. [18] investigated that fibre length and dispersion would give some effect towards a good result. In conclusion, the data indicated that as the glass fibre length increased, the strength also increased due to a good dispersion within the polymer matrix. The previous study also showed that if the fibres were not well distributed, it could lead to low mechanical properties.

Cuvalvi et al. conducted a test that observed the effect of the fibre volume ratio. The data showed an inclination of tensile strength as the fibre content to volume ratio increased at a certain point but showed a declination if the content/volume ratio constantly increased [19]. This can be concluded that the fibre content might affect the composites if the fibre volume was low due to the low distribution of fibre and the force that transferred towards the composites might not contribute well. However, if the fibre volume was higher, it might also affect the properties due to the bonding between the matrix and fibre was not properly embedded. Therefore, the optimum volume ratio needs to be further studied in order to obtain a good result [19].

Additive manufacturing (AM), such as fused deposition modelling (FDM), is one of the technologies that can reduce cost while producing goods with geometrical and complicated features. This method requires a layer-by-layer process by using 3D printing fed through CAD file generation. FDM as shown in Fig. 1 has become increasingly popular in industrial applications such as biomedical, mechanical, and electrical manufacturing in recent years [16,20–22].
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Figure 1: FDM process diagram [7]

The goal of this study is to evaluate how the diameters of natural fibres affect the mechanical characteristics and surface roughness of kenaf fiber reinforced PLA composites. Four different sizes (≤100, 100, 250 and 300 μm) were investigated. Whilst the study focuses on both performance and quality, the printed surfaces were also examined utilizing 2D and 3D image analyzers.

2  Sample Preparation

2.1 Materials

Kenaf fibre powder (unsieved) was supplied locally from Lembaga Kenaf dan Tembakau Negara (LKTN). Poly Lactic Acid (PLA) pellets and Silane (Aminopropyltriethoxysilane Agent) were obtained from Mecha Solve Engineering (Selangor, Malaysia).

2.2 Alkaline Treatment

In this experiment, kenaf fibre powder with random size (unsieved) within 100–650 µm was treated with alkaline treatment. The kenaf fibres were immersed in sodium hydroxide solution with a fixed concentration of 6 wt% for 24 h [23]. After alkaline treatment, the kenaf fibres were washed thoroughly with running water and dried in an oven at a temperature of 110°C for 24 h. Fig. 2 shows the rinsed fibre after alkaline treatment.
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Figure 2: Alkaline treatment

2.3 Silane Treatment

The surface is then treated with the silane coupling agent method. In this treatment, 1.0 wt% APS (aminopropyltriethoxy silane) was dissolved in a solution containing 70% methanol and 30% water. After that, the solution was stirred for 30 min. The kenaf fibre that had already undergone the alkaline treatment was then soaked in silane solution for 3 h before being dried in an oven at 110°C for 24 h to remove all moisture from the fibre. Table 3 details the chemical treatment used in this experiment, while Fig. 3 shows fibre in silane treatment and Fig. 4 depicts the drying process in the oven.
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Figure 3: Silane treatment
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Figure 4: Drying process

2.4 Composite Mixture

Composites were created by combining kenaf fibre and matrix using the law of mixture. The weight of each element was calculated by using Eq. (1) as shown in Table 4. Han et al. discovered that 2.5 wt% fibre in PLA was optimal for FDM [24].
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Weight percentage of element,we×Weight of composites=Weight of elements
(1)

2.5 Sieve Method

Sieve analysis was one of the methods used to ascertain the particle size of the kenaf fibre powder distribution. By pouring kenaf fibre powder through a wire mesh sieve, specific size ranges were then determined using the sieve analysis method. The required weight of kenaf fibre powder was obtained using this method, which involved using a sieve stack that was placed on a sieve shaker for 30 min. The vibration used made it easier for the fibre particles to reorient themselves as they passed through the sieve. On the other hand, the sieve also aided in breaking up the fibre’s tendency to clump together, enabling better distribution. By doing this, the kenaf fibre powder that passed through the sieve was deemed to be within the wire mesh sieve’s specification range. The four different sizes under investigation were ≤100, 100, 250, and 300 μm.

2.6 Filament Extrusion

Twin screw extruders with constant pulling speed and constant filament size have been utilized to make filament composites for various fibre sizes. Fig. 5 depicts the twin screw extruder and the extrusion parameter is shown in Table 5.
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Figure 5: Twin screw extruder
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2.7 3D printing

The Flashforge 3D printer was used to extrude the sample. The solid has been put up with a 100% infill in a line shape. Following that, the nozzle temperature was set at 210°C, and the bed temperature was set at 60°C, as PLA polymer did not require high temperatures. The nozzle size that had been used to print the composites’ samples is 0.8 mm (0.031 in). Fig. 6 represents the schematic diagram of the 3D printer and Fig. 7 shows the printed tensile test coupons.
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Figure 6: Schematic 3D printer
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Figure 7: Tensile test specimens

3  Sample Characterization

3.1 Mechanical Testing

To evaluate the mechanical properties of the biodegradable composites, the tensile test was applied. Some of the properties that can be obtained after performing the tensile test include young’s modulus and tensile strength. The testing was carried out by following the ASTM D638 standard and five samples have been taken for each fibre size to find the average results. The tensile properties of composites were determined using the Universal Testing Machine model Instron 887, manufactured in Norwood, Massachusetts, United States.

The flexural test was conducted according to the ASTM D790 standard and five samples have been taken for each parameter to find the results average. The crosshead speed is 1 mm/min with a load cell of 5 kN tested using the Universal Testing Machine model Instron 5585 manufactured in Norwood, Massachusetts, United States. The sample size is 100 mm × 10 mm × 3 mm with a span length of 80 mm.

Eq. (2) can be used to determine flexural stress.


σ=3PL2bd2
(2)

where, 
σ is the flexural strength
, P is the maximum force at break (N), L is the support span (mm), b is the width of the sample (mm), and d is the depth of the sample (mm).

3.2 Morphological Analysis

Morphological tests were carried out on the cracked surface tensile test sample and a scanning electron microscope (SEM) for the four separate samples with diameters of ≤100, 100, 250, and 300 μm. Platinum coating was used to improve the resolution. JSM-6010PLUS/LV Scanning Electron Microscope made by Jeol Ltd., Tokyo, Japan.

3.3 Image Analyser

The surface structure detail was obtained by using the Low Power Microscope, Zeiss Axioskop 2 with 50x lens which was manufactured in Germany.

3.4 Profilometer Surface Roughness

A 3D Profilometer was performed to obtain the surface roughness of the composites’ surface. The 3D surface roughness was observed by using Shodensha GR3400 with a 50x lens.

4  Results and Discussions

4.1 Mechanical Testing

Mechanical testing was used to investigate the tensile and flexural strength of the materials, as well as the elastic modulus. Interfacial bonding is one of the factors that might influence the strength of composites. Good results could be obtained with good stress distribution [18]. The results could reveal whether the sample has good or poor interfacial bonding. The tensile test can be used to determine the elastic modulus, maximum tensile strength, and strain to failure [23]. By adding fibre and improving fibre quality, the contact area between the two phases also can be enhanced. As the ideal amount of fibre is reached, the ductility of the composites will increase, but if the amount of fibre is greater, both the ductility and the strength of the composites may decrease.

Fig. 8 shows the tensile stress and tensile modulus for the fibre composites of various sizes and a constant weight percentage of 2.5 wt%. The tensile stress for ≤100, 100, 250 and 300 μm showed values of 45.48, 43.35, 39.89 and 38.63 MPa, respectively and concluded that ≤100 μm fibre size indicated good strength compared to the other fibre size composites. The lowest size of fibre also showed the highest elasticity (1.10 GPa). It can be observed that the tensile modulus is proportioned to tensile strength. These results confirm that a smaller size of fibre gives good fibre dispersion and distribution in the polymer matrix which increases the mechanical properties. Yeh et al. [25] stated that the fibre aspect ratio would give a great impact on the mechanical properties. The 300 μm size showed the lowest tensile values. Since the fibre used in this experiment are in a powder state, or isotropic, there is no need for it to have a specific orientation.
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Figure 8: Kenaf reinforced PLA composites tensile properties at varying fibre size

The flexural strength for samples ≤100, 100, 250 and 300 μm, are 64.53, 63.67, 59.71, and 49.02 MPa, respectively. Fig. 9 shows samples with a size of ≤100 μm obtained the highest flexural strength, whereas the highest flexural elasticity was produced from the sample size of 100 μm (1.85 GPa). However, 300 μm achieved the lowest strength as compared to other fibre sizes. The flexural modulus in general indicated an increasing trend as the strength increased. The lowest fibre size obtained the highest strength due to its ability to distribute and disperse well into the polymer matrix as compared to the larger sizes. For this reason, when the load was applied, the force could be well distributed in the composites.

[image: images]

Figure 9: Kenaf reinforced PLA composites’ flexural properties at varying fibre size

From the tensile and flexural strength results, it can be concluded that a smaller fibre size is better than a larger fibre size. A smaller size has a higher surface area to increase the bonding between the two phases and can distribute well without agglomeration thus increasing the inner strength of the composites [22]. The trend of strength that gradually decreases as the size of the fibre is increasing might be due to voids or impurities of the fibre itself.

4.2 Morphological Analysis

To analyze the micrograph of the composites, the cracked surfaces from the tensile test were viewed under SEM. Fig. 10 depicts the shattered surfaces of composites. Fig. 10a shows the tensile fractured surface of a ≤100 μm fibre. Fibre pull-out was noticed in the micrograph, proving that the fibres were properly blended and distributed in the polymer matrix. Additionally, some fibre was still present, showing that the matrix and fibre had a strong interfacial connection. This suggested that effective surface treatment would increase the composite’s strength. The micrograph showed good tensile strength results, showing that among the fibre sizes ≤100 μm was the best.

[image: images][image: images]

Figure 10: Scanning Electron micrograph (a) ≤100 μm; (b) 100 μm; (c) 250 μm; (d) 300 μm

Fig. 10b shows the tensile fracture surface for 100 μm size. It could be seen that there were some voids and cracks on the surface, larger fibre pull-out, and the distribution of fibre was slightly less as compared to Fig. 10a. The tensile fracture surface of 250 μm fibre size in Fig. 10c shows bigger fibre holes and fibre gaps between the fibre and matrix, whereas Fig. 10d illustrates the tensile fracture surface of 300 μm fibre size with larger fibre holes, cracks, and fibre distribution on the polymer. In conclusion, a larger fibre size had minimal interaction as a crack barrier in comparison to a smaller size. 300 μm fibre size contained plenty of fibre pull-out in contrast to the smaller fibre size.

4.3 Morphological Analysis

The printed surface of kenaf fibre composites was investigated by using a Low Power Microscope, Zeiss Axioskop 2 using a 50x magnifying lens. The samples were taken with the same printing parameter with different sizes of kenaf fibre as shown in Fig. 11. According to the 2D image analyzer, the ≤100 μm size in Fig. 11a had the smoothest printed surface when compared to other fibre sizes.

[image: images]

Figure 11: Image analyzer for printed surface (a) ≤100 μm; (b) 100 μm; (c) 250 μm; (d) 300 μm

Ra is the average value of surface roughness obtained while Rz is the highest peak. The average value was taken at five different points per sample using the 3D profilometer. The surface illustration is shown in Fig. 12. The numerical results of surface roughness are tabulated in Table 4, the surface roughness trend changes according to the fibre size.
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Figure 12: Kenaf reinforced PLA composites 3D profilometer at varying fibre size

Campbell et al. [26] and Reddy et al. [27] concluded it is difficult to capture surface roughness since the layer thickness of the printed surface could affect the reading and further study is needed in this method. In a nutshell, it can be concluded that in the current study, a smaller fibre size could produce a better surface finish as compared to larger fibre sizes since the only different parameter in the samples is the fibre size [28] and fibre size also improve the mechanical properties as mentioned above [29,30]. Figs. 13 and 14 show that the highest surface roughness and tallest peaks on the surface by referring to Table 6, were obtained for the fibre size of 300 μm.
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Figure 13: Mean value of surface roughness, Ra varying fibre size
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Figure 14: Peak point on the surface, Rz varying fibre size
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5  Conclusion

The study was carried out by combining kenaf fibre with thermoplastic PLA and observing the mechanical properties of the composites. Four different sizes of fibres were studied (≤100, 100, 250 and 300 μm). According to the findings ≤100 μm size achieved the highest strength when compared to other fibre sizes. Because the stress could be distributed evenly on the surface, the tensile and flexural strength could be enhanced due to strong interfacial bonding as the composition of composites achieved the optimum concentration and fibre size. This experiment also demonstrated that increasing the size of a filler can affect internal strength. It can be concluded that fibre size influences mechanical properties. Therefore, the optimum tensile and flexural strengths were obtained at a fibre size of ≤100 μm. The surface profilometer analysis proved that the smaller size could help in a better surface finish. The correct size of the filler for natural fibre is one of the important factors to consider since it efficiently provides sufficient bonding to achieve a high internal strength for application development.
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Table 3: Sample classification

Parameter Explanation

1.0 wt% silane 6 wt% alkali concentration + 1.0 wt% silane concentration
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Table 4: Composition of composites

Sample Weight of composites (g) Weight of fibre (g) Weight of matrix (g)
2.5 wt% 97.5 wt%

All samples 500 12.5 487.5
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Table 1: Fibres characteristic values for the tensile strength (MPa), young’s modulus (GPa), elongation (%)
and density (g/cm’)

Fibres Tensile strength (MPa) Young’s modulus (GPa) Elongation (%) Density (g/cm’)
Cotton 287-800 5.5-12.6 3.0-10.0 1.5-1.6

Jute 393-800 10-30 1.16-1.8 1.3-1.6

Flax 345-1500 27.6 1.2-3.2 1.4-1.5

Hemp 550-900 70 1.64.0 1.47-1.48

Sisal 400-700 9.0-38.0 2.0-14 1.33—-1.5
E-glass 2000-3500 70-73 2.5-34 2.50-2.55
Carbon (standard) 3400—4800 230425 1.4-1.8 1.4-1.78

Kenaf 930 53 1.6 1.2-1.45

PALF 170-1627 60-82.5 1.6-2.4 1.56
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Table 6: 3D image profilometer for printed surface varying fibre size

Parameter Point 1 Point 2 Point 3 Point 4 Point 5 Average

<100 pm Ra, um 2.6 2.5 3.2 3.8 3.2 2.5
Rz, um 25.2 25.2 31 31.5 22.5 27.08
Height, um 44.0 44.0 44.0 44.0 44.0
Width, um 0.9 0.9 0.9 0.9 0.9

100 um Ra, um 3.3 34 2.3 3.1 3.1 3.04
Rz, um 29.1 25.6 24.7 27.3 23.6 26.08
Height, ym 36.7 36.7 36.7 36.7 36.7
Width, um 0.9 0.9 0.9 0.9 0.9

250 ym Ra, um 2.9 3.8 3.5 3.3 3.2 3.34
Rz, um 29.1 28.3 30.0 28.1 23.3 27.76
Height, ym 30.9 30.9 30.9 30.9 30.9
Width, um 0.9 0.9 0.9 0.9 0.9

300 um Ra, um 4.1 2.9 5.3 4.1 4.0 4.08
Rz, um 47.1 42.0 42.8 36.9 37.2 41.12
Height, ym 76.9 76.9 76.9 76.9 76.9
Width, um 0.9 0.9 0.9 0.9 0.9
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Table 2: Parameters of alkaline treatment

Sources  NaOH concentration Time immersion  Time to dry

8] 6 wt% — —

9] 6 wt% 48 and 144 h 100°C at 6 h

[10] 0 wt%, 2 wt%, 5 wt% (optimum), 10 wt% — —

[11] 5 wt% (optimum), 7 wt%, 10 wt%, 15 wt% 1,3 and 24 h —

[12] 3 wt%, 6 wt% (optimum), 9 wt% 3h Room temperature 24 h
[13] 9 wt% — —
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Table 5: Parameter filament extrusion

Sample (S) Melting temperature (°C) Screw speed (rpm)

1.0 wt% silane 204 25
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