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Abstract

:

Shredder blade is the main component of a shredder machine used in plastic recycling. A comparative performance study was conducted on the shredder blade with different geometries and orientations to understand its wear and shredding mechanism. Identification of the loading distribution along the shredder blades was observed in different orientations. The microstructure and hardness of the worn cutting edge and as-received shredder blade were characterised by optical microscopy, scanning electron microscopy along with the energy dispersive X-ray, X-ray diffraction analysis and hardness testing. The wear mechanism in the shredder blades was categorised as progressive wear. The progressive wear was due to the abrasive, adhesive, and oxidation wear. Recycling efficiency, shredding efficiency, and percentage retention are the parameters used to evaluate the performance of the machine with various geometries and orientations. The best combination of the geometry and orientation is the double-edge shredder blade with spiral orientation, which exhibited recycling efficiency at 97.39 ± 0.04%, shredding efficiency at 69.53 ± 1.32%, and retention at 2.61 ± 0.04%, along with a smaller number of blades recorded severe wear.
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1. Introduction


Production of plastics has been increasing globally due to its burgeoning applications, including food and beverage packaging, textile, automotive, and manufacturing, along with medical devices such as surgical equipment, drips, and blister packs for pills [1,2,3]. The increasing use of plastics has caused land and water pollution [4]; hence, it requires adequate attention to solve the plastic waste management and disposal processes [4,5].



Several intricate processes are involved in plastic recycling prior to the further processing step into a new product, such as sorting, crushing, shredding, and washing. Commonly, the plastic recycling process is carried out through centralised networks [6], which leads to a low recycling rate due to the challenge in the collection, separation, and sorting processes together with the transportation of the plastic waste that requires significant capital and extensive operating investment [7,8,9]. Therefore, a shredder machine was proposed at the recycling centre as the primary machine for the recycling process [10]. The shredder machine was utilised to shred the waste plastic into tiny sizes for a further recycling process.



The shredder machine mainly consisted of four fundamental components: (i) a shaft and set of blades, (ii) a motor, gears, bearing, and transmission, (iii) a hopper, and (iv) a framework. The most complicated consideration is the geometry and orientations of the blades, which directly influence the efficiency [10]. The shredding action occurs when the single shaft rotates, and the plastic workpieces are shredded by the rotating and fixed shredder blades. Examples of plastic workpieces are Polyethylene Terephthalate (PET), High-Density Polyethylene (HDPE), Polyvinyl Chloride (PVC), Low-Density Polyethylene (LDPE), Polypropylene (PP) and Polystyrene (PS).



The number of cutting edges changes the point of contact during shredding and the loading distribution along the shredder blades, thus affecting machine performance [11]. Rathnam et al. [12] compared double and sextuple-edge shredder blades and discovered that the greater number of edges reduced the shredding performance and increased the risk of workpieces skipping and winding up on the shredder blade [12]. Similar occurrences were observed by Ekman [13] and Ravi [14], where the greater number of cutting edges does not improve the shredding performance. Meanwhile, VijayAnanth et al. [15] utilised a triple-edge blade in a double-shafted shredding machine and reported their machine works well and can shred plastics [15].



During the shredding operation, the shredder blade generally directs the workpieces to be shredded between two sets of blades arranged along with two parallel axles. Shredding occurs at the intersection of the two opposing sets of blades that are interlaced with overlapping radii of the opposite axes [16]. Several orientations, such as spiral [14], zigzag [17], series [18], and V-orientation [13], were utilised on the shredder blades for the shredding process. Various blade geometries and orientations in the shaft might constrain the efficiency of the shredding, which creates inconsistent load distribution, resulting in certain sections of the blades experiencing higher load compared to the others [19].



The shredding process primarily involved a dry impact/sliding, which induced a shear deformation on the workpieces, such as PET. It may cause severe wear on the shredder blades, especially at the sharp cutting edges [20,21,22]. Consequently, the shredder blades required regular maintenance due to wear and tear during the shredding process. Thus, a precise design of the shredder blade geometry was vital in controlling and improving the wear resistance during the shredding processes [21]. This has driven the demand for further studies into the wear behaviour of shredder blades in various geometries and blades’ orientations during the shredding process (e.g., sliding wear and impact wear) [23,24].



Although several investigations on the shredding performance have been conducted, fewer studies have been performed for the analysis of the wear behaviour of the shredder blades [10,19,25]. Due to the wear conditions between the blades and PET plastic during the shredding process being complicated to observe and quantify, it is challenging to estimate the wear mechanisms of the blades from the laboratory scale simulations [5,23,24].



Therefore, the purpose of this study is to investigate the wear mechanism of shredder blade cutting edges with different geometries and orientations, respectively, and the blade’s performance. Evaluation of the performance of the shredder machine was according to the recycling efficiency, shredding efficiency, and percentage retention.




2. Experimental Section


A small-scale shredding machine for PET plastic was fabricated, and a performance test was conducted using a 3 hp single phase electric motor (rotational speed at 2800 rpm) as the prime mover. The motor was connected to a 1:60 ratio gearbox to reduce the rotational speed (about 47 rpm) and increase the torque of the rotating shaft to improve the shredding force of the shredder blades. The utilised geometrical design in this study, double-edge and triple-edge blades, is shown in Figure 1a and Figure 1b, respectively.



Design of the small-scale shredder machine was adopted from Precious Plastic Group [26]. The single-shaft plastic shredder was invented by Dave Hakkens, and the design is available on the Precious Plastic website [19,26]. In small-scale shredder machines, there are several geometries of shredder blades, including double-edge [12,19,27] and triple-edge shredder blades [15,28]. In this study, the shredder blade design was adjusted to certain detail, i.e., the cutting angle was fixed at 35°, and the cutting edge length was fixed at 10.44 mm for both double and triple-edge shredder blades to suit the shredder machine. The fabricated double-edge and triple-edge blades were mounted to a hexagonal shaft in spiral and V-orientation before the blades were installed in the shredder machine. Figure 2 illustrates the orientations of the double-edge and triple-edge blades. The abbreviations of the shredder blades in different geometries and orientations are summarised in Table 1.



The shredder machine was assembled by welding the parts together while the detachable parts were bolted. Figure 3 depicts the schematic diagram of the small-scale plastic shredder machine with throughput of approximately 10 kg/h. The throughput of a shredder machine is defined as the ratio of output mass of shredded workpieces to the time taken for the shredding process



Figure 4 illustrates the configuration of the shredder blades in the shredder machine, where the shaft consisted of 10 removable spacers and 9 shredder blades made of low carbon steel or mild steel. Low carbon steel or mild steel generally comprises 0.05 wt.% to 0.25 wt.% of carbon, where its hardness is between 10 HRC to 34 HRC [29,30]. Hence the as-received low carbon steel was tested for its hardness using Rockwell Hardness Tester, and the hardness was measured at 17 HRC. Typically chemical composition of low carbon steel is C: 0.16 wt.%, Si: 0.40 wt.%, Mn: 0.70 wt.%, S: 0.03 wt.%, P: 0.03 wt.% and Fe: 98.68 wt.%, and our recorded hardness correspond accordingly [31,32,33]. Based on the finding from Ravi et al. [14] and Nasr et al. [28], low carbon steel is the most suitable material in the fabrication of the shredder blades for plastic shredder machines because it is available at minimal cost, and ease of welding due to its specific properties. Low carbon steel is unresponsive to heat treatments intended to form martensite, relatively soft and weak but has outstanding ductility and toughness; in addition, they are machinable [34]. Thus, in this study, low-carbon steel was utilised as the shredder blade and fixed blade material.



The numbering series of the shredder blades starts from the shaft end that is connected to the gear shaft. The gap between one side of the rotating shredder blades and the fixed blades,    t  g a p    , was fixed at 1.00 mm. The gap was implemented in order to prevent the shredded workpieces from becoming stuck during the shredding process, as well as to obtain a specific size of the workpiece pellets after it was shredded [10,35,36]. The gap provides a slight shift in the shredder blade and the loading concentration of PET during the shredding process. Whilst the other surface of the shredder blades is in contact with the subsequently fixed blade to avoid misalignment during the shredding process. However, the shredder blades are not necessarily always in contact with the fixed blades since the gap at one side provides a slight shift of the shredder blades during the shredding process.



Figure 5 illustrates the side view of the shredder blades, fixed blades, and the cross-section of the PET plastic, along with the cross-section of A-A, which depicts two tool blades and the gap,    t  g a p    .



According to Figure 5a, the shredding action was generated from the narrow gap,    t  g a p    , between the shredder blade and fixed blade. Based on Figure 5b, the wear region of the shredder blades was at the edge of the blades where it occurred, adjacent to the gap between the shredder blades and fixed blades. Thus, the wear performance of the shredder blade was focused on the cutting edge of the shredder blade. PET plastic was selected as the workpiece. It was cut to a rectangular shape with dimensions of around 90 mm length × 40 mm width and fed into the shredder machine. The workpiece length was approximately the same as the length of blades 1 to 9 along the shredding shaft to ensure the workpiece was uniformly fed to the shredder blades. The workpiece was gradually fed into the shredding chamber during the shredding process. Determination of the loading distribution of each shredder blade for different orientations was based on the wear rate of each blade.



Two adjacent shredder and fixed blades are used as a set to shred PET plastic. Figure 6 shows the front view of the arrangement of the shredder and fixed blades. The shredder blades rotate at a mean angular speed,  ω , of 47 rpm. An offset angle,  α , is used to specify the relative orientation of the shredder and fixed blades. The offset angle  α , as shown in Figure 6b, is defined as the angle that shredder blade rotates from the   α = 0   position in Figure 6a. The change in offset angle will alter the wear pattern on the worn cutting edges of shredder blade, as will be demonstrated in the following analysis.



The wear mechanism of the double-edge and triple-edge blades in different orientations was investigated based on the blade’s material wear rate. The wear rate was defined as the volume loss (mm3), where the volume loss was achieved by the mass loss divided by the density of the low-carbon steel. The density of the low-carbon steel used in this experiment is 7850 kg/m3. The shredder blade’s wear was initially compared between same geometry with different orientations, followed by the wear effect on different blade geometries. Mass of the blades was weighed before and after the shredding process using an analytical balance with precision of 0.001 g (Ohaus Pioneer PA413C, Ohaus Corp., Parsippany, NJ, USA, 410 g). The microstructure of the worn cutting edge of the shredder blades was examined under optical microscopic (5× magnification) (Olympus BX60M, Olympus, Tokyo, Japan) and scanning electron microscopic (SEM, Hitachi S3400N, Hitachi, Tokyo, Japan) along with the elemental composition by energy dispersive X-ray (EDX, QUANTEX Esprit 1.9) microanalysis before and after shredding about 1.25 kg of PET plastic. Crystalline structure of the worn cutting edge was observed using the X-ray diffractometer (XRD, Rigaku SmartLab) with Cu Kα radiation, λ = 1.5406 Å and operating at 40 kV and 50 mA.



The hardness properties of the shredder blades were measured using Rockwell hardness scale C with 150 kg load (Mitutoyo ATK F-1000, Mitutoyo, Kawasaki, Japan). XRD and hardness analysis were carried out on the fourth blade (DS4, TS4, DV4 and TV4) for all geometries and orientations and compared with the as-received shredder blades (P). The measurement point of the hardness is displayed in Figure 7. The first measurement was taken 3 mm from the top edge, and the following measurement points were taken at 2 mm intervals. The hardness at the edge of the as-received shredder blades (P) was found at average of 17HRC.



The cutting edges of each as-received shredder blade were ground to obtain similar initial wear before the shredding process. Furthermore, the running-in time wear phase [37] involves the time-dependent and scale-dependent. In this study, the scale of crushed material was set to 1.25 kg, where the time of the shredding process was not mainly considered. Small amount of workpiece load was utilised in this experiment as the working load range 1.2 kg–2.5 kg of workpieces is suitable with the machine throughput of 15 to 75 kg/h [5,25,27]. Various approaches have been reported to determine the shredder machine’s performance, including recycling efficiency, retention, and shredding efficiency [5,10,25]. Performance of the shredder machine was determined by the recycling efficiency (RE), which is the ratio of the output mass of the recycled PET plastic (Q) to the input mass of PET plastic (I), as shown in Equation (1). The retained mass (R), also known as the PET plastic that was left uncut in the shredder machine, was shown in Equation (2). In fact, low R value indicates good shredding process. Percentage of retention was determined using Equation (3) [5,10,25]. The shredding efficiency is the measure of the percentage of recyclable shredded PET plastic, with area size less than or equal to 1 cm × 1 cm (Ms1), relative to the total shredded PET plastic (Q) shown in Equation (4) [5,38]. A screen/mesh was used to filter and control the shredded PET plastic size.


  R e c y c l i n g   E f f i c i e n c y    (  R E  )  =   O u t p u t   m a s s   o f   r e c y c l e d   w a s t e   P E T   p l a s t i c    ( Q )    I n p u t   m a s s   o f   w a s t e   P E T   p l a s t i c    ( I )    × 100 %  
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3. Results and Discussion


3.1. Blade Wear Rate


Figure 8 shows the wear rate of the blade’s materials after shredding 0.50 kg and 1.25 kg of waste PET plastic materials. The wear rate of the blades might be due to the removal of the oxide layer and material associated with the crack formation on the cutting edge during the shredding process [39]. The loading concentration of the rotating blades during the shredding process was observed based on the blades’ wear rate after the 1.25 kg PET plastic shredding process. The greater wear rate of the blade’s material indicates a higher shredding workload during the process, leading to severe wear on the cutting edge of the shredder blades. The geometry and orientation of the shredder blades with a fewer number of blades recorded a severe wear rate indicating a longer life span and providing a greater cyclical shredding process.



The wear rate of the double edge and triple edge blades are shown in Figure 8a and Figure 8b, respectively. In general, each blade might experience chipping that causes a reduction in its mass. The wear rate for each blade is dependent on the position of the blade inside the shredder machine and the shape or geometry of the blade.



According to Figure 8, the increase in the wear rate of the shredder blades was in accordance with the increase in the mass of the shredded PET plastic. In all blade geometries and orientations, the second and fourth blades consistently experienced the highest wear rate, except for the double edge blade in the spiral orientation, where the highest wear rate was recorded at the eighth and second blades. This indicates the loading was concentrated at the front end of the shredder blades in DV, TS and TV, whilst the workpieces in DS diverged to both ends of the shredder blades during the shredding process. In addition, a small deviation of wear rate was observed on each blade after three repetitions of the shredding process. This indicates the marginal friction due to the contact between the fixed blades and the cutting edge of the shredder blades only led to a minimal influence on the wear rate of the cutting edge during the shredding process.



When double-edge blades were arranged in spiral orientation, the eighth (DS8) blade experienced the highest material wear rate, followed by the second (DS2) blade. The blade in the middle, which is the sixth (DS6) blade, experienced the least mass reduction, as shown in Figure 8a(i). During the shredding process, the workpieces were directly crumbled and shifted to both ends, causing a higher impact at DS2 and DS8. These leads to severe wear rate of DS2 and DS8 due to the higher shredding workload. The experiment was repeated three times, and similar results were obtained where DS2 and DS8 exhibited the highest wear. Optical microscope images in Figure 9 show the sign of wear on the eighth (DS8) and second (DS2) blades after it was used to shred 1.25 kg of PET plastic material. Chipping occurred when there was a removal of material on the shredder blades due to the shredding process [40].



It is visible that the wear on DS8 (Figure 9a) and DS2 (Figure 9b) is relatively severe. The sharp edge of the blade has become blunt, indicating the high-stress distribution and reaction force from the workpieces to the sharp blades during the shredding process [28]. Examination under an optical microscope shows visible chipping, scratches, and dent on the surfaces of both blades. A dent is a small hollow mark on the surface of the material [41,42]. The denting may occur as the workpiece accumulates and jammed at the curve edge resulting in higher dents in the region. On the other hand, the optical microscope image of the sixth (DS6) blade (Figure 9c) remains sharp, with some scratches and debris visible on the edge of the blade. Wear debris is formed due to the abrasion and adhesion induced by the shredding process [43,44]. During the initial stage of the shredding, an asperity is striped and becomes a debris particle when the asperity is not strong enough, and the debris usually is tiny [23]. The debris is not visible at DS8 and DS2, which is due to severe wear during the shredding process.



Different results were obtained when the triple-edge blades in spiral orientation were used to shred PET plastic material (Figure 10). The interval blades: second (TS2), fourth (TS4), sixth (TS6) and eighth (TS8), exhibit higher blade wear rate, with TS2 displaying the highest mass reduction as shown in Figure 8b(i). In contrast, less mass reduction was observed in the first (TS1), third (TS3), seventh (TS7), and ninth (TS9) blades, increasing the number of edges of the shredder blade from the double-edge to triple edges and the contact point between the shredding edge with the workpieces. This might reduce the possibility of the workpieces shifting away from the front end of the shredder blades and immediately shredded by the middle blades (TS6) and back-end blades (TS8).



Optical microscope images (Figure 10a,b) confirmed the TS2 and TS4 blades’ wear-offs were more visible, where the sharp edge became blunt. Chipping, scratches, and dent are also visible. On the other hand, TS1 and TS9 edges remain sharp, as shown in Figure 10c,d.



Changing the orientation of the double-edge and triple-edge blades on the shredding machine shifts the loading concentration of PET plastic waste material. As the double-edge blades were arranged in V-orientation, the blade wear rate is high for the second (DV2), fourth (DV4) and eighth (DV8) blades, with DV2 experiencing the highest wear rate, as shown in Figure 8a(ii). While DV1, DV3, DV5, DV6, DV7, and DV9 blades experienced minimal wear rates. Optical microscope images shown in Figure 11 confirmed that DV2 has prominent damage compared to DV1. Changing from spiral to V-orientation in double-edge blades caused the second, fourth, and eighth blades to experience high loading. Nevertheless, an insignificant wear rate was observed on the remaining six blades.



When triple edge blades are arranged in V-orientation, the mass reduction for TV6 and TV8 blades is lower as compared to the spiral arrangement. With the triple edges V-orientation shredder blade, the loading was concentrated at the front end of the shaft, causing TV2, TV3, and TV4 to experience a higher wear rate. Subsequent characterisations will further support the findings associated with the blade wear rate.



Microstructure and elemental composition characterisation of the shredder blades were performed by scanning electron microscope (SEM) and energy dispersive X-ray (EDX), respectively, for the as-received (P), DS4, DV4, TS4, and TV4, as presented in Figure 12. The SEM images revealed the presence of Fe-oxide accumulated debris and a non-continuous tribo-oxide layer on these regions of shredder blades, suggesting oxidation wear. The EDX elemental microanalysis region was focused on the darker region and crack or dent area of the worn cutting edge after the shredding process, as the oxidation rate is higher in the presence of the crack and dent region [45]. The dark region implies the oxygen-rich area, indicating where the Fe-oxide accumulated.



According to the EDX analysis shown in Figure 12, the as-received cutting edges originally had an oxygen element with 18.12 wt.%. After the shredding process, the EDX analysis revealed a higher weight percentage of oxygen (ranging from 20 wt.% to 30 wt.%) which proved the occurrences of the tribo-oxidation at the crack or dent area during the shredding process. The elemental composition for DS4 changed drastically (Figure 12b) when it was less worn (Figure 8a(i)) because the EDX elemental analysis focused on the layer of cracks or dents for DS4 to confirm the occurrences of oxidation wear. In this case, the increase in oxygen element on the cracks and dent layer in DS4, DV4, TS4 and TV4 indicate the oxidation wear of the shredder blades. The thickness of the oxide layer increases gradually with time and might reduce the hardness of the blade’s surface, causing a high possibility of abrasive and adhesive wear progression [46,47]. This would probably increase the risk of chipping through the cracks or dents. Progressive wear, which was relative to abrasive wear, adhesive wear, and tribo-oxidation, was observed in the wear mechanisms of the shredder blades. Abrasive wear is a wear mechanism that results in material loss from a surface because of hard particles [48,49]. Whilst adhesive wear is a phenomenon that occurs due to a material transfer and subsequent shearing off during adhesive contacts [50,51]. The tribo-oxidation was due to the formation of Fe-oxide on the surface of the shredder blades after the shredding process, as shown in Figure 12.



The abrasive and adhesive wear was identified through the wear rate of each blade (Figure 8) and the optical microstructure image (Figure 9, Figure 10 and Figure 11). The formation of dents, cracks, debris, and scratches was due to the abrasive and adhesive wear induced by the shredding process [43,44]. Chipping occurred as severe damage (broken away) at the tip and nearby surfaces due to the dent, scratches, or cracks. During the shredding process, the stress might concentrate at the cutting edge, which causes chipping to occur and leads to a higher wear rate of the blade’s material. Similar research was performed by Abbasi et al. [23] suggested that the wear mechanism of shredder blades was progressive wear due to abrasive, adhesive and oxidation wear [23]. The wear (dent, scratches, debris) is not only visible at the tip of the blades but also observed on the surface of the blades located nearby the blade’s tip. This indicates the abrasive and adhesive wear owing to the sliding or rubbing of debris or workpieces during the shredding process between the contact surface caused the formation of dents or scratches on the surfaces of the shredder blades.



In short, abrasive wear as a major progressive wear mechanism has been confirmed based on the shredding mechanism, and the microstructure analysis on the blades was used in PET plastic shredding. Based on the blade wear rate implications, the double-edge blade in spiral orientation would have a longer life span, providing a greater cyclical shredding process due to less number of blades recorded severe wear rate as compared to other blades’ geometries and orientations.




3.2. XRD Analysis on Worn Cutting Edge of Blades


Figure 13 shows the XRD spectra, showing peaks corresponding to ferrite (Fe) (JCPDS 65-4899) [52], magnetite (Fe3O4) (JCPDS 65-3107) [53], and hematite (Fe2O3) (JCPDS 33-0664) [54] in the as-received (P) and worn cutting edges of blades. The as-received blades revealed the presence of low-intensity of magnetite (    Fe  3   O 4   ) and ferrite (Fe), whilst the element of ferrite (Fe), magnetite (    Fe  3   O 4   ), and hematite (    Fe  2   O 3   ) compounds were discovered on the worn cutting edge [23,55]. This is in accordance with the SEM-EDX microanalysis where the oxygen element (18.12 wt.%) was found at the as-received shredder blades. After the shredding process, both EDX and XRD analysis revealed the increase in oxygen element, and the presence of Fe-oxide peak at 35.63° and 57.42°, respectively, proved the occurrence of tribo-oxidation. The slight peak shift from 29.4° to 29.8° for DV4 was primarily attributed to the residual stresses at the worn surfaces from the topmost surface [23]. Nevertheless, the peak splitting (29.4°, 30.0°) for TV4, (29.3°, 30.0°) TS4 and (29.3°, 29.4°) DS4 indicate the distortions of       Fe  3   O 4    crystal lattice [56,57,58]. Lattice distortion might be due to chemical substitution or mechanical dilation/contraction during the shredding process [59].



According to Cui et al. [60], oxidation wear occurred during the dry sliding of ferroalloy resulting in the formation of three basic iron oxides (Fe2O3, Fe3O4, and FeO) [60]. Oxidation wear is featured with the presence of Fe-oxide debris/layer on the worn surfaces. Fe-oxide layer on the worn surfaces was discovered in SEM–EDX analysis of the shredder blades (Figure 12) which suggested the possible rise in the frictional temperature during the shredding process.



XRD analysis revealed a different amount of ferrite and ferrite oxide (magnetite and hematite) on the topmost surface of the worn cutting edges in the double-edge and triple-edge blades. The presence of Fe-oxide indicates the oxidation wear of the shredder blades. Oxidation of ferrite during the shredding process leads to the reduction of the intensity of the ferrite peak at 44.54° and 64.82° in both blade geometry and orientation as compared to P (Figure 13).



Higher peak of     Fe  2   O 3    at 35.63° and 57.42° in the triple-edge blades compared to the double-edge blades were mainly due to the geometry of the blades. The presence of     Fe  3   O 4    at 44.56° and 62.39° in triple-edge blades indicates a high oxidation rate as compared to double-edge blades. The oxide was formed because of the mutual interaction between the rotating and fixed blade surfaces. At the stable stage of the shredding process, the triple-edge blades have a higher contact rate with the fixed blades as compared to the double-edge blade at a fixed rotational speed. Asperity contacts increased the interfacial temperature due to the frictional heat, leading to the oxide layer formation on the worn surface where a high temperature combined with ambient humidity [23,61]. The asperities were smeared, and debris was developed at the initial stage of wear by abrasion or adhesive spalling of mating surface asperities [23]. An abrasion owing to sliding or rubbing the trapped debris or detached wear particles (e.g., hard oxides) between the contact surfaces, on the other hand, scratched on the worn surfaces [62].



Researchers have reported that frictional heat dissipated due to the asperity contact could rise to over 700 °C [23,63]. Hence, thermal softening could probably occur due to frictional temperature rises at the shredder blades’ surface, which could encourage local deformations during wear.




3.3. Hardness of Blades


Generally, the frictional heat due to the asperity contact would reduce the hardness of the worn surface [64]. Thus, thermal softening could take place at the surface close to the worn surface when hardness was greatly reduced. A significant decrease in the hardness indicates the substrate is unable to maintain the original strength.



Figure 14 depicts the hardness profile on the worn cutting edges in double-edge and triple-edge blades with different orientations. Evaluation of the property of the mild steel after the shredding process was obtained from the hardness distribution on the surface of the worn cutting edge. The hardness of the shredder blades after the shredding process is between 15 HRC and 18 HRC, compared to the as-received blade with a hardness of approximately17 HRC. The hardness profile achieved a comparatively stabilised range of values along the worn cutting edges. Additionally, no significant changes were observed in the hardness of fixed blades after the shredding process, too, ranging from 16 HRC to 19 HRC.



After the shredding process, no significant changes were viewed on the hardness profile at the worn cutting surface and fixed blade surface compared to the as-received blade (P). This indicates the heat dissipated due to frictional force between the fixed and rotating blades during the shredding process has minimal influence on the surface hardness of the blades. Therefore, the frictional heat generated during the shredding process was below the critical temperature, which could trigger a drastic change in the hardness of the mild steel [65].




3.4. Evaluation of Performance


The shredded PET plastic was found in irregular shape and size after the shredding process. The shape of the PET plastic tends to be in long strands, as shown in Figure 15a. This possibility was due to the cross-shredding between the shredder blades led to the shredded PET plastic being in long strands in shape [25].



The large size range of the shredded PET grain made it incompatible for re-melting in subsequent machines for the further recycling process. Hence, a mesh/screen with a size of 1 cm × 1 cm was utilised to separate the desired shredded PET plastic grain. The PET plastic grain using the screen is shown in Figure 15b. For each experiment, an initial mass, I, of 1.25 kg was fed into the machine, and the output mass of the shredded PET plastic,  Q , was measured, where it was later sieved with a 1 cm × 1 cm screen. The mass of the shredded PET plastic grain with sizes smaller or equal to 1 cm × 1 cm, Ms1 and the mass larger than 1 cm × 1 cm, Ms2, were measured. The experiment was performed in three replicates, and the results were analysed for an average of ten minutes for each experiment. The mass of the retained PET plastic,   R ,   in the shredding chamber is calculated as the difference between the mass input, I, and machine output,  Q .



Figure 16 shows the mass percentage of the retained pellet (R) and pellets with sizes less or equal to 1 cm × 1 cm (Ms1) and bigger than 1 cm × 1 cm (Ms2) that were obtained from shredding using: (i) DS; (ii) DV; (iii) TS and (iv) TV.



The output of the collected pellet with the desired grain size at 1 cm × 1 cm was in the range of 62.70 ± 1.95% for TS to 67.71 ± 1.32% for DS. Slightly higher retention was observed at triple-edge blades in spiral orientation; this is attributed to the clogging of the shredding, while retention of 2.61 ± 0.04% was recorded in double-edge blades in spiral orientation. The results showed that retention occurred in all variations of shredder blades. This further indicated that partially the shredded PET crumbled and stuck between the fixed blades and the shredder blades, which definitely impacted the cutting edge of the shredder blades. The increase in the number of cutting edges would marginally increase the retention as this will lead to a higher risk of winding PET plastic during the shredding process [12,13,14].



The shredding efficiency is the shredding machine’s functionality to produce shredded PET plastic grain of 1 cm2 area. According to Figure 17, the shredding efficiency ranged between 64.83 ± 0.69% at DV and 69.53 ± 1.32% at DS, and the machine is highly efficient in the recycling of PET plastic as the recycling efficiency was found at approximately above 95% in all blades’ geometries and orientations.



Comparable research was performed by Oyebade et al. [25] with a sample feeding size of 1.2 kg using a 12 cutting edges single blade in a small-scale shredder machine. The authors found that at different feeding rates and rotational speeds (273.8 rpm), the shredder machine recorded an average shredding efficiency of 60.01%, recycling efficiency at 93.73% and highest retention at 17.90%. A greater number of cutting edges leads to higher retention, which is in accordance with the findings of several previous studies [12,13,14]. In this study, the application of a lower rotational speed significantly improves the shredding and recycling efficiency to 69.53 ± 1.32% and 97.39 ± 0.04%, respectively, as compared to Oyebade et al. [25], even though the setting was slightly different. Higher rotational speed could prevent the grabbing of PET plastic from the shredder blades, which caused a rise in the risk of skipping the PET plastic.



The shifting from double-edge shredder blades to triple-edge shredder blades in the same orientation marginally increases the risk of skipping and winding in PET plastic, causing a trivial reduction in recycling efficiency [12,13,14]. However, the shredding efficiency is correlated to the wear of blades in different geometries and orientations. Severe wear on the shredder blades leads to a slightly lower shredding efficiency. Shredding efficiency of both DV and TS was recorded in the range of 65%, which is slightly lower than DS (69.53 ± 1.32%) and TV (67.84 ± 0.64%). A greater number of blades recorded severe wear rate in triple-edge blades in spiral orientation (e.g., TS2, TS4, TS6, and TS8) and double-edge blades in V-orientation (e.g., DV2, DV4 and DV8), implying marginally lower shredding efficiency. The severe wear of the blade led to the increased gap width between the shredder and fixed blade    t  g a p    , which will slightly deteriorate the shredding process [66].



In short, a similar range of shredding and recycling efficiency was observed for all the blades’ geometries and orientations. However, marginal wear was observed in double-edge shredder blades with spiral orientation since a fewer number of blades recorded a severe wear rate, indicating a longer life span and providing a greater cyclical shredding process.





4. Conclusions


In conclusion, the workpieces were concentrated at the front end of the shredder blades in DV, TS and TV, whilst the workpieces in DS diverged to both ends of the shredder blades during the shredding process. The concentration of workpieces at the front end in DV, TS and TV led to higher wear rates in DV2, TS2 and TV2, whereas blades in the middle and back end had marginal wear. The diversion of workpieces to both ends in DS led to severe wear occurring in DS2 and DS8, where blades in the middle (DS4, DS5, DS6) had minimal wear. The wear mechanism observed on the shredder blade in different geometries and orientations was mainly categorised by progressive wear, which was the abrasive, adhesive, and oxidation wear. Abrasive wear as a major progressive wear mechanism has been confirmed based on the shredding mechanism and the microstructure analysis on the blades. An increase in the oxygen element in EDX and the presence of magnetite and hematite in XRD analysis at the cracks and dents proved that oxidation wear occurred on the blade’s surface. The frictional heat generated during the shredding process was below the critical temperature and therefore had a minimal influence on the blade’s surface hardness. The optimum combination of the blade’s geometry and orientation is the double-edge blade with spiral orientation, which exhibited recycling efficiency at 97.39 ± 0.04%, shredding efficiency at 69.53 ± 1.32%, and retention at 2.61 ± 0.04%, along with less number of blades recorded severe wear indicating longer life span with greater cyclical shredding process.
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Figure 1. Geometrical design of the (a) double-edge blade and (b) triple-edge blade. 






Figure 1. Geometrical design of the (a) double-edge blade and (b) triple-edge blade.



[image: Machines 10 00760 g001]







[image: Machines 10 00760 g002 550] 





Figure 2. (a) Double-edge, and (b) triple-edge blades in (i) spiral, and (ii) V-orientation. 
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Figure 3. Single-shaft shredder machine. 






Figure 3. Single-shaft shredder machine.



[image: Machines 10 00760 g003]







[image: Machines 10 00760 g004 550] 





Figure 4. The configuration and numbering of the shredder blades in the shredder machine. 






Figure 4. The configuration and numbering of the shredder blades in the shredder machine.



[image: Machines 10 00760 g004]







[image: Machines 10 00760 g005 550] 





Figure 5. (a) Shredding action on the PET plastic by the shredder blades from side view, and (b) the cross section of the two blades and the gap,    t  g a p    . 
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Figure 6. Definition of the offset angle  α . (a) Shredder blade with offset angle,   α = 0   and (b) Shredder blade with offset angle,  α . 
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Figure 7. Measurement points of hardness on the worn cutting edge. 
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Figure 8. Wear rate of (a) double and (b) triple-edge blade’s material after shredding of PET plastic in (i) spiral and (ii) V-orientation. 
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Figure 9. Optical microscope images of the double-edge blades in spiral orientation, before and after shredding of PET plastic: (a) DS8, (b) DS2, (c) DS6. 
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Figure 10. Optical microscope images of triple-edge blades arranged in spiral orientation, before and after shredding of PET plastic: (a) TS2, (b) TS4, (c) TS1, (d) TS9. 
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Figure 11. Optical microscope images of double-edge blades arranged in V-orientation, before and after shredding of the PET plastic: (a) DV1, (b) DV2. 
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Figure 12. (a–e) SEM micrographs and EDX elemental composition corresponding to the worn cutting edge showing the presence of oxygen rich areas. 
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Figure 13. XRD spectra, showing peak corresponding to ferrite, magnetite, and hematite in the original and worn cutting edges of blades. 
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Figure 14. Hardness profile on the surface of the worn cutting edges in double-edge and triple edges with spiral and V-orientation shredder blades. 
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Figure 15. Shredded PET plastic grain with (a) long strands and (b) PET plastic grain after screen/mesh. 
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Figure 16. Mass percentage of retained pellet (R) and pallets with size >1 cm  ×  1 cm (Ms2), and ≤1 cm  ×  1 cm (Ms1) obtained from shredding using DS, DV, TS, and TV blades and orientations. 
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Figure 17. The percentage of shredding and recycling efficiency obtained from shredding using DS, DV, TS, and TV blades and orientations. 
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Table 1. Abbreviations of shredder blades in different geometries and orientations.
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	Abbreviations of Shredder Blades
	Geometries
	Orientations





	DS
	Double edges
	Spiral



	DV
	Double edges
	V-orientation



	TS
	Triple edges
	Spiral



	TV
	Triple edges
	V-orientation
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