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Abstract

:

Additive manufacturing (AM) technologies have revolutionized the manufacturing sector due to their benefits, such as design flexibility, ease of operation, and wide material selection. The use of AM in composites production has also become quite popular to leverage these benefits and produce products with customized properties. In this context, thermoplastic materials are widely used in the development of plastic-based composites due to their affordability and availability. In this work, composite plastic manufacturing (CPM) has been used to manufacture plastic-based composites with bespoke properties in a cost- and time-effective manner. Various plastic-based composites have been manufactured using CPM by interlacing acrylonitrile butadiene styrene (ABS) with thermally activated materials. Three different thermally activated materials (graphene–carbon hybrid paste, heat cure epoxy, and graphene epoxy paste) have been used in this work to produce plastic-based composites. Thermally activated materials that are commercially available include graphene–carbon hybrid paste and heat cure epoxy. The graphene epoxy paste was a concoction made by incorporating three different weight percentages of graphene nanoplatelets (0.2 wt.%, 0.4 wt.%, and 0.6 wt.%) with heat cure epoxy. The composites were manufactured with multiple layers of thermally activated materials at different intervals to investigate their effect. The parts were manufactured and tested according to British and international standards. Experimental tests of mass, dimensions, ultrasonics, tensile strength, hardness, and flexural strength were conducted to evaluate the properties of composites manufactured by CPM. The parts manufactured by CPM showed superior mechanical properties compared to commercially available ABS. The increase was shown to be in the range of 8.1% to 33% for tensile strength, 17.8% to 30.2% for hardness, and 6.2% to 24.4% for flexural strength, based on the composite configurations. The results demonstrate that the CPM process can produce high-quality plastic composites and can be used to create products with customized properties in a time-effective manner.
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1. Introduction


Additive manufacturing (AM) has been widely used to equip multiple materials for composites development and has gained significant attention in recent years [1,2,3]. Fused filament fabrication (FFF) or fused deposition modeling (FDM—trademark of Stratasys) is a commercially available AM process that employs thermoplastic materials for manufacturing [4,5,6,7]. The two most popular and widely used thermoplastics for the FFF process are polylactic acid (PLA) and acrylonitrile butadiene styrene (ABS). PLA is a semi-crystalline polymer with evenly packed molecules and is biodegradable. ABS is an amorphous polymer made up of non-uniform molecules [8,9,10,11]. Thermoplastic materials are widely available in various forms (filaments, pellets, granules) and are used for a wide range of applications in the manufacturing sector [12,13]. FFF parts are heavily influenced by process parameters such as printing/bed/nozzle temperature, infill pattern/percentage, print speed, etc. PLA and ABS are thermoplastic materials commonly used by researchers in process optimization and to manufacture plastic composites via FFF. Researchers have investigated the effects of material extrusion rates, extrusion temperatures, line width, and layer height for FFF manufactured parts. Optimization of process parameters results in better properties for FFF manufactured parts but is a time- and resource-intensive task [14,15,16,17,18].



Due to its ease of operation and software/hardware modifications, FFF has also been widely used for composites manufacturing. Various materials have been developed over the years to leverage the ease of operation offered by FFF by incorporating nano additives, metal powders, and graphene nanoplatelets to manufacture FFF filaments [19,20,21,22,23,24]. PLA and ABS have been interlaced with copper mesh and glass fiber sheets using hybrid fused deposition modeling (HFDM) to manufacture plastic-based composites with bespoke mechanical properties [25,26,27]. PLA and ABS thermoplastics have also been interlaced with graphene nanoplatelets (GNPs), graphene oxide (GO), and carbon nanotubes (CNTs) to manufacture graphene-based filament materials. However, interlacing thermoplastics with nanomaterials requires a number of pre-treatment techniques with a long lead time before a filament can be manufactured and used for functional purposes [28,29,30,31]. Furthermore, epoxy and graphene paste have also been incorporated with thermoplastics for composite manufacturing as they are widely used to bond plastic parts together and are popular due to their properties and ease of use. These materials are thermally activated and cured under specified time and temperature conditions [32,33,34].



To leverage the benefits of FFF, Tambrallimath et al. [28] developed a polymer nanocomposite filament to manufacture parts via FDM. The composite filaments were developed by combining (melt blend) polycarbonate (PC) and ABS with GNPs in various proportions (0.2 wt.%, 0.4 wt.%, 0.6 wt.%, and 0.8 wt.%). Several preprocessing techniques were used, such as drying the PC and ABS pellets for 4 h to remove moisture before compounding them together at different temperatures to obtain a composite filament, thus resulting in a longer lead time. Dul et al. [29] developed an ABS-graphene nanocomposite filament by compounding ABS pellets with 4 wt.% graphene nanoplatelets. The process was carried out in three batches for each composition and then followed by granulation. The compounded materials were then hot pressed at 190 °C to obtain square plaques. After the compression molding, the samples were manufactured with various build orientations using FDM. The materials were blended (compression molding) to form a filament for fabrication (filament extrusion), which is a time-consuming process. Similarly, Vidakis et al. [30] investigated the mechanical properties of 3D printed ABS graphene and carbon nanocomposites. Two nano additive materials (GNPs and CNTs) were interlaced with ABS. Graphene nanoplatelets were mixed with ABS in four concentrations (0.5 wt.%, 2.5 wt.%, 5 wt.%, and 10 wt.%) and fabricated via extrusion melting at various temperatures. The addition of GNPs to the ABS matrix decreased the tensile strength for all the composition when compared to pure ABS. This could be due to agglomeration and percolation threshold formation in the obtained composite filament [35,36,37,38,39]. Furthermore, the reduction indicates weakening bonding between the graphene nanoplatelets and polymer matrix. The process involves several preprocessing techniques and resources to obtain composite filament, which is a time-consuming process. Aumnate et al. [31] developed a composite filament by incorporating graphene-based materials into polymer to enhance mechanical, thermal, and electrical properties. The composite filament was obtained by combining ABS and graphene oxide (GO) using dry and solvent mixing methods to fabricate using the FFF process. Graphene oxide was prepared using Hummer’s method and then a solution was made using dimethylformamide (DMF). The GO/DMF dispersion was mixed with ABS/DMF solution and then sonicated for 2 h. After the sonication process, the mixture was dried to obtain the composite filament (20 wt.% GO in ABS). The composite filament (ABS/GO) was compounded together in the twin screw extrusion to obtain filament materials. To achieve the composite filament, several preprocessing techniques were used. Furthermore, the obtained ABS/GO composite filament made using the dry mixing method failed to print due to the agglomeration of GO within the ABS, resulting in nozzle clogging and jamming issues.



It is to be noted that the mechanical properties of FFF manufactured parts can be enhanced through postprocessing operations such as annealing, sanding, polishing, and epoxy coating. However, post-treatment processes require more time and resources, and there is still uncertainty in achieving consistent properties for intended applications [40,41,42]. Annealing is one of the most common post-processes for FFF parts because of the nature of the FFF process and the prevalence of voids, air gaps, and cracks in these parts. The process of annealing helps in minimizing these defects and relieving internal stresses to improve mechanical strength. The dimensional tolerances (shrinkage and expansion) of the manufactured parts could also be impacted by the time-consuming and labor-intensive process of annealing [43,44,45]. Several researchers have used annealing to improve the properties of FFF-printed thermoplastics. Butt and Bhaskar [45] investigated the effects of annealing on the mechanical properties of FFF-printed thermoplastics at different temperatures. They used polymeric materials (PLA and ABS) and metal-infused thermoplastics, i.e., copper-enhanced PLA (Cu-PLA) and aluminum-enhanced ASA (acrylonitrile styrene acrylate) in their work. The samples were annealed for one hour and cooled for two hours inside a convection oven. The annealed samples were investigated using dimensional analysis, ultrasonic testing, tensile testing, microstructural analysis, and hardness testing. The results showed that annealing adversely affects the dimensional tolerances of FFF manufactured parts. Therefore, it is essential to take shrinkage and the expansion into consideration if parts are to be annealed.



All the aforementioned methods demonstrate the capabilities and limitations of FFF/FDM in terms of manufacturing plastic-based composites with bespoke properties. It is also evident from the literature that the existing manufacturing methods are associated with multiple limitations including long curing times, and pre- and posttreatment requirements; these result in longer lead times to make the desired product. Furthermore, the commercially available composite materials in filament, pellets, or paste form can be compounded together in a filament extrusion machine to obtain composite filaments. However, such processes are time-consuming and involve subprocesses within the production, which results in high costs. Composite plastic manufacturing (CPM) is a new additive manufacturing process that reduces the limitations of separate filament production, long curing times, pre- and postprocesses, thus resulting in a faster lead time. The process has been explained in detail in our previous work [46] where PLA was interlaced with thermally activated materials. The results showed the capabilities of the CPM process and its effectiveness in manufacturing high-quality plastic composites. This paper focuses on the effect of adding multiple layers of thermally activated materials to ABS to investigate the behavior of plastic—thermally activated materials bonding. The next section (Section 2) explains the methodology used in this study. Section 3 provides the discussion of experimental results, and conclusions of this work are outlined in Section 4.




2. Methodology


2.1. Materials and Manufacturing Process


The composite plastic manufacturing (CPM) process has been used in this work to manufacture ABS-based plastic composites. CPM integrates two material extrusion additive manufacturing technologies (i.e., fused filament fabrication and syringe extrusion) in a desktop-based system, as shown in Figure 1. The working principle of the CPM process has been discussed in detail in our previous work [46].



The system was designed and developed with two independent extruders working together with one depositing polymer material and the other depositing thermally activated material. There was no requirement for tool head change as the system already had two independent extruders to dispense multiple materials (both filament-based and thermally activated materials). The system was equipped with a heat chamber that cured the thermally activated materials during the process and eliminated the pre- and postprocess requirements. The system activated the heating chamber once the process was turned on and functioned according to the defined temperature. If the process value was less than the set value, the temperature controller displayed the inside temperature, at which point the heating element activated. If the temperature remained constant, the heating element was turned off automatically via the proportional-integral-derivative (PID) controller.



The CPM process starts with a 3D CAD model (stl format) of the part, which is sliced into cross-sections using the slicing software Ultimaker Cura to determine the number of layers based on the geometry of the part before being transferred to the machine for manufacturing. Cura allows users to easily modify g-codes and it offers options for a number of useful settings, such as pause at height or layer, which are features that are helpful for this work. The CAD file was built up with pauses so that thermally activated material could deposit on ABS plastic at different layer numbers.



The operation starts with printing support material that can be removed after the completion of the build. After the completion of the support material, the system prints the build material in a layer-by-layer configuration based on the part’s geometry. The filament extruder deposits polymer material whereas the syringe extruder dispenses thermally activated material. The layer of thermally activated material is programmed for set intervals (depending on the number of layers), after which the system pauses the filament extruder head and moves it to the home position. The system then activates the syringe extruder to deposit the thermally activated material. The heating chamber turns on at a specific temperature (determined by the material being used) following the deposition of the thermally activated material to cure the deposited material. This is done to make sure that the thermally activated material cures during the printing process, reducing the amount of time and postprocessing steps required for the production of plastic-based composites. The heat applied to the parts during the process helps in reducing internal stresses and achieving strong bonding. The system monitors layer completion after each layer before switching to the other extruder. If a layer is incomplete, the system prints the additional material needed to finish the layer and reach the desired layer thickness. The build material is printed by the system until it reaches the geometry’s specified total number of layers (N). The part can be removed and tested in accordance with the user’s needs when the build is finished.



In this work, ABS was interlaced with different thermally activated materials to manufacture plastic composites using the CPM process and to investigate the behavior of plastic-thermally activated materials bonding for multiple layers. Fillamentum ABS Extrafill [47] was purchased from 3D FilaPrint, Southend-on-Sea, UK and this material will be referred to as ABS. From here onwards, the thermally activated materials will be referred to as TA materials. The TA materials interlaced with ABS were graphene–carbon hybrid paste (Dycotec Materials, Swindon, UK) [48], which will be referred to as GCHP, and heat cure epoxy ES566 (Permabond Engineering Adhesives Ltd., Hampshire, UK) [49], which will be referred to as HCE. The graphene–carbon hybrid paste (GCHP) from Dycotec Materials had a viscosity of 2500–6500 cP and the recommended print speed was 70 mm/s. The print speed was kept at 30 mm/s for all the TA materials to maintain good consistency of the rate of deposition and accuracy. Heat cure epoxy (HCE) ES566 from Permabond® is a single-part epoxy with a viscosity of 60,000–120,000 cP at 20 rpm, which can withstand high temperatures for longer periods. Furthermore, graphene nanoplatelets (referred to as GNPs) [50] in powder form (Nanografi Nano Technology, Ankara, Turkey) were used to create graphene epoxy paste (referred to, asGEP). The GNPs from Nanaografi had a 30 μm diameter, and 5 nm thickness with 99.9 + % purity.




2.2. Process Parameters and Configuration of Composites


For the material characterization, tensile test samples, hardness samples, and three-point flexural testing, samples were manufactured according to BS EN ISO 527-2: 2012 [51], BS EN ISO 868:2003 [52], and BS EN ISO 178:2019 [53], respectively. ABS samples were manufactured using the traditional FFF process and the plastic-based composites were manufactured using the CPM process. The samples were manufactured in flat orientation and the dimensions of the samples are shown in Figure 2.



The 3D CAD model (stl format) of the part was sliced into cross-sections using slicing software called Ultimaker Cura 5.2.1 [54]. The parameters for nozzle, build platform, and heat chamber were set according to the technical datasheets of the materials. The system automatically activated the heat chamber to cure the TA material. The heat transfer occurred through the convection process, where the heat rose upward and circulated in the chamber due to the fan. The heat chamber was kept at ambient temperature for ABS and upon depositing the TA material, the heating element turned on and started to heat up the chamber. The heat chamber temperature was kept at 100 °C for all the plastic-based composites. The system was programmed to pause at set intervals, after which the filament extruder moved back to the home position. The syringe extruder then moved to the exact coordinates to a print single layer of TA material on ABS plastic. The thermally activated material was added to ABS without any surface treatment and a total of five samples were manufactured and tested for each material configuration [46].



Graphene–carbon hybrid paste (GCHP) was used to manufacture ABS/GCHP composites. Heat cure epoxy ES566 (HCE) was used to manufacture ABS/HCE composites. HCE and GNPs were used to manufacture ABS/GEP composites with three different wt.% of GNPs (0.2, 0.4, and 0.6). The HCE was used to manufacture ABS/HCE as well as ABS/GEP composites. GNPs were manually mixed for 5 s at room temperature after being pre-weighed before being added to HCE. For homogenous dispersion, the mixture was then sonicated with an Ultrasonic Homogenizer Sonicator Cell Disruptor (Vevor, UK) [55]. The mixture was sonicated for 60 min at 80% output power and 20 kHz frequency [56,57,58]. The homogeneous GEP was carefully loaded into the syringe extruder after sonication for composite manufacturing. Table 1 shows the process parameters for ABS and plastic composites manufactured by CPM. The parts were built at two different print speed; i.e., ABS at a speed of 60 mm/s and TA material at 30 mm/s. The layer thickness was set to 0.2 mm with 100% infill pattern of ‘lines’. The nozzle temperature for ABS was kept at 240 °C and the TA material was printed at 0 °C with the build plate temperature kept at 80 °C for all the samples.



ABS was interlaced with the TA materials at different intervals for tensile, hardness, and flexural samples. Plastic composites were manufactured with increasing layers of thermally activated materials. Multiple layers of thermally activated materials were added to ABS after different polymer layers’ completion to find the optimal number of TA material layers that could be added, because after this optimal number, the tensile and flexural strength started to deteriorate. For single-layered composites, TA material was added at 50% of the overall thickness of the sample and for a double-layered plastic composite, two TA material layers were deposited at 40% and 80%. A total of 5 layers of TA material were added to tensile samples (4 mm). For hardness samples, the composites were made with a single layer of TA materials added at different intervals of build (70%, 80%, and 90%). Research conducted by Butt et al. [27] on the development of Cu/PLA composites shows that the addition of foreign material closer to the surface of the sample is better in assessing its hardness characteristics due to the nature of the indentation test. A total of 3 layers of TA material were added to flexural samples (3 mm).



The total number of layers can be obtained from Ultimaker Cura during the slicing process. The layer thickness for ABS is kept at 0.2 mm; therefore, the total number of layers can be calculated by dividing the sample thickness by layer thickness. For a 4 mm tensile sample, the calculations were carried out = 4/0.2 = 20 (total number of sliced layers). The total number of sliced layers for hardness samples (40 mm × 40 mm × 6 mm) were 30 (6/0.2 = 30). For a 3 mm flexural sample, the total number of sliced layers was 15 (3/0.2 = 15).



The layer calculations were made using the following formula:


  R e l e v a n t    N  t h     l a y e r   n u m b e r =   t o t a l   n u m b e r   o f   s l i c e d   l a y e r s     t o t a l   n u m b e r   o f   T A   m a t e r i a l   l a y e r s + 1   × n .    



(1)




where n denotes the interval between 1 ≤ n ≤ total number of TA material layers


  M a n u f a c t u r i n g   c o m p l e t i o n =   r e l e v a n t    N  t h     l a y e r   n u m b e r   t o t a l   n u m b e r   o f   s l i c e d   l a y e r s   × 100 %  



(2)







Based on the above formula, the calculations were carried out for adding 1 layer of TA material to a 4 mm tensile sample.


  R e l e v a n t    N  t h     l a y e r   n u m b e r =   20   1 + 1   × 1 = 10 .    



(3)






  M a n u f a c t u r i n g   c o m p l e t i o n =   10   20   × 100 % = 50 %  



(4)







For adding two TA material layers to a 4 mm tensile sample,


  R e l e v a n t    N  t h     l a y e r   n u m b e r =   20   2 + 1   × 1 = 6.6666   ~   7     f o r    1  s t     l a y e r  



(5)






  M a n u f a c t u r i n g   c o m p l e t i o n =   7   20   × 100 % = 35 %  



(6)






  R e l e v a n t    N  t h     l a y e r   n u m b e r =   20   2 + 1   × 2 = 13.3333   ~   13   f o r    2  n d     l a y e r    



(7)






  M a n u f a c t u r i n g   c o m p l e t i o n =   13   20   × 100 % = 65 %  



(8)







The relevant layer numbers for TA material addition and manufacturing completion were calculated in this manner. Values such as 6.66 and 13.33 were rounded off to 7 and 13, respectively. The same calculations were carried out for all the test samples to manufacture plastic-based composites. Table 2, Table 3 and Table 4 show the configuration of adding multiple layers of TA materials for tensile testing samples, hardness testing samples, and flexural testing samples, respectively. Figure 3 shows the schematics of ABS/TA materials layout.




2.3. Measurements and Experimental Testing


An extensive comparative analysis was carried out on the plastic composites to establish the capability and effectiveness of the CPM process. The manufactured samples were tested based on two methods, i.e., destructive, and non-destructive. Both these testing methods are essential to understand the effectiveness and capabilities of the CPM process. Destructive testing (DT) methods are used to determine the exact failure point of a material or a component. On the other hand, non-destructive testing (NDT) methods also determine the object’s behavior without destroying the actual product [59,60,61]. The composites were manufactured by interlacing ABS with multiple layers of TA materials. The purpose of adding multiple layers is to determine the optimal number of layers that can be added to the overall thickness to improve mechanical strength. The heat chamber was set to activate whenever a TA material deposited a layer on a thermoplastic material. This allowed the TA material to cure during the printing process; thus, eliminating the need for post-processing for the manufactured composites. Research conducted by Butt and Bhaskar et. al [45] shows that the annealed parts can adversely affect the dimensional accuracy of FFF-printed parts (shrinkage or expansion) in any of the three axes (x, y, and z). In this context, mass measurement and dimensional analysis were carried out to analyze the effect of adding a 0.1 mm TA material layer to ABS. This was also done to investigate whether the presence of the heat chamber affected the manufactured parts and to evaluate the tolerance value of CPM manufactured composites. Mass measurement and dimensional analysis were carried out on the dog-bone samples manufactured according to BS EN ISO 527-2:2012 [51]. Measurement of mass was conducted using a CBK 8H weighing scale (from Adam Equipment, UK) with a resolution of 0.1 g. The dimensions of the dog-bone samples were measured using a digital Vernier Calliper.



After the measurement of mass and dimensional analysis, ultrasonic testing (UT) was conducted on the manufactured samples to obtain the transmission time of sound waves. UT is a popular non-destructive (NDT) method because it allows assessment of materials (defects, cracks, and voids) without destruction [59,60,61]. UT was conducted using Proceq PUNDIT® PL-200 [62] comprising two transducers (54 kHz) and a measuring resolution of 0.1 μs. Couplant gel was used to facilitate the transmission of ultrasonic sound waves through the samples. The manufactured parts were tested at three different points along their length to obtain an average value. The tensile test samples were manufactured and tested according to BS EN ISO 527-2:2012 [51] on a Universal Tensile Testing Machine (Hounsfield H50KM) with a load cell of 5 kN and a cross-head speed of 1.5 mm/s. The hardness samples were manufactured according to BS EN ISO 868:2003 [52] and values were measured on the Shore D Durometer [63]. The indentation was measured on five different points to determine the average hardness value for ABS and CPM plastic composites. The three-point flexural test samples were manufactured according to BS EN ISO 178:2019 [53] on a Universal Tensile Testing Machine with a speed of 2 mm/min. The diameter of the supports was 10 mm with a span length of 60 mm to support the specimens.





3. Experimental Results and Discussion


3.1. Measurement of Mass


The measurement of mass was the first analysis conducted on the samples to evaluate the effect of adding TA material to ABS. FFF-manufactured parts tend to show inaccuracy in their mass and dimensions. This is due to several factors, including printing/bed temperature, bed level, material flow rate, and print speed. Researchers have analyzed different optimization techniques during the slicing the process to enhance the accuracy of FFF-printed parts [15,16,17,18]. The actual mass was obtained from Cura during the slicing process. Cura showed a mass of 10 g for tensile samples, which was been kept as reference for the percentage difference calculation to analyze the results. The percentage differences were calculated for ABS and CPM plastic composites. The ABS sample showed a mass of 9.78 g whereas the expected value was 10 g. The calculation carried out was ((9.78 − 10)/10) × 100 = −2.2%). The percentage differences were calculated using this relation for all the samples. Figure 4 shows the percentage differences for mass measurements. ABS samples were manufactured using FFF, and it showed a difference of −2.2% from the actual mass (10 g). The composites manufactured using the CPM process did not show significant percentage differences when compared to ABS samples. The difference was observed to be within the tolerance value (−1.2 to −2%). It is evident from Figure 4 that single-layered composite showed relatively lower mass than the others. The mass of the samples started to increase after the addition of multiple layers of TA materials to ABS. For every single layer addition of TA material to ABS, the mass increased by 0.2 g. This can be observed in all the composites, where the highest mass was observed for five-layered composites with a percentage difference of −1.2%. The highest mass value of 9.88 g was observed for all the five-layered composites. The results show that the composites manufactured using the CPM process were within the tolerance range and did not exceed the actual mass. It is also evident that plastic composites showed accuracy in their mass, unlike FFF-manufactured parts. The same consistency was observed for all the composites manufactured by CPM, where the mass increased by 0.2 g for every layer addition.



The percentage difference was shown to be between −1.8% and −2% for single- and double-layered composites. All the single-layered composites showed a mass of 9.80 g. The 3-, 4-, and 5-layered composites showed increased mass but were within the tolerance range of actual mass. The double-layered composites showed a 0.4 g increase in their mass when compared to ABS. The 3- and 4-layered composites showed an increase of 0.6 g and 0.8 g in their mass. The results show that the parts manufactured by CPM were not adversely affected by the addition of TA material to ABS. It was also clear that addition of TA material to the ABS enhanced the accuracy of the overall mass. The mass of the desired part could be adjusted based on the product requirements, thus making the process versatile to produce bespoke parts with customised properties. It should also be noted that the composites demonstrated consistent mass for all the CPM-manufactured parts. This demonstrates the efficacy of the process, in which the parts are manufactured with greater precision than FFF and with bespoke properties.




3.2. Dimensional Analysis


Dimensional analysis on tensile samples was performed to investigate the tolerances of CPM-manufactured parts with commercially available ABS manufactured by FFF. Dimensional analysis was conducted on the tensile samples. The dimensions of the tensile samples (150 mm × 20 mm × 4 mm) were measured using the Vernier Calliper. To analyze the results, the percentage differences along the X, Y, and Z axes were calculated. ABS showed a negative difference of −0.4% and −3% for X and Y axes. Testing of the percentage difference for ABS along the Z-axis was carried out as follows ((3.7 − 4)/4) × 100 = −7.5%). The percentage differences were calculated in this manner for all three axes. Figure 5 shows the percentage differences for all three axes (X, Y, and Z) for all the samples.



The CPM plastic composites showed very minimal percentage differences along their X and Y axes when compared to ABS. The single- and double-layered plastic composites showed consistent values of −0.2% along their X-axis. For the 3-, 4-, and 5-layered composites, the accuracy increased with a difference of −0.13% along their X-axis, as shown in Figure 5a. A similar pattern was observed along the Y-axis, where the 1- and 2- layered composites showed consistent difference of −1.5%, whereas the 3-, 4-, and 5-layered composites showed −1% changes as shown in Figure 5b. ABS showed a percentage difference of −3% along the Y-axis. The measurement of Z-axis (thickness) was vital because the TA material was added to ABS in an incremental manner (multiple layers); therefore, it was essential to evaluate whether the addition increased the overall thickness of the samples. ABS showed a thickness of 3.7 mm with −7.5% difference along the Z-axis. The single-layered composites showed a percentage difference of −5% along their Z-axis for all the plastic composites manufactured with different thermally activated materials. A thickness increase of 0.1 mm was observed for each layered composite, as shown in Figure 5c.



All the single-layered composites showed a thickness of 3.8 mm with a percentage difference of −5%, whereas the double-layered composites showed −2.5% change along their Z-axis. The three-layered composites showed 100% accuracy in thickness (4 mm) value with 0% difference. A positive increase of 2.5% and 5% was observed for 4- and 5-layered composites, respectively. The highest increase was observed for five-layered composites, where the maximum thickness was 4.2 mm with a 5% increase. The results show that the parts can be manufactured in a consistent manner with minimal inaccuracies. An increase of 0.1 mm in total thickness was observed for 4- and 5-layered composites, whose tolerances can be taken into consideration by designers based on the product requirements. It should also be noted that the consistent addition of TA material improved the dimensional accuracy of the final product, which has been observed for three-layered composites (ABS/GCHP, ABS/HCE, ABS/0.2 GEP, ABS/0.4 GEP, and ABS/0.6 GEP). These results show that the CPM-manufactured parts were not adversely affected by the addition of TA materials and showed consistent results along the three axes.




3.3. Ultrasonic Testing


Researchers have demonstrated the effectiveness of ultrasonic testing in assessing defects in thermoplastic and composite products [15,26,45,46]. The purpose of UT is to determine whether the parts made by CPM have reduced internal stresses, air gaps/voids, and transmission time. As a non-destructive test, it helps to determine the compactness of the deposited layers, as well as the bond quality of the plastic and TA materials. The time taken by the sound waves to travel from one transducer to the other through the test piece was measured, and the results were plotted for comparison. ABS was interlaced with different thermally activated materials (GCHP, HCE, 0.2 wt.% GEP, 0.4 wt.% GEP, and 0.6 wt.% GEP) to manufacture plastic composites. The results show that the time taken for sound waves to travel through ABS was 2.3 µs. ABS/GCHP composites showed lower transmission times when compared to ABS and the results are shown in Figure 6. ABS/GCHP 1 and 2 samples showed a transmission time of 2.0 µs. The lowest transmission time of 1.9 µs was observed for ABS/GCHP three-layered composites. Both 4- and 5-layered ABS/GCHP composites showed a transmission time of 2.0 µs, respectively. The results clearly show that the addition of GCHP to ABS did not adversely affect the compactness of the deposited layers and helped in creating a more compact part with better layer adhesion.



On the other hand, ABS/HCE composites showed a consistent transmission time, as shown in Figure 7. The 1- and 2-layered composites showed transmission time of 2.0 µs. The lowest transmission time of 1.9 µs was observed for 3- and 4-layered samples. ABS/HCE 5 samples showed a transmission time of 2.0 µs, which was lower than that of ABS (2.3 µs).



The GEP concoction was obtained by mixing HCE with three different weight percentages (0.2 wt.%, 0.4 wt.%, and 0.6 wt.%) of GNPs. The mixtures were ultrasonically processed to obtain a uniform homogeneous mixture, which improves the bonding between the polymer layer and the TA materials. The ultrasonic results for ABS/GEP composites with ABS are shown in Figure 8.



ABS/0.2 GEP composites showed varied transmission times with the lowest value observed as 1.9 µs for three-layered ABS/0.2 GEP composites. The double-layered ABS/0.2 GEP composites showed a transmission time of 2.0 µs and the highest transmission time of 2.1 µs was observed for ABS/0.2 GEP 1, ABS/0.2 GEP 4, and ABS/0.2 GEP 5 composites, as shown in Figure 8a. On the other hand, ABS/0.4GEP composites showed transmission time of 2.0 µs for the first two layers whereas the 3-layered ABS/0.4 GEP composites showed the lowest transmission time of 1.9 µs. The transmission times increased for ABS/0.4 GEP with 4 and 5 layers, as shown Figure 8b. Among all the composites, ABS/0.6 GEP composites showed consistent transmission times. The first two layers showed transmission time of 1.9 µs, with the lowest being observed for 3-layered ABS/0.6 GEP composites. Both 4 and 5 layers of ABS/0.6 GEP composites showed transmission times of 1.9 µs (Figure 8c). The results show that adding TA material to ABS reduced voids and gaps, resulting in stronger bonding between the layers.




3.4. Tensile Testing


The tensile testing was carried out on the manufactured samples to investigate the bonding integrity and fracture load values of CPM-manufactured plastic composites. All the samples exhibited brittle failure, meaning that the samples did not show any plastic deformation or necking before the fracture. ABS showed an average load value of 1050 N. The composites manufactured from CPM showed a significant increase to their tensile strength when compared to ABS. The maximum load values and stress-strain curve for ABS/GCHP composites were plotted for comparison in Figure 9. Single-layered ABS/GCHP composites showed an average load value of 1205 N with an increase of 14.7% when compared to ABS. The double-layered samples showed an average load value of 1273.50 N with an increase of 21.2%. The highest average load value of 1334 N was observed for triple-layered ABS/GCHP composites with an increase of 27%. ABS/GCHP 4 and ABS/GCHP 5 showed an average load value of 1244 N and 1216.25 N, respectively. It is evident in Figure 9 that an increase was observed until layer 3 and then a decrease from 4 layers onwards. It was observed that the tensile strength decreased after the addition of three layers of TA materials to ABS. This highlights that the maximum number of TA material layers that can be added to a 4 mm sample is three. After the addition of four layers, the average load started to decrease.



Furthermore, a correlation could be observed between the tensile results and ultrasonic testing, as shown in Figure 10. The average transmission time decreased as the tensile strength increased, indicating a significant correlation between the two test results. This is due to samples with higher strength being more densely packed and having better layer adhesion, allowing sound waves to travel through them quickly [15,26,45,46,61]. The lowest transmission time of 1.9 µs and highest average load value of 1334N was observed for three-layered ABS/GCHP samples. This showed the presence of strong bonding in the three-layered samples.



The results for ABS/HCE composites were plotted for comparison in Figure 11. A single-layered ABS/HCE samples showed an average load value of 1135 N with an increase of 8.1% when compared to ABS. ABS/HCE 2 showed an average load value of 1154 N with an increase of 9.9%. Like ABS/GCHP composites, the highest average load value was observed for three-layered composites. The three-layered ABS/HCE composites showed an average load value of 1246 N with an increase of 18.6% when compared to ABS. The 4- and 5-layered ABS/HCE composites showed a decrease from 3-layered samples, but still an increase of 11.8% and 8.19% when compared to ABS. This can be further supported through the ultrasonic testing, where a lower transmission time was observed for three-layered ABS/GCHP and ABS/HCE composites. The presence of voids was minimal for three-layered composites, thereby demonstrating a strong bonding between TA and ABS due to the presence of heat throughout the manufacturing process. The heat relieves the internal stresses in the ABS layers and allows the TA materials to cure in a timely manner, thereby creating a stronger bond [46].



Figure 12 shows the correlation between average transmission times and tensile strength for ABS/HCE composites. It can be seen that the samples with lower transmission time of sound waves showed increased tensile strength. This is because the samples with higher transmission times had voids and gaps with weaker bonding of ABS and HCE.



ABS/HCE 3 samples showed higher tensile strength, meaning that the layers were tightly packed and possessed better adhesion, thus allowing the sound waves to travel faster through the solid, resulting in lower transmission times. The lowest transmission time of 1.9 µs and high average load value of 1246 N was observed for three-layered ABS/HCE samples. All the other samples showed slightly increased transmission time of 2.0 µs, indicating the presence of voids.



ABS/GEP composites were manufactured with three different contents of GNPs (0.2 wt.%, 0.4 wt.%, and 0.6 wt.%) mixed with HCE. The addition of GNPs to the HCE significantly increased the tensile strength. Figure 13 shows the stress-strain curve and maximum load values of ABS/0.2 GEP composites. A single-layered ABS/0.2 GEP samples showed an average load value of 1145 N with an increase of 9% when compared to ABS, whereas the double-layered ABS/0.2 GEP samples showed an average load value of 1195 N with an increase of 13.8%. Like ABS/GCHP and ABS/HCE composites, the highest value was observed for three-layered composites, as shown in Figure 13a. The three-layered ABS/0.2 GEP samples showed the highest average load value of 1281 N with an increase of 22%. For those with 4 and 5 layers, the values started to go down but an increase of 13.3% and 12.8% was observed when compared to ABS.



It is evident that a lower transmission of 1.9 µs was observed for three-layered ABS/0.2 GEP samples, which resulted in a higher average load value. Figure 14 shows the correlation between average transmission times and tensile strength for ABS and ABS/0.2 GEP composites. The ultrasonic results for ABS/0.2 GEP showed varied transmission times across all the 5 layers, but the values started to go down from 2 layers onwards. The tensile strength increased by 7.1% from double-layered (29.88 MPa) to triple-layered (32.03 MPa) ABS/0.2 GEP composites. This indicates presence of minimal voids in three-layered samples, resulting in higher tensile strength of the samples.



The results for ABS/0.4 GEP composites were plotted for comparison in Figure 15. The single-layered ABS/0.4 GEP composites showed an average load value of 1230 N with an increase of 17.14% when compared to ABS. On the other hand, the double-layered ABS/0.4 GEP samples showed an average load value of 1273.50 N with an increase of 21.29%. The highest average load value of 1347 N was observed for three-layered ABS/0.4 GEP composites with an increase of 28.29%.



Figure 16 shows the correlation between average transmission times and tensile strength for ABS and ABS/0.4 GEP composites. Like other CPM plastic composites, the average load value started to decrease for those with 4 and 5 layers. The decrease was shown to be at −3.58% and −5.43% for ABS/0.4 GEP 4- and 5-layer composites when compared to 3-layered samples.



However, those with both 4 and 5 layers showed an increase of 24.71% and 22.86% when compared to ABS, as shown in Figure 15a. The ultrasonic results also showed a lower transmission time of 1.9 µs for three-layered ABS/0.4 GEP samples. The value started increasing for those with 4 and 5 layers to 2.0 µs. The increase in transmission time means layers were not closely bonded and there were voids and airgaps affecting the weld zones between the printed layers [15,26,45,46,61]. The results for ABS/0.6 GEP composites have been plotted for comparison in Figure 17. A single-layered ABS/0.6 GEP samples showed an average load value of 1354.5 N with an increase of 29% when compared to ABS. The two-layered ABS/0.6 GEP samples showed an average load value of 1386 N with an increase of 32%. Like other CPM composites, three-layered samples showed higher tensile strength, which was identified as the optimal number for the addition of TA material. ABS/0.6 GEP three-layered composites showed the highest value of 1397 N with an increase of 33%. This was the highest average value observed among all the tested composites.



It was also evident that an increase in average load value was observed for every +0.2 wt.% increase in GEP concoction. After the optimal number of TA material layers, the tensile strength started to deteriorate and resulted in lower values. It is to be noted that the 4- and 5-layered ABS/0.6 GEP composites showed an increase of 28% and 25.2% when compared to ABS. Figure 18 shows the correlation between average transmission times and tensile strength for ABS and ABS/0.4 GEP composites.



The bonding mechanism was strengthened because a covalent bond formed between ABS and thermally activated materials. A chemical bond known as a covalent bond involves the exchanging of electrons between atoms to create electron pairs. Polymer structures typically have long chains of covalently bonded carbon and hydrogen atoms in various arrangements. Covalent bonding mostly occurs in non-metallic elements. Epoxy is an organic compound made of carbon chains linked to additional elements such as hydrogen, oxygen, or nitrogen. The covalent bond used to maintain this connection between the elements involves sharing two electrons. Graphene material also shares a covalent bond, as each carbon atom is covalently bonded to three other carbon atoms. The thermally activated material adheres to the ABS plastic because the electrons are clouded internally and shared between the layers and form strong covalent bond (sp2 hybridization).



To further substantiate the results of the composites made by CPM, the results were also compared to those in the literature. Tambrallimath et al. [28] developed a polymer nanocomposite filament to manufacture parts using fused deposition modeling (FDM). The composites filaments were obtained using the melt blend and extrusion technique of polycarbonate (PC) and acrylonitrile butadiene styrene (ABS) with graphene nanoparticles (GNPs) in different proportions (0.2 wt.%, 0.4 wt.%, 0.6 wt.%, and 0.8 wt.%). The process involved several preprocessing techniques such as drying the PC and ABS pellets for 4 h to remove moisture and then compounding them together at different temperature to obtain the composite filament. This results in a longer lead time to achieve the composite filament. In the case of CPM, the highest tensile strength was obtained when three layers of TA materials were added to ABS, as this is the optimal number of layers that can be added to a 4 mm tensile test sample. The highest tensile strengths obtained from CPM plastic composites were plotted for comparison with PC–ABS–graphene composites (addition of GNPs up to 0.6 wt.%), as shown in Figure 19. The PC–ABS showed a tensile strength of 22.33 MPa. The addition of GNPs increased the tensile strength up to 28.64 MPa for PC–ABS with 0.6 wt.%. On the other hand, the highest tensile strength of 34.93 MPa was observed for three-layered ABS/0.6 GEP composites. ABS/GCHP and ABS/HCE composites showed an increase of 16.4% and 8.7% when compared to composites manufactured through the composite filament manufactured by Tambrallimath et al. [28] using the FDM process. ABS/GEP (0.2 wt.%, 0.4 wt.%, and 0.6 wt.%) composites showed an increase of 11.8%, 17.8% and 21.9% when compared to PC–ABS + 0.6 wt.% GNP composites. This clearly highlights the effectiveness of the CPM process to produce high-strength composites without the use of time-consuming pre- or postprocessing.




3.5. Hardness Testing


Hardness testing was conducted to determine the hardness of plastic composites manufactured by the CPM process. ABS showed a hardness value of 64.5 HD. A single layer of TA material was added to ABS at three different completions, i.e., 70%, 80%, 90%. It is evident from the results that CPM plastic composites showed a significant increase in hardness when compared to ABS. The reason for adding TA material at three different completions (70%, 80%, 90%) was to make the indenter reach the TA material layer and analyze its reaction forces.



A single layer of GCHP added to ABS at 70% showed 73 HD with 13.1% increase to its hardness value and ABS/GCHP 80% showed 75 HD with an increase of 16.2%. ABS/GCHP 90% composites showed a hardness value of 77 HD with an increase of 19.3% from ABS. Figure 20 shows the hardness results of ABS/GCHP composites compared to those of ABS.



The hardness value increased when the TA material was layer added closer to the surface [46]. A single layer of HCE added at 70% to ABS/HCE showed 72 HD with an 11.6% increase to its hardness value and ABS/HCE 80% showed a slight increase (15.50%) of 74.5 HD compared to ABS. ABS/HCE 90% composites showed a hardness value of 76 HD with an increase of 17.8% from ABS, as shown in Figure 21.



Figure 22 shows the hardness results of ABS/GEP composites with ABS. A single layer of GEP with 0.2 wt.% GNPs added at 70% to ABS showed 75 HD, an increase of 16.28% compared to ABS. ABS/0.2 80% showed slight increase of 77 HD. ABS/0.2 GEP 90% composites showed a hardness value of 79 HD with an increase of 22.4% from ABS, as shown in Figure 22a. A single layer of GEP (0.4 wt.% GNPs) added at 70% to ABS showed 79 HD, an increase of 22.4% compared to ABS. ABS/0.4 80% showed a slight increase of 80 HD. ABS/0.4 GEP 90% composites showed a hardness value of 81.5 HD with an increase of 26.36% from ABS, as shown in Figure 22b. Similarly, a single layer of GEP (0.6 wt.% GNPs) added at 70% to ABS showed 80 HD, an increase of 24% compared to ABS. ABS/0.6 80% showed a hardness value of 82 HD, and the highest hardness value of 84 HD was observed for ABS/0.6 GEP composite when a TA material layer was added at 90% completion. This is an increase of 30.23% when compared to FFF-manufactured ABS, as shown in Figure 22c.




3.6. Three-Point Flexural Testing


Three-point flexural testing is used to determine a material’s flex or bending properties. The samples were manufactured and tested according to BS EN ISO 178:2019 [53]. Figure 23 shows the three-point flexural testing results for all the samples. ABS exhibited brittle failure and fractured with a clean break, as expected. The composites manufactured from CPM also exhibited brittle failure and did not exhibit any striations. The composites manufactured by CPM showed a significant increase in their flexural strength when compared to ABS. Flexural strength of 119 MPa was observed for ABS. The TA material was interlaced at three different intervals (single-, double-, and triple-layered composites) for the flexural test samples, as shown in Table 4.



ABS/GCHP composites showed a significant increase in their flexural strength compared to ABS. The single-layered ABS/GCHP samples showed a flexural strength of 132.8 MPa, which was an increase of 11.4% over ABS. The double-layered ABS/GCHP samples showed a flexural strength of 135.6 MPa (an increase of 13.8%). However, the three-layered ABS/GCHP composites exhibited a decrease from double-layered composites, but still an increase of 12.2% compared to ABS. The same phenomenon was observed for ABS/HCE composites. The single-layered ABS/HCE samples showed a flexural strength of 126.5 MPa (an increase of 6.2%) whereas the double-layered ABS/HCE samples showed a flexural strength of 129.4 MPa (an increase of 8.6%). The three-layered ABS/HCE composites exhibited a decrease from double-layered composites but an increase of 6.8% compared to ABS. Both graphene–carbon hybrid paste and heat cure epoxy are commercially available TA materials and they showed a similar increase pattern in their flexural strength.



Three different GEP concoctions were prepared using GNPs (0.2 wt.%, 0.4 wt.%, and 0.6 wt.%) and interlaced with ABS to manufacture flexural test samples. The composites manufactured using GEP followed a similar pattern to the commercial TA materials. The single-layered ABS/0.2 GEP samples showed a flexural strength of 135.8 MPa (an increase of 14%) and the double-layered ABS/0.2 GEP samples showed a flexural strength of 139.7 MPa (an increase of 17.3%). The three-layered ABS/0.2 GEP composites exhibited a decrease from double-layered composites but with an increase of 15.5% compared to ABS. The single-layered ABS/0.4 GEP samples showed a flexural strength of 141.5 MPa (an increase of 18.8%) whereas the double-layered ABS/0.4 GEP samples showed a flexural strength of 144.7 MPa (an increase of 21.4%). The three-layered ABS/0.4 GEP composites exhibited a decrease from double-layered composites but with an increase of 17.6% compared to ABS. The single-layered ABS/0.6 GEP samples showed a flexural strength of 140.4 MPa (an increase of 17.9%) and the double-layered ABS/0.6 GEP samples showed a flexural strength of 148.27 MPa (an increase of 24.4%). The three-layered ABS/0.6 GEP composites exhibited a decrease from double-layered composites but with an increase of 21.1% compared to ABS. The results were consistent and show the effectiveness of the CPM process.





4. Conclusions


In this study, CPM was employed to manufacture plastic-based composites using various TA materials (graphene–carbon hybrid paste, heat cure epoxy paste, and graphene epoxy paste). CPM is a new additive manufacturing process developed to produce plastic-based composites in a cost- and time-effective manner. Commonly available ABS was interlaced with TA materials at different intervals to assess whether adding more TA materials improved mechanical properties. Testing samples were manufactured and tested according to British and international standards to demonstrate the effectiveness of CPM in terms of manufacturing high-quality plastic composites with customized properties. The following conclusions were drawn from this research work:




	
The measurement of mass was carried out on the manufactured samples to investigate the effect of adding multiple layers of TA materials to 4 mm tensile samples. Commercially available ABS manufactured using the FFF process showed a mass of 9.78 g with a percentage difference of −2.2%. The composites manufactured using the CPM process showed consistent mass for all the samples. Furthermore, the composites showed a 0.2 g increase in their mass for every single layer addition of TA material. The highest mass value of 9.88 g was observed for five-layered composites with a percentage difference of −1.2%, which is within the tolerance of actual mass (10 g) generated in Ultimaker Cura software during slicing. It is evident from the results that the parts manufactured by CPM are not adversely affected by the addition of TA material to ABS and it enhanced the accuracy of the overall mass. The mass of the desired part can be adjusted based on the product requirements, thus making the process versatile to produce bespoke parts with customised properties.



	
Dimensional analysis showed that CPM is able to manufacture plastic composites in a consistent manner with minimal inaccuracies. An increase of 0.1 mm in total thickness (z-axis) was observed for every single layer addition of TA materials, and these tolerances can be taken into consideration by designers based on the product requirements. The consistent deposition of TA material improved the dimensional accuracy of the final product, thereby enhancing the mechanical properties, which cannot be achieved in FFF-manufactured parts.



	
Ultrasonic testing was conducted to assess whether the addition of TA material to ABS reduced the voids/porosity and air gaps common in FFF-manufactured parts. All the composites showed lower transmission times when compared to commercially available ABS. The presence of voids and air gaps was reduced for 1-, 2-, and 3-layered plastic composites, resulting in lower transmission times and strong layer bonding. The transmission times slightly increased for 4- and 5-layered composites, but they were lower than those of commercially available ABS. The results show that the addition of multiple layers of TA material to ABS did not adversely affect the deposited layers. Furthermore, the composites showed consistent transmission times for all the different TA materials. It was also evident that the voids, internal stresses, and air gaps were reduced due to the nature of CPM process, as parts were built under constant temperature for curing TA materials. This helped in minimizing these defects and achieved an upward trend of tensile strength as well.



	
Tensile testing showed consistent increase in fracture load values for all the samples. A total of five layers of three different TA materials were added to 4 mm tensile samples at different intervals. The tensile strength kept increasing for every single layer addition of TA materials. However, the increase was observed for up to 3 layers and then decreased for 4- and 5-layered composites. This phenomenon was observed for all the TA materials. The highest tensile strength of 34.9 MPa was observed for ABS/0.6 GEP three-layered composites and this was an increase of 33% over commercially available ABS. This shows that the addition of more layers deteriorates the properties, highlighting the optimal number of TA material layers that can be added to a product. All the 3-layered plastic composites showed increasing tensile strength until layer 3 and then a reduction for 4- and 5-layered composites. The addition of one TA material layer should be restricted to 1 mm (i.e., a 4 mm thickness should have only three layers of TA material). This indicates that the maximum number of TA material layers that can be added to a product is limited by the product’s overall thickness.



	
Hardness testing showed positive results for all the plastic composites manufactured by CPM. A single layer of TA material was added at different intervals of build (70%, 80%, and 90%) to analyze it reaction force. The results showed increased hardness value when the TA material layer was added closer to the surface at 90% completion. The highest hardness value of 84 HD was observed for ABS/0.6 GEP with an increase of 30.2% over commercial ABS (64.5 HD).



	
Three-point flexural tests showed that the addition of TA material layers increased flexural strength, correlating with the tensile test results. A total of three layers of TA material were added to the flexural samples (3 mm thickness) at different intervals. The flexural strength kept increasing for every single layer addition of TA materials. However, the increase was observed for up to 2 layers and then decreased for 3-layered samples. This phenomenon was observed for all the TA materials. The highest flexural strength of 148.2 MPa was observed for ABS/0.6 GEP three-layered composites and this was an increase of 24.4% over commercially available ABS.
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Figure 1. Composite plastic manufacturing process [46]. 
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Figure 2. Manufacture of samples: (a) dimensions and build orientation; (b) tensile, hardness and three-point flexural testing samples. 
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Figure 3. Schematics of ABS/TA materials layout: (a) tensile test samples; (b) hardness test samples; (c) three-point flexural test samples. 
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Figure 4. Percentage differences of mass measurements for ABS-based plastic composites. 
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Figure 5. Dimensional analysis: (a) percentage change along X-axis; (b) percentage change along Y-axis; (c) percentage change along Z-axis. 
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Figure 6. Ultrasonic testing results of ABS/GCHP composites with ABS. 
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Figure 7. Ultrasonic testing results of ABS/HCE composites with ABS. 
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Figure 8. Ultrasonic testing results: (a) ABS/0.2 GEP composites with ABS; (b) ABS/0.4 GEP composites with ABS; (c) ABS/0.6 GEP composites with ABS. 
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Figure 9. Comparative tensile test results for ABS/GCHP composites: (a) results from tensile testing with standard deviation as error bars; (b) stress-strain curve. 
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Figure 10. Correlation between average transmission times and tensile strength for ABS/GCHP composites. 
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Figure 11. Comparative tensile test results for ABS/HCE composites: (a) results from tensile testing with standard deviation as error bars; (b) stress-strain curve. 
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Figure 12. Correlation between average transmission times and tensile strength for ABS/HCE composites. 
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Figure 13. Comparative tensile test results for ABS/0.2 GEP composites: (a) results from tensile testing with standard deviation as error bars; (b) stress-strain curve. 
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Figure 14. Correlation between average transmission times and tensile strength for ABS/0.2 GEP composites. 
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Figure 15. Comparative tensile test results for ABS/0.4 GEP composites: (a) results from tensile testing with standard deviation as error bars; (b) stress-strain curve. 
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Figure 16. Correlation between average transmission times and tensile strength for ABS/0.4 GEP composites. 
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Figure 17. Comparative tensile test results for ABS/0.6 GEP composites: (a) results from tensile testing with standard deviation as error bars; (b) stress-strain curve. 
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Figure 18. Correlation between average transmission times and tensile strength for ABS/0.6 GEP composites. 
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Figure 19. Results of PC–ABS–GNP composites compared with those of CPM plastic composites. 
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Figure 20. Hardness testing results for ABS/GCHP composites with ABS. 






Figure 20. Hardness testing results for ABS/GCHP composites with ABS.



[image: Jmmp 06 00163 g020]







[image: Jmmp 06 00163 g021 550] 





Figure 21. Hardness testing results for ABS/HCE composites with ABS. 
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Figure 22. Hardness testing results: (a) ABS/0.2 GEP composites with ABS; (b) ABS/0.4 GEP composites with ABS; (c) ABS/0.6 GEP composites ABS. 
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Figure 23. Three-point flexural testing results of ABS-based plastic composites with ABS. 
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Table 1. Process parameters for ABS and ABS-based plastic composites.
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Samples

	
Extruder Temperature (°C)

	
Bed Temperature (°C)

	
Heat Chamber Temperature (°C)

	
Print Speed (mm/s)

	
Layer Thickness (mm)




	
Filament

	
Syringe

	
ABS

	
TA Material

	
ABS

	
TA Material






	
ABS 1

	
240

	
N/A

	
80

	
0

	
60

	
N/A

	
0.2

	
N/A




	
ABS/GCHP 2

	
240

	
0

	
80

	
100

	
60

	
30

	
0.2

	
0.1




	
ABS/HCE 2

	
240

	
0

	
80

	
100

	
60

	
30

	
0.2

	
0.1




	
ABS/0.2 GEP 2

	
240

	
0

	
80

	
100

	
60

	
30

	
0.2

	
0.1




	
ABS/0.4 GEP 2

	
240

	
0

	
80

	
100

	
60

	
30

	
0.2

	
0.1




	
ABS/0.6 GEP 2

	
240

	
0

	
80

	
100

	
60

	
30

	
0.2

	
0.1








1—Fused filament fabrication; 2—composite plastic manufacturing.
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Table 2. Configuration of tensile testing samples.
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	Number of TA Material
	Manufacturing Completion
	Relevant Layer Number





	1
	50%
	10



	2
	35%, 65%
	7, 13



	3
	25%, 50% 75%
	5, 10, 15



	4
	20%, 40%, 60%, 80%
	4, 8, 12, 16
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Table 3. Configuration of hardness testing samples.
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	Number of TA Material
	Manufacturing Completion
	Relevant Layer Number





	1
	70%
	21



	1
	80%
	24



	1
	90%
	27
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Table 4. Configuration of three-point flexural testing samples.
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	Number of TA Material
	Manufacturing Completion
	Relevant Layer Number





	1
	50%
	7



	2
	40%, 80%
	5, 10



	3
	25%, 50%, 75%
	4, 7, 11
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