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Abstract

:

The gear manufacturing method is an important determinant of their performance and service life. Surface hardness and dimensional accuracy play a significant influence in determining wear and contact fatigue in gears. This study’s goal was to measure the gear profile dimensions and surface behavior of nodular cast iron made using the chill casting technique. Chill plates made of 304 stainless steel with thicknesses of 0.2, 0.4, and 0.6 mm were used to provide good surface cooling rates during the chill casting of gears performed using open molds of silica sand. Chill plates are plated onto the walls of the mold, and then the molten material is poured at 1400 °C. The obtained gears were tested using photographs, microstructures, SEM-EDX, microhardness, wear, and dimensional measurements. The thickness of the chill plate can affect the hardening process of the gear surface. Thicker chill plates result in slower cooling rates, resulting in a more homogeneous microstructure and increasing the hardness level of the hardened layer. Whereas thinner chill plates result in a faster cooling rate, which results in a higher hardness and wear resistance of the hardened layer. Reducing the thickness of the chill plate from 0.6 mm to 0.2 mm increases the cooling rate and increases the amount of diffusion that can occur. The results showed that M7C3 and the (FeCrC)7C3 matrices were formed, with an average hardness within a range of 700–994.96 HV. A chill plate with a thickness of 0.4 mm produces gear with the best accuracy and precision.
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1. Introduction


Ductile iron has often been used to make components using the casting method. However, to change the mechanical properties, one must use heat treatment procedures or use the material as a mold to produce a pearlite, ferritic, or martensitic structure [1]. The temperature range for ductile iron heat treatment varies depending on the grade and composition of the material. Heat treatment typically used for ductile iron includes stress relief, annealing, normalizing, hardening, and tempering. Generally, stress relief and annealing are performed at 510–625 °C and 900–950 °C, respectively. Normalizing at 870–940 °C improves tensile properties. To reduce stresses, hardening and tempering are conducted at 845–925 °C. The temperature range used depends on the desired microstructure and mechanical properties of the material, as well as its intended application [2].



Gray and nodular cast iron can be used for manufacturing gears because it has superior properties to carbon steel and alloy steel [3]. Nodular cast iron has a few benefits over gray cast iron and other types of cast iron.



Gray cast iron has great ductility, making it easier to manufacture and more durable than white cast iron and steel [4]. Additional benefits include the ability to manufacture complex components very precisely, as well as friction and impact resistance [5,6].



However, it has weaknesses, including a propensity for defect during casting, so that it can produce pitting and cracking on the tooth flank, particularly on the flank surface [7]. Additionally, its lower toughness compared to gray cast iron is another drawback [8]. These were exclusively used for producing large-scale gears for very heavy loads [9]. Gear profile modeling through casting and machining, followed by surface hardening and polishing, is one of the phases in the production of gears (along with blasting, grinding, and others). Moreover, surface hardening is also done to create a tough surface region for wear resistance [10].



The important aspect in gear manufacturing is the quality assessment of the tooth profile, which includes measuring the tooth’s surface hardness for wear resistance, minimizing microgeometry errors to reduce running noise, and enhancing surface integrity to increase load bearing capacity. The operating performance and service life of the gears can be impacted by indigent surface states, such as those in the addendum and dedendum sections, in addition to an increase in gearbox noise, particularly at higher rotating speeds [11,12,13]. Geometry, manufacturing techniques used, and the dimensional precision of manufactured gears are a few elements that influence gear performance during operation [14]. The contact points and contact angles of the gears during operation are affected by the dimensional accuracy of the tooth profile, such as that of the pitch circle [15,16,17]. Compressive stress will be reduced by changes in contact angle [18]. According to the findings of Xu et al., improper surface hardness will result in micro-holes and excessive wear of the tooth flanges [19]. Another factor that affects the performance of gears during operation is the property and elemental content of the raw materials used [20,21,22,23].



Before now, to create a cementite structure, ductile cast iron underwent a surface hardening progression by varying the temperature [24,25]. The process of diffusion of elements onto the surface of the specimen being cast, such as gears, is a more effective surface hardening method than other methods. Diffusion has been used in numerous experiments to harden the specimens of nodular iron material products. Through a variety of techniques, including the Plasma Transferred Arc (PTA) process, ferrous carbide is formed on the surface using elements such as chromium, nickel, molybdenum, and cobalt [26]. Other techniques include manual TIG welding [27], laser surface treatment (LST) [28], laser surface hardened melting [29], and fine particle bombardment (FPB) treatment [30]. Several of these techniques produced high hardness. However, it is still challenging to harden the surface of the tooth profile of the gear with a hard and thin layer. On the specimen surface of nodular iron, a martensitic phase with a high hardness can be formed using electroless nickel-duplex coating and laser spot hardening. However, it is still challenging to use this technique for hardening the surface of gears [31,32].



Horizontal Continuous Casting Machine (HCCM) is a casting method with a modest cost, fine cast product quality, and the ability to produce products with high accuracy. This method is also able to control the tensile stress value, elongation, and hardness of the resulting product. Before casting, the inside of the mold is coated with stainless steel as a coolant, which causes Cr elements to precipitate and form FeC structures on the surface of the specimen. In addition to that, the matrix structure formed is white iron with the thinnest, finest grain size and good uniformity on the surface. However, using this technique on really complicated components, such as gears, is still challenging [33]. The surface can be hardened using manual shielded metal arc welding techniques and laser patterning. The surface hardness levels produced by this technology, which employs austenitic and ferritic stainless steel electrodes, range from 1001 HV to 1150 HV. However, the cost remains high, and applying the coating process to the gear tooth profiles is quite delicate [34,35].



Research conducted by Nixon et al. used stainless steel to coat-harden the surface of a nodular iron specimen using the method of friction welding. However, the method used in this study failed to produce a high hardness value [36]. The specimen surface of nodular iron could be successfully coated with a hard grain structure using a nickel (Ni) alloy with a layer thickness of 1 mm to 2 mm by using Tungsten Inert Gas Welding and a Laser Cladding Method. This material is known as Inconel 617. The final microstructure is composed of a eutectic inter-dendritic carbide M23C6 and a dendritic solid solution that is enriched with Ni, although applying this technique to gears is still challenging due to the components’ high complexity and abrupt curves [37,38]. Qian M. et al. used chilled casting to make ferro-carbide structures on the surface of the specimen with a hardness of 650 HV and a hardening depth of 1 mm [39]. However, their investigation is still limited to rectangular specimens (100 × 80 × 10 mm).



The method of hardening the gear profile surface using chill casting is an option for solving the limitations of the previously described method. The chill casting method involves the rapid cooling rate that occurs throughout the casting process’s solidification phase. Using the chill casting method will cause an iron carbide structure to form at a quicker rate during the cooling process, giving the material great hardness and high wear resistance [40]. When chilling a metal surface in a mold, a material or component having a high thermal conductivity is used to speed up the cooling rate. To enable quick cooling and to facilitate diffusion of the chiller’s component parts to the surface of the specimen being cast, chillers made of nickel, copper, cast iron, and other materials are positioned on the surface of a pattern of holes [41,42]. To ensure that the mold’s surface is cold, the powder is the most usual type employed [43,44]. Aside from that, there is a chill plate as well as a liquid chill form that may be sprayed [39,45,46]. The chill method of casting has been extensively employed in the casting industry, particularly for surface hardening. However, the majority of the time, it only applied to steel casting as a method of recrystallizing the grain structure using the principle of speeding up the cooling to produce a good hardness on the surface [47]. In order to maximize the rapid cooling rate on the surfaces, a very uniform finish with smooth grain structures needs to be created. The chill casting technique has also been designed for the casting of numerous other types of aluminum alloys [48,49,50,51].



In the casting of nodular and gray iron, the Cr, Ni, Cu, Mo, and other elements in the chill plate can be changed to make sure that the elements reach the surface, form the cementite structure, and make the surface harder [52,53]. The specimen’s surface will have an M7C3 structure matrix with a hardness of 1176 HV as a result of the creation of the graphite structure [54]. Furthermore, the process of preheating the chiller material can be carried out to improve the homogeneous diffusion process of the elements in the material being cast [55,56].



In this study, spur gears made of nodular cast iron were made using the chilled casting method, which focused on surface hardening analysis and the dimensional accuracy of the resulting product. To make chill plates, 304 stainless steel is used. To produce a ferrous chromium and ferro-carbide matrix structure with a thin layer and high hardness on the tooth flank, the surface of the gear tooth profile must be coated with 304 stainless steel plates. Additionally, preheating the surface of the cold plate lets Cr atoms move evenly from the surface of the stainless steel to the surface of the nodular cast iron, which speeds up the cooling process and makes FeC. To the best of our knowledge, gear manufacturing using the chill casting method is still very limited. Furthermore, this method was chosen because the process is very simple, and the processing time is very short, thereby saving on the cost of the gear production process.




2. Materials and Methods


2.1. Materials and Manufacturing Processes


In this study, a spheroidal graphite nodule microstructure was produced by melting scrap steel and iron according to the method in previous studies [57,58,59,60]. Table 1 shows the elemental composition of the 304 stainless steel used as the chill plate material in this study [39,54]. Wooden slabs are used to make silica sand molds. The sand’s formula is a blend of silicon dioxide (SiO2), bentonite, and water in proportions of 89%, 7.5%, and 3.5%. Alkaline phenolics are used for adhesives.



The benchmark aluminum gear pattern (Figure 1a) was created using a hobbing machine, while the resin gear’s mold (Figure 1b) and gear pattern (Figure 1c) were made using a resin and silicon rubber alloy. Table 2 shows detailed benchmark gear specifications (G1).



Chill casting is a manufacturing process that involves pouring molten metal into a mold made of metal, which is then cooled rapidly to form the desired shape. Compared to other manufacturing methods, such as sand casting or investment casting, chill casting has several advantages in the production of gears, including improved mechanical properties, greater dimensional accuracy, reduced finishing time, improved consistency, and a lower cost. In this study, the chill casting method is utilized for spur gear fabrication, with the experimental setting shown in Figure 2.



The chill plate is created by cutting a 304 stainless steel plate to the maximum length and a width that is greater than the gear’s (30 mm) facing thickness.



Figure 2a,b show how easily the chill plate can be folded around the gear teeth. Three different cold plate thicknesses of 0.2 mm, 0.4 mm, and 0.6 mm were used in this investigation and were to be coated with resin molds (Figure 2c). For G2, G3, and G4 samples, 0.2 mm of enhancer plate thickness is utilized. Specimens G2, G3, and G4 used chill plates with different thicknesses of 0.2 mm, 0.4 mm, and 0.6 mm, respectively. The G1 specimen is an aluminum gear that was produced using a hobbing machine, and it is considered the benchmark gear for the study (Table 3).



The average size values for each resin gear pattern are shown in Table 3. The resin gear pattern is designed to change the thickness of the chill plate. After the gear pattern and chill plate are assembled (Figure 2e). The thermocouple cable is attached to the teeth with the T1, T4, and T8 codes, as shown in Figure 2f. Moreover, the silica sand mold has a gear pattern attached to it, as shown in Figure 2g. The dimensions of the silica sand mold used in this study were 600 mm × 450 mm × 230 mm. The chill plate is preheated at 700 °C and controlled by a digital thermocouple, a 4-channel Type K HT-9815 (Figure 2h).



An electric furnace (75 kVa, 50 W) is used to melt iron and steel scraps in 20 kg crucibles. After the pouring process, the sample is allowed to naturally reach room temperature. Specimens with dimensions that match the aluminum benchmark gear profile were generated using a wire-cut Electric Discharge Machine (EDM). EDM wire cutting was chosen because it has the ability to produce samples with a high level of precision [61,62].




2.2. Gear Dimensional Measurement


In this study, measuring gears was done in three steps: measuring gear patterns, measuring gears after they were cast, and measuring gears after they were finished. By keeping an eye out for dimension changes like shrinkage and expansion brought on by liquid contraction during chilling and solidification, the examination of dimensional defects will be carried out. The gear is then finished using a wire-cutting procedure to determine the tooth profile’s dimensional accuracy. The most important areas for inspection are at the intersection of the addendum circle diameter, tooth thickness, and pitch circle diameter, where they are concentrated along the line of action or close to the pitch points where rolling and sliding contact often occurs [12]. It is as shown in Figure 3.



Gear geometry measurements in this study used the Creaform HandySCAN 3D Laser Scanner (Figure 4). Creaform HandySCAN 3D is a tool that can measure dimensions with an accuracy of 0.025 mm and volumetric accuracy of 0.020 mm + 0.040 mm/m. It also has a measurement resolution of 0.025 mm and can handle parts with a 0.05−4 m size range. Moreover, the scanned data is recorded in the SolidWorks® part (SLDPRT) file type so that SolidWorks software can operate it, as shown in Figure 4c. Each tooth profile area’s measurement points were obtained three times, and the average value was then determined.




2.3. Microstructure Testing


Figure 4 represents the three teeth (T1, T4, and T8) that were cut out of each gear sample for testing. The 0.3 mm fine sandpaper was used to polish with an alumina and water solution before being polished with a soft towel.



The sample is immersed for 4 s in a solution of 98% ethanol and 2% picric acid before being washed with water. Standard metallographic techniques are used in this procedure [63]. For usage in macrophotography, a digital microscope with a CMOS image sensor, a focal range of 15–40 mm, and an image resolution of up to 640 × 480 pixels is required. At the areas of the gear profile depicted in Figure 5, the thickness of the surface layer was measured at a zoom range of 50×–1600×. The thickness of the surface layer was calculated using the Hi-View setup, version 1.4 (2019). For microstructural evaluation of the center and outer skin layers, an OLYMPUS BX41M optical microscope was utilized.




2.4. Scanning Electron Microscope-Energy Dispersive X-ray (SEM-EDX)


Scanning electron microscopy (SEM) and EDX were utilized to determine the elements dispersed on the coating’s top surface by a 20 kV accelerating voltage. The ferro-chromium-carbide (FeCrC) formation’s thickness will be measured using the SEM cross-section test [64]. Figure 5 shows the area chosen for this study, which has a sample size of 3 × 3 × 3 mm.




2.5. Microhardness Testing


A Vickers hardness tester was used to measure the microhardness in the chill-coated area. A Buehler MMT-7 microhardness tester under a load of 200 g was used. From the surface of the skin’s outer layer to its middle, the hardness value is separated from 0.1 to 0.6 mm. The left and right flanks of the tooth are where the micro hardness test points are located, but for each position of the left and right flanks, three points are located at the outer skin layer of the pitch point, three points at the first pitch point contact, and three points at the last point of contact.




2.6. Wear Test


The point of contact on the tooth surface flank, as shown in Figure 4, is used as a guide for cutting the gear teeth for the wear testing. The cut was made to produce a sample dimension with a size of 10 × 10 × 5 mm. Using the High-Speed Universal Wear Testing Machine with the type of OAT-U (Ogoshi wear test method) in accordance with the ASTM G99 standard, the wear characteristics of the chilled coating zone were examined [65]. The test object will experience frictional force from the 200 rpm rotation of a rotating disc, the 66.6 m sliding distance, the 3 mm width of the rotating disk, and the 2.12 kg test weight. Repeated contact between the surfaces as a result of the frictional contact will cause part of the material on the test object’s surface to be removed in order to determine the worn area’s volume using the wear testing requirements [66]. The amount of wear on the tooth flank surface is calculated using the friction trace’s magnitude. Additionally, the wear scar can be examined using a 200× optical microscope for analysis.





3. Results and Discussions


3.1. Photographic Analysis


Photographs of the gears obtained in this study reveal a thick layer of gray on the surface of the tooth flank that varies, especially those related to the point of last touch, the first pitch point, and the pitch point contact (Figure 6).



The gray area found on the gear surface indicates the formation of a hard layer after the chill casting process (black arrows). The image’s results show a very thin layer, a light gray region with an average thickness of 0.2 mm, was found in the outer skin layer of the G2 gear sample, as shown in Figure 6a–c (yellow arrows). The cold plate with a thickness of 0.2 mm in G2 results in a very fast cooling reaction rate on the surface between the cast specimen and the mold wall. This is in contrast to the gear samples using chill plates with a thickness of 0.4 mm (Figure 6d–f) and 0.6 mm (Figure 6g–i), which show wider light gray areas. The widest light gray layers formed on the gear sample G4 (Figure 6g–i) with a spacing of 3 mm.



According to the findings of this study, increasing the thickness of the chill plate results in a wider hardening region on the gear surface since the cooling rate is very low. The thickness of the chill plate can have a significant impact on the surface hardening process. In surface hardening, a chill plate is used to rapidly cool the surface of a workpiece, which leads to the formation of a hard, wear-resistant layer on its surface. The thickness of the chill plate affects the cooling rate, which will determine the hardness and microstructure of the hardened layer. A thicker chill plate will provide a slower cooling rate, which can lead to a more homogeneous microstructure and a more uniform hardness distribution in the hardened layer. This can be beneficial in applications where the workpiece needs to retain its toughness and ductility [67,68,69].



On the other hand, a thinner chill plate will provide a faster cooling rate, which can lead to higher hardness in the hardened layer [69]. This can be beneficial in applications where high hardness and wear resistance are the primary requirements. In general, a thicker chill plate will result in deeper hardness penetration into the material. This is because a thicker chill plate will conduct more heat away from the surface of the material, allowing for more time for the surface to harden and leading to a deeper depth of hardness. Furthermore, slower cooling rates will result in deeper hardness penetrations, while faster cooling rates will result in shallower penetration [67,68,69].




3.2. Microstructure and Chemical Composition Analysis


Microstructure and chemical composition studies were performed in the central area of all gear samples after surface hardening using chill in the casting process. In this study, the chemical composition of the gear specimens is shown in Table 4. The chemical composition of gear specimens was tested using a spectrometer tool from WAS/PMI Master Pro, Germany, which has a serial number of S/N 13L0086.



A type of ferrite-pelitic ductile iron generated in this study in accordance with the ASTM A 536 standard is recommended for the production of wear-resistant parts such as rollers, pinions, gears, and slides [58]. Si elements have been shown in a related investigation to increase the quantity and size of graphite deposits [58]. If the SiC percentage in the charge is very high, it also affects the alloy’s compaction properties and the way that spheroid graphite deposits grow, which results in the surface developing a scaly shell. To obtain the correct shape of graphite, it is also necessary to manage elements like Mg, Ce, and a few other elements. When elements like Ti, Zr, and others have an impact on the growth of graphite nodules, cerium (Ce) works to protect them as does the presence of substances acting as carbide formers, pearlite stabilizers, or ferrite promoters, such as Cr, Ni, Mo, and others [70]. Figure 7b,c show that the graphite spheroid structure is surrounded by ferrite and pearlite phases in the middle part of the microstructure. The following criteria were used to classify it as a form of ductile iron: based on SAE J343, the D700 Typical Matrix Standard Microstructures [71].



The outcome of the microstructure that developed on the surface of all samples (G2, G3, and G4) measured from 1 mm to 4 mm from the outer skin layer to the center, as illustrated in Figure 7. The observation results show that in the cementite and ledeburite phases, near the chill-coated area, there is a ferro carbide structure M3C and M7C3. Chromium carbide ((FeCr)7C3) structure (Figure 7f) was found on the chill-coated surface, and it can be explained by the binary systems of iron-carbon and iron-chromium-carbon and the system ternary phase diagram by the fact that chromium has a strong affinity for carbon and stabilizes all carbides, including cementite [72]. Hence, with the formation of a very dense element of chromium in the area of the flank surface layer as a result of diffusion (Figure 7e,f). According to an earlier study, the preheating method used is what causes diffusion to occur at the interface [55,56].



The dendritic grain structure that always occurs due to the ledeburite phase is located between 0.3 and 3 mm in thickness apart from the diffusion site, where cementite and martensite structures predominate at the base, as shown in Figure 7j–l. The nature of the ledeburite phase is high hardness; this phase is formed when austenite transforms into cementite and pearlite on cooling [73]. The study findings are in line with those obtained by Dong Qi et al. [74]. In addition, there are the black, round particles, which are pearlitic-ferritic nodules of graphite. Sample G4 contains the region with a broader ferrous carbide phase, as depicted in Figure. This occurs because the chill plate thickness used in Figure 7j,k results in a relatively poor cooling rate. Moreover, as compared to samples employing a chill thickness of 0.2 mm and 0.4 mm, the diffusion layer’s thickness is thinner. As shown in Figure 7f, preheating a sample of G3 with a chill plate thickness of 0.4 mm made the diffusion layer bigger. This made it possible for the chill plate to reach the austenite temperature and form a metal carbide with the M7C3 structure on the gear surface.




3.3. SEM-EDX Analysis


The results of the EDX SEM testing on samples G2, G3, and G4 are shown in Figure 8. Figure 8a,d,g show the flank surface topography after diffusion on samples G2, G3, and G4, respectively. Figure 8a shows the results of SEM EDX detecting the matrix structure in the diffusion region, which is (FeCrC)7C3. The matrix structure created is (FeCrC)7C3 and M7C3 in the diffusion area, which can be observed in Figure 8d. Meanwhile, Figure 8g shows the formation of M3C and M6C3 matrices in sample G4. The findings of the SEM-EDX test demonstrate that the primary carbides are rich in chromium. The results of this investigation are consistent with those of studies by X.M. Meng et al. [75] and N.F.D.S. Guterres et al. [54,55,56].



In this study, the ImageJ software was utilized to determine the average diffusion thickness. Figure 8b,e demonstrate that the mean diffusion thickness in G2 and G3 is 0.1 mm and 0.2 mm, respectively, while Figure 8h displays that the average diffusion thickness in G4 is very thin. The findings of this study are similar to the research conducted by Rusdi Nur et al. [61]. The SEM-EDX revealed that only 11.18% of the mass of chromium had been deposited on the flank surface of the G4 sample and that ferrous carbide structures had grown on the surface in the range from 0.3 mm to 3 mm (M3C and M6C3). Table 5 displays the elemental content on the flank surface of the samples following chilled casting. The element in the gear sample that uses the chill thickness of 0.2 mm for the G2 sample is diffused and dominated by Cr, with a total chromium value of 13.91% in the flank surface area. In comparison to the tooth’s center, the chemical element Cr increases on the flank surface. It was also found that other elements such as Mg and Mn were 1.31% and 0.74%, respectively. The hardness and wear resistance will shift to higher levels in the presence of chromium and nickel components [76].



The dispersed element in the G3 sample is dominated by chromium until it reaches 14.40% on the flank surface. Nickel (Ni) content increased to 1.97%, and other elements, including silicon (Si), were also discovered. In comparison to the gear sample employing a cold thickness of 0.2 mm, the Cr element developing on the flank surface was higher. Decreasing the chill plate thickness from 0.6 mm to 0.2 mm increases the cooling rate. By using a thicker chill plate, the cooling rate of the surface layer is reduced, which limits the amount of diffusion that can occur [77]. The quantity of elements that are diffused is relatively small using a thicker chill. A poor metallurgical bond results from the preheating temperature not reaching the austenitization temperature for the solid portion transformation of the chromium element. As previously reported in research, this extra diffusion deposited chromium grains into the flank surface to create ferro chromium carbide, but at high temperatures, it fractures the surface [75]. Moreover, preheating can alter the percentage value of the chemical composition on the surface with the cold coating.




3.4. Microhardness Analysis


The microhardness test is crucial for analyzing the hardness behavior of the cold coating layer present along the gear tooth surface, particularly on the surface’s outer skin layer. Figure 9 displays the outcomes of the gear sample hardness test. The distance between the central area and the outer skin layer during the hardness test is between 0.1 and 0.6 mm. Sample G2 has the highest hardness value at the test point of 0.1 mm. At this point (0.1 mm), the hardness of G2, G3, and G4 is 861.20 HV, 831.13 HV, and 708.10 HV, respectively. The thinner the chill plate used, the faster the cooling rate, and thus the higher the microhardness produced on the material’s surface. The findings of this study are consistent with those of Ojha et al. According to the findings of their study, specimens with a cooling rate of 20 °C/s had a higher hardness value than specimens with a cooling rate of 10 °C/s [78]. The finding of this study shows that the thickness of the chill plate can have a significant effect on the hardness of the material being surface hardened. Generally, a thinner chill plate will result in a faster cooling rate, which will produce a harder surface layer. This is because a faster cooling rate will cause the austenite to transform into martensite, which is a harder and more brittle phase.



A thicker chill plate, on the other hand, will result in a slower cooling rate, which will produce a softer surface layer. This is because a slower cooling rate will allow more of the austenite to transform into ferrite and pearlite, which are softer and more ductile phases.



The flank surface, which is composed of chromium carbides scattered in a martensitic matrix, has been discovered to have a higher surface hardness than the outer skin layer as a result of the matrix structure in the chill-coated area. These findings are consistent with those of Cardoso et al. [79]. The solubility of Cr atoms in M3C increases with preheating temperature, which leads to lattice distortion and affects the value of the element Cr diffused to the flank surface uniformly. However, part of the transformation into M7C3 with better hardness, as described in related studies, also plays a role [80]. Additionally, the flank surface has a higher nickel value, which is why the CrNi is intended to harden during cooling in the mold at the same time the carbide picks up some Cr and transforms into M3C with the same shape and an increased hardness value [80].



The ferrous carbide phase grows as a result of the rapid cooling rate brought on by a chill, and the average hardness value for all samples is 700 HV. However, this rapid cooling rate only occurs with thicker chill plates; conversely, as the preheating temperature and cooling rate increase, the hardness value will decrease, as shown in related research [54]. The sample gear used a chill thickness of 0.6 mm (G4), and this ferro carbide structure grows very broadly. It demonstrates that the highest hardness value is in the outer skin layer at a distance of between 0.1 mm and 0.2 mm from the surface, but the hardness value is decreasing as it approaches the center area, with the average hardness value falling to 201.05 HV. The outcomes of this hardness value are not significantly different from those of earlier investigations [55,56]. The average hardness value from this study is 745.98 HV. The standard from the American Gear Manufacturers Association (AGMA) specifies a hardness value on the gear profile of 58–60 HRC. So that the chill method for surface hardening of spur gears is suitable for use in gear casting [81].




3.5. Wear Analysis


The results of the wear test using the Ogoshi method on gear samples with different chill plate thicknesses are shown in Table 6. After the profile cutting has diffused, the Cr element value in the flank surface of the G2 gear sample is 13.91%, forming the structural matrix (FeCrC)7C3 and M7C3, and the average hardness in the diffusion area is 861.20 HV. As a result, the wear value is the specific value obtained, which is 5.197 × 10−6 mm2/kg. All teeth have the same small scratch marks, as shown in Figure 10a, that can be found in the chill-coated area. Due to the highly dispersed carbide grains in the matrix, the scratch scars are not deeper. Additionally, it is evident from this sample that the predominant wear process was plowing. Thin-coated samples were used in the investigation by M. Shamanian et al. because the cutting type of mechanism was more prevalent at higher hardness values [35].



The matrix structure of this material, which is a white cast iron structure, is ferro chromium carbide, and the skin layer is exceedingly hard and brittle.



Compared to the wear scratch marks on the G2 sample, Figure 10b demonstrates that the wear scar surface on the G3 sample, utilizing a chill thickness of 0.4 mm, is rough. The results of this wear value, which is 6.408 × 10−6, are not significantly different from those of earlier investigations [82]. These findings suggest that the abraded particle is very small due to friction. The wear scar is smooth because the surface flank is in a highly hard condition (831.13 HV), the matrix structure in the surface flank is dominated by (FeCrC)7C3), and the SEM-EDX results show that 14.40% Cr of diffused chromium is present. The distribution of hardness throughout the depth of the diffusion layer is more uniform than in the sample, which employed a chill thickness of 0.6 mm; this will be explained based on the results of this wear scar. It can be inferred that the eutectic ledeburite and cementite microstructures are relatively homogenous. This fact leads to the assumption that high hardness can result in higher wear resistance because, theoretically, metal carbide particles are hard due to strong M-C bonding forces in a structure where some carbon and chromium atoms are located in the formed octahedral gap by Cr, Ni, and Fe atoms, as explained by [26]. The wear analysis of the G4 sample is provided in Table 6. The wear scar on the surface is rougher than the wear scratch marks of the G3 and G4 samples. The scratches appear wide, and the specific wear value obtained is reduced by 4.901 × 10−6.



Figure 10c shows that the wear scars demonstrate how the wear resistance decreases with decreasing hardness values. On the surface of the G2 gear specimen after profile cutting, the cementite structure in the skin layer has been cut a lot by EDM cutting, so the wear scratches are very deep and look rough (Figure 10d). Figure 10e depicts the existence of wear on the surface of the G3 gear sample after the finishing process. The G3 sample is very hard, and after the profile cutting process, it has some eroded areas. The formation of an uneven cementite matrix structure is thought to be the cause of this condition. Figure 10f shows the wear traces that develop on the G4 sample’s surface after the profile-cutting operations. The material is difficult to erode in the middle because the surface of the middle layer is still hard. Because of the surface area exposed to slow cooling, this condition is expected to form a thick cementite matrix. The slow cooling rate is caused by the use of a chill thickness of 0.6 mm. A thicker chill plate will cool more slowly, resulting in a more homogeneous microstructure and a more uniform distribution of hardness in the hardened layer. Very deep scratches are produced by the exceedingly low dispersion of carbide inside the matrix. Iron carbide does not adequately shield the matrix, as has been shown in earlier experiments, so the abrasive particles come into direct contact with the soft matrix [83]. The low preheating temperature is the reason for this. Hence, it is determined that adding CrC to a cooled site to form a matrix structure increases hardness and wear resistance. It is true that the ferritic-pearlitic structures in cast irons can be more susceptible to the chromium carbide structure, as demonstrated in a prior work using austempered ductile iron [84,85].




3.6. Dimensional Change Analysis


The dimensions resulting from the resin gear pattern are measured and compared with the gears after the chill casting process and the gears after the finishing process. The measurements of the resin gear pattern’s dimensions can be seen in Table 7. Examination of flaws that develop after the gear specimen has been cooled from the chill casting process, specifically in the most crucial areas like tooth thickness, addendum circle diameter, and pitch circular diameter, shows that casting has caused a contraction or expansion of the tooth profile. As part of the casting process, the initial dimension measurement is made to ascertain how the gear’s dimensions have changed as a result of surface hardening.



Additionally, the second dimension is measured after the finishing process (cutting the tooth profile) is complete so that the dimensional accuracy may be assessed by looking at the error number. The error number is taken from the value of the benchmark gear measurement results minus the value of the gear measurement results after finishing the process with EDM cutting. A comparison between the benchmark gear and the gear after it has been cast can be used to display information on the effects of shrinkage or expansion problems. Additionally, the benchmark gear and the gear following the finishing process are compared using the data to evaluate the dimensional correctness. Moreover, all teeth are discussed to determine the tolerance value and error value so that the G2, G3, and G4 gear samples may be contrasted with the benchmark gear. In order to ensure that the dimensions are precise, the comparison aims to determine which chill plate thickness is appropriate for the surface hardening process utilizing the chill due to casting. The results of a graphic analysis [86] between the benchmark gear and the gear after completion will yield the error value, which can be represented as error bars with red and black colors. The error bars with red colors show the thickness of leftovers that have not been cut (expansion). In addition, the error bars with black colors show the cutting thickness over the dimensional limit.



Furthermore, the graph shows several error numbers with a minimum symbol (-) and red symbols and numbers, indicating the cutting of tooth profile thickness leftovers that have not been cut in the tooth thickness according to the benchmark gear, as opposed to black numbers and symbols (which do not have a minimum symbol (-)) indicating the cutting of tooth profile thickness over the dimensional limit in the tooth thickness according to the benchmark gear.



3.6.1. Tooth Thickness Analysis


The type of defect that occurs in the tooth thickness of the G2 gear sample is that all teeth have expansion defects, which are depicted in Figure 11a. The error value after the G2 gear sample due to the finishing process is discussed in Figure 11c, and Figure 11b shows an example of teeth that have changed size. Figure 11 explains the phenomenon of expansion defects in the form of an increased dimensional change of 0.595 mm occurring in tooth number two (T2). See the purple and blue graphic lines, while the smallest dimensional change is 0.378 mm in tooth number eight (T8). In addition, the average value of dimensional changes for all teeth in the G2 gear sample is 0.461 mm, with a deviation value of 0.078 mm.



Figure 12a illustrates the expansion faults in tooth thickness that affect all the G3 gear samples’ teeth after chilled casting. The average value is −0.937 (dev 0.130). The graph’s blue line represents the gear benchmark, while the purple line represents the gear after casting. The greatest expansion defect among the teeth after chilled casting is 1.120 mm, while the smallest expansion value is 0.697 mm. Figure 12c shows the study of the error value following the completion of the G3 gear sample’s EDM wire cutting finishing operation. Based on the blue line in the graph, which represents the benchmark gear, and the red line, which represents the gear after completion, the average error value identified is −0.096 mm (dev 0.060), which indicates that the gear has not been cut to size limits such as gear benchmarks.



The so-called error value, which is 0.092 mm on average, is then trimmed past the boundary. The G3 sample gear’s overall maximum error value is −0.190 mm, indicated by the red line and tooth number six. The gear’s smallest error value is 0.013 mm, indicated by the red line and tooth number four, (T4). In contrast, the lowest error value is 0.001 mm at the black line at tooth number eight, while the greatest value that is cut over the line limit is 0.233 mm, as seen in the black line at tooth number two in Figure 12c (T8).



The gear tooth profile representation in Figure 12b, which depicts the condition that occurs in the tooth thickness after the casting process, uses gear number six (T6) to illustrate the dimensional changes as expansion lines and shrinkage lines.



Figure 13a displays the outcomes of dimensional changes in tooth thickness, namely the typical proportion of teeth with expansion flaws during chilled casting of the G4 gear sample. The condition of the tooth thickness area for tooth number 1 (T1) that changes in dimensions can be illustrated in Figure 13b. Figure 13c discusses the error value following the finishing procedure for the G4 gear sample. As a result, it has been determined that the purple line in Figure 13a, which represents the gear after casting, is actually the comparison blue line from the benchmark gear. The average error value is 1.314 mm, and the deviation is 0.193 mm for the expansion faults that develop in the teeth after casting. Yet, as seen in Figure 13a, tooth number T1 had the largest expansion defect across all teeth at 1.664 mm, while tooth number 9 (T9) had the lowest expansion defect value at −1.111 mm.



The results of the finishing procedure for the G4 sample are presented in Figure 13c, which demonstrates that, while all the tooth profiles were cut at a depth of 1.4 mm, the average error value is 0.172 mm due to the thickness that was not cut. In addition, the cutting thickness suffers an average error value of 0.197 mm due to the dimensional limit. According to Figure 13c, the maximum error value currently has a cutting thickness on tooth number T1 that is over the dimensional limit of 0.298 mm (dev. 0.193) and a minimum of 0.002 mm on tooth number three (T3). While the thickness of uncut leftovers has a maximum error value of −0.264 mm at tooth number nine (T9) and a minimum of −0.067 mm at tooth number eight (T8). A min (-) symbol is also found in some teeth after comparing the calculation results from the gear dimensions of the benchmark sample and the G4 gear sample.



The minimum (-) number can be understood as a tooth profile that has leftover tooth thickness that has not been cut in accordance with the standard gear cutting procedure (benchmark gear).




3.6.2. Pitch Circle Diameter (PCD) Analysis


The findings of the dimensional changes in the pitch circle diameter (PCD) for the G2 gear sample after chilled casting are shown in Figure 14. The gear used as a benchmark is represented by the blue graphic line, which will be contrasted with the gear after casting, which is represented by the purple line. As a result, any defects that do arise are largely the result of progress.



The average expansion defect was 0.202 mm (dev. 0.005), but the tooth with the largest expansion defect was tooth number T5, and the one with the lowest expansion was tooth number T10. The G2 sample is then carried on to the finishing process, where each tooth is cut with a thickness of 0.2 mm and an average error value of 0.002 mm is determined (dev. 0.001). This result indicates that the material’s thickness has exceeded the boundary. The pitch circle diameter has an average error value of 0.006 mm (dev. 0.003), meaning that the thickness is not cut off at the boundary line. The error values range from −0.009 mm to −0.001 mm (untruncated), respectively (Figure 14c). The graph shows a maximum error value of 0.005 mm and a minimum error value of −0.001 mm (cut above the limit) (Figure 14c). Provided that the thickness of the material that is not cut to the boundary line is indicated by the minimum (-) symbols in the number. Figure 14b shows the PCD area in tooth number T10 that has changed size as a result of the casting process.



Figure 15 illustrates that all of the teeth on the G3 sample gear have expansion faults in the PCD, with an average value of −0.403 mm (dev 0.006). The gear benchmark is represented by the blue line in Figure 15a, whereas the gear after casting is represented by the purple line. The teeth with the highest expansion fault after chilled casting are −0.413 mm, while the teeth with the lowest expansion value are −0.395 mm. Figure 15b is an illustration of the PCD area that has changed dimensions in tooth number T19 after the casting process. Figure 15c shows the examination of the error value after the G3 sample owing to the finishing procedure. The gear benchmark line will be compared to the gear following the finishing process, which is represented by the red color line based on the blue line in the graphic.



The average detected error value of −0.006 mm (dev 0.003) that is not cut to the size limit of the benchmark gear happens after all tooth profiles are cut with a thickness of 0.4 mm. The average error value of 0.006 mm is then truncated past the boundary. The G3 sample gear exhibits uncut error values with a maximum of −0.008 mm and a minimum of −0.004 mm for all the teeth. While the maximum and minimum values that are cut over the line limit are 0.010 mm and 0.002 mm, respectively.



Figure 16b is an illustration of the ACD area that has changed dimensions in tooth number T9 after the casting process. Figure 16a shows the dimensional changes on the PCD, specifically the average of the teeth that have expansion flaws after the G4 sample due to chilled casting. After the finishing process, the error value is discussed in Figure 16c.



It has been determined that the blue line in the illustration represents the benchmark gear to be compared with the purple line, which represents a gear after casting. The average expansion fault value after casting is −0.604 mm (dev 0.010). The results are depicted in Figure 16c, where the highest expansion defect value across all teeth was −0.620 mm and the lowest expansion was −0.593 mm. The G4 sample goes to the finishing process, where all tooth profiles are cut with a thickness of 0.6 mm, so that the average error value discovered is −0.014 mm (dev 0.004) due to thickness leftovers that have not been cut.




3.6.3. Addendum Circle Diameter (ACD)


Figure 17 illustrates the results of the dimensional change on the addendum circle diameter of the G2 sample after the casting process. The benchmark gear is shown by the blue line in the illustration (Figure 17a), which will be contrasted with the gear after casting, represented by the purple line. Then, the fault that manifests itself usually just involves expansion. The maximum expansion defect value for all teeth was −0.430 mm, while the lowest expansion was −0.396 mm. The average expansion defect that occurred was −0.408 mm (dev 0.009).



Figure 17b shows how, following the casting process, the ACD area’s dimensions in the T8 tooth number have changed. The G2 gear sample is then carried on to the last stage, where each tooth is cut with a thickness of 0.4 mm and an average error value of 0.008 mm is discovered (dev. 0.003). This result indicates that the material’s thickness has been cut beyond the line of confinement. In the ACD, tooth number eight (T8) experiences an error value of −0.017 mm, meaning that a thickness of 0.017 mm is not cut to the boundary line (Figure 17c). The graph in Figure 16c can be used to display the results, with the highest error values of −0.017 mm that are not cut off in tooth number T8 and 0.017 mm that are cut off beyond tooth number 10 (T10).



Figure 18a displays the findings of the dimensional changes caused by chilled casting in the ACD after the G3 gear sample. The purple line, which represents the gear after casting, will be compared to the blue line in the picture, which represents the benchmark gear. As a result, defects typically only manifest as expansion in casting gear. All teeth had an expansion fault with a range from −0.809 mm to −0.007 mm, with −0.809 mm being the largest. The average expansion defect that occurred was −0.803 mm (dev 0.009). Figure 18b shows the ACD region after casting, where the tooth number of T3 has modified the dimensions. When the G3 sample is taken to the finishing step, each tooth is cut to a thickness of 0.8 mm, resulting in an error value that is typically −0.011 mm (dev. 0.002). This number indicates that the material’s thickness had approached the boundary line even though it had not been cut. The pitch circle diameter error value is −0.016 mm; only one tooth has been cut past the limit. Figure 18c shows that while the maximum error of 0.016 mm was cut over the limit, the maximum error value of −0.014 mm was not cut over the limit.



Figure 19a shows the effects of change on the ACD dimensions, particularly the average expansion defects in the teeth that emerge in the G4 sample after the casting process. Figure 19c describes the error value after the G4 gear sample as a result of the finishing process, while Figure 19b illustrates the ACD region that has changed dimensions in the tooth number of T1 after the casting process.



The benchmark gear, represented by the blue line in Figure 19a, will be contrasted with the gear after casting, represented by the purple line. After cold casting, all teeth had an average expansion defect value of −1.203 mm (dev 0.004). While the lowest expansion was −1.193 mm, the highest expansion fault in all teeth measured −1.207 mm. The results of the finishing procedure for the G4 gear sample are given in Figure 19c.



All of the gear tooth profiles were cut with a 1.2 mm cutting depth, resulting in an average error value of −0.004 mm (dev. 0.002) due to thickness remnants that had not been cut. Moreover, the cutting thickness is beyond the dimensional limit, resulting in an average error value of 0.003 mm (dev 0.003).



The thickness of residual material that has not been cut currently has a maximum error value of −0.007 mm and a minimum of −0.002 mm, with the maximum error value for cutting thickness exceeding the dimensional limit occurring only in one tooth at 0.007 mm. After comparing the calculation results from the gear dimensions of the benchmark sample and the G4 gear sample, the minimum (-) symbol can be understood as a tooth profile that contains the thickness leftovers that have not been cut according to the standard gear, i.e., the gear benchmark.



The results of this cutting cannot affect the accuracy of the gear dimensions, as recommended by the ANSI/AGMA standard, which includes a standard tolerance for tooth thickness of 0.302 mm [87]. The high error value depends on the thickness of the cut, and the thickness of the cut will depend on the thickness of the hardness layer that occurs. Thus, the chill thickness parameter used is a determination. So it can be concluded that material hardness is a causal factor. A production process, particularly dimensional precision, is another consideration in addition to material factors. The rate of change in the tooth flank’s dimensions is particularly rapid, which will cause the tooth contact point to shift and reduce wear resistance [16]. The pitch point position on the mesh tooth profiles will be very essential for determining the uniformity and strength of tooth flank wear at maximum torque capacity [88].






4. Conclusions


This research investigated the surface behavior and dimensional accuracy of the spur gear after the surface hardening process using chill (Chilled Casting). The gear surface hardening method runs on one casting stage. To determine the hardness value and thickness of the hardness layer, the parameter used is the chill thickness variation as a determination of the rapid cooling rate on the surface so that the hardness value and hardness thickness increase on the surface of the tooth profile. The application of preheating to the chill plate can diffuse chemical elements from the chill material to the gear profile to form a white cast iron structure.



To increase the value of dimensional accuracy by preventing shrinkage or expansion, variations in the thickness of the gear pattern dimensions are used. While the dimensional accuracy value can be analyzed by detecting the error value after the process of measuring tooth thickness, pitch circle diameter, and addendum circle diameter.



Thus, the results that have been found can be concluded as follows:




	
Using chill in the gear casting process has succeeded in changing the value of hardness and hardness thickness layer, type of microstructure, chemical composition content, and wear resistance in the surface area of the chill-coated tooth profile;



	
The use of chill in the casting process causes a fast-cooling rate on the surface of the tooth profile, thus changing the graphite nodule structure into a cementite phase, a martensitic phase, and a ledeburite phase in the chilled tooth profile surface area;



	
Using chill can increase the hardness value in the chilled area. The hardness value on the surface in the tooth flank area is higher, reaching 700 HV–887 HV, than the hardness value in the middle area of the gear, which is 296 HV–301.04 HV. The thickness of the chill plate affects the cooling rate, which will determine the hardness and microstructure of the hardened layer. A thicker chill plate will provide a slower cooling rate, which can lead to a more homogeneous microstructure and a more uniform hardness distribution in the hardened layer. On the other hand, a thinner chill plate will provide a faster cooling rate, which can lead to higher hardness in the hardened layer;



	
With the formation of a matrix structure of ferrous chromium carbide (FeCrC) due to elemental diffusion from the chill material, it can increase the hardness value so that the wear resistance is very good, which has an average specific wear value ranging from 2.691 × 10−6 mm2/kg to 5.502 × 10−6 mm2/kg;



	
Using modified gear patterns with various dimensions, such as an enhancer plate thickness of 0.2 mm, can prevent shrinkage in the tooth profile after casting.








The average tooth thickness experienced an expansion from 0.314 mm to 1.314 mm. Furthermore, after the finishing process, the average error value ranges from 0.011 mm to 0.096 mm. The problem of shrinkage and expansion defects that occur in the pitch circle diameter and addendum circle diameter areas is smaller than that in the tooth thickness area.
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Figure 1. The benchmark gear. (a) Moldings, (b) gear pattern, and (c) the sample. 
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Figure 2. The experimental setup. 
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Figure 3. Gear geometry terminology relevant to the measurements in this study. 
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Figure 4. Measurement of gear geometry using the Creaform HandySCAN 3D Laser Scanner. (a) Scanning position and distance, (b) displaying the results of the scan on the laptop screen, and (c) determining the size of the line drawing from CAD/CAM software. 
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Figure 5. The gear sectioning to be tested. 
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Figure 6. Photographs of the gears after surface hardening by using chill casting with 10× magnifications. 
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Figure 7. Microstructure results on the outer skin layer after chill hardening. (a) Center area before etching, (b) center area observed at 100× magnification after etching, (c) center area observed at 200× magnification after etching, (d) surface region for G2 sample and T1, (e) surface region for G2 and T4, (f) surface region for G2 and T8, (g) surface region for G3 and T1, (h) surface region for G3 and T4, (i) surface region for G3 and T8, (j) surface region for G4 and T1, (k) surface region for G4 and T4, and (l) surface region for G4 and T8. (SG = spheroidal graphite; F = ferrite; PC = primary carbides; DL = diffusion layer; P = perlite; C = cementite; M = martensite; L = ledeburite). 
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Figure 8. SEM EDX analysis of the flank surface topography after a diffusion G2 sample. (a–c) G3 sample and (d–f) G4 sample (g–i). 
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Figure 9. Microhardness test results. (a) Average hardness value on the outer skin layer to the center area and (b) focus test point on the outer skin layer. 
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Figure 10. Using an optical microscope, a surface scar shape is investigated to evaluate wear qualities. (a) Wear scar on the G2 sample before profile cutting, (b) wear scar on the G3 sample before profile cutting, (c) wear scar on the G4 sample before profile cutting, (d) wear scar on the G2 sample after profile cutting, (e) wear scar on the G3 sample after profile cutting, and (f) wear scar on the G4 sample after profile cutting. 
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Figure 11. Dimensional change in tooth thickness for the G2 sample. (a) Dimensional change after casting process, (b) tooth profile illustration of gear number 2 (T2) to show the dimensional changes that occur in the tooth thickness after the casting process, and (c) dimensional error after cutting profile. 
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Figure 12. Dimensional change in tooth thickness for the G3 sample. (a) Dimensional change after casting process, (b) tooth profile illustration of gear number 6 (T6) to show the dimensional changes that occur in the tooth thickness after the casting process, and (c) dimensional error after cutting profile. 
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Figure 13. Dimensional change in tooth thickness for the G4 gear sample. (a) Dimensional change after casting process, (b) tooth profile illustration of gear number 1 (T1) to show the dimensional changes that occur in the tooth thickness after the casting process, and (c) dimensional error after cutting profile. 
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Figure 14. Dimensional change on PCD for G2 gear sample. (a) Dimensional change after casting process, (b) tooth profile illustration of gear number 10 (T10) to show the dimensional changes that occur in the PCD area after the casting process, and (c) dimensional error after cutting profile. 
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Figure 15. Dimensional change on PCD for G3 gear sample. (a) Dimensional change after casting process, (b) tooth profile illustration of gear number 9 (T9) to show the dimensional changes that occur in the PCD area after the casting process, and (c) dimensional error after cutting profile. 
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Figure 16. Dimensional change on PCD for G4 gear sample. (a) Dimensional change after casting process, (b) tooth profile illustration of gear number 9 (T9) to show the dimensional changes that occur in the PCD area after the casting process, and (c) dimensional error after cutting profile. 
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Figure 17. Dimensional change on ACD for G2 gear sample. (a) Dimensional change after casting process, (b) tooth profile illustration of gear number 8 (T8) to show the dimensional changes that occur in the ACD area after the casting process, and (c) dimensional error after cutting profile. 
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Figure 18. Dimensional change on ACD for G3 gear sample. (a) Dimensional change after casting process, (b) tooth profile illustration of gear number 3 (T3) to show the dimensional changes that occur in the ACD area after the casting process, and (c) dimensional error after cutting profile. 
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Figure 19. Dimensional change on ACD for G4 gear sample. (a) Dimensional change after casting process, (b) tooth profile illustration of gear number 1 (T1) to show the dimensional changes that occur in the ACD area after the casting process, and (c) dimensional error after cutting profile. 
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Table 1. 304 stainless steel’s chemical composition.
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	Elements
	Fe
	C
	Si
	Mn
	Ni
	Cr
	S
	P





	(wt.%)
	Balance
	0.059
	0.27
	1.32
	7.91
	19.34
	0.011
	0.009
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Table 2. Benchmark gear specifications produced using aluminum materials.
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	Nomenclature
	Dimensional
	Descriptions





	Gear Teeth Number (N)
	10
	0.27



	Module (m)
	8
	N = Number of teeth and

D = Outside diameter,

m = D/N.



	Face Width (f), (mm)
	25
	-



	Diameter Shaft (r), (mm)
	40
	-



	Whole Depth (ht), (mm)
	18
	(Addendum + Dedendum), (10 mm + 8 mm = 18 mm).



	Pressure Angle (α)/(deg)
	25
	-



	Addendum Circle Diameter (Do), (mm)
	96
	-



	Tooth Thickness (t), (mm)
	15
	-



	Circular Pitch (ϕ), (mm)
	76
	D = N/P
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Table 3. Labels and parameters of gear pattern samples.
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Specimens

	
Module

	
Gear Teeth Number

	
Enhancer Plate Thickness (mm)

	
Chill Thickness

(mm)

	
Average Dimension Value from All Teeth




	
Tooth Thickness (mm)

	
Addendum Circle Diameter (mm)

	
Pitch Circle Diameter (mm)






	
G1

	
8

	
10

	
-

	
-

	
15.830

	
96.024

	
85.045




	
G2

	
8

	
10

	
0.2

	
0.2

	
16.230

	
96.417

	
85.245




	
G3

	
8

	
10

	
0.2

	
0.4

	
16.630

	
96.810

	
85.445




	
G4

	
8

	
10

	
0.2

	
0.6

	
17.030

	
97.204

	
85.645
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Table 4. Chemical composition of gear specimens.
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	Elements
	C
	Mn
	Si
	Cr
	Ni
	Mo
	Cu
	Mg
	Ce
	P
	S





	(wt.%)
	3.67
	0.24
	2.55
	0.023
	0.07
	0.04
	0.12
	0.052
	0.005
	0.037
	0.014
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Table 5. Elemental content in the tooth flank region after diffusion.
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Samples

	
Elements (wt.%)




	
C

	
Ni

	
Na

	
Mg

	
Mn

	
Si

	
Ca

	
Al

	
Zr

	
S

	
Cr






	
G2

	
26.75

	
1.97

	
0.29

	
1.21

	
0.74

	
1.54

	
0.29

	
0.03

	
0.75

	
0.41

	
13.91




	
G3

	
13.90

	
1.41

	
0.18

	
1.24

	
0.56

	
1.32

	
0.21

	
0.07

	
0.69

	
0.39

	
14.40




	
G4

	
22.01

	
1.38

	
0.11

	
1.18

	
0.40

	
1.77

	
0.19

	
0.09

	
0.58

	
0.40

	
11.18
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Table 6. Wear rates on the flank surface before and after EDM wire cutting.
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Gear Sample

	
Average Matrix Structure on the Surface (%)

	
Average Hardness

on the Surface Flank (HV)

	
Wear Specifics (Ws) × 10−6 (mm2/kg)




	
before Profile Cutting

	
after Profile Cutting

	
before Profile Cutting

	
after Profile Cutting






	
G2

	
(FeCrC)7C3 and M7C3

	
861 HV

	
461 HV

	
5.197

	
2.301




	
G3

	
(FeCrC)7C3 and M7C3

	
831 HV

	
583 HV

	
6.408

	
2.279




	
G4

	
CrC, M3C, and M7C3

	
700 HV

	
730 HV

	
4.901

	
4.803
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Table 7. Each product’s resin gear pattern on the gear tooth profile is measured.
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Gear Nomenclature

	
Gear Sample

	
Tooth Number




	

	

	
T1

	
T2

	
T3

	
T4

	
T5

	
T6

	
T7

	
T8

	
T9

	
T10






	
Tooth Thickness (mm)

	
G1 (benchmark)

	
16.010

	
15.417

	
15.793

	
16.170

	
15.947

	
15.993

	
16.053

	
15.533

	
15.347

	
16.040




	
G2

	
16.410

	
15.817

	
16.193

	
16.570

	
16.347

	
16.393

	
16.453

	
15.933

	
15.747

	
16.440




	
G3

	
16.810

	
16.217

	
16.593

	
16.970

	
16.747

	
16.793

	
16.853

	
16.333

	
16.147

	
16.840




	
G4

	
17.210

	
16.617

	
16.993

	
17.370

	
17.147

	
17.193

	
17.253

	
16.733

	
16.547

	
17.240




	
Pitch Circle Diameter (mm)

	
G1 (benchmark)

	
85.020

	
85.100

	
84.990

	
85.000

	
84.970

	
84.880

	
85.110

	
85.050

	
85.220

	
85.110




	
G2

	
85.220

	
85.300

	
85.190

	
85.200

	
85.170

	
85.080

	
85.310

	
85.250

	
85.420

	
85.310




	
G3

	
85.420

	
85.500

	
85.390

	
85.400

	
85.370

	
85.280

	
85.510

	
85.450

	
85.620

	
85.510




	
G4

	
85.620

	
85.700

	
85.590

	
85.600

	
85.570

	
85.480

	
85.710

	
85.650

	
85.820

	
85.710




	
Addendum Circle Diameter (mm)

	
G1 (benchmark)

	
95.977

	
96.017

	
96.010

	
96.027

	
96.047

	
96.007

	
96.003

	
96.137

	
96.027

	
95.987




	
G2

	
96.377

	
96.417

	
96.410

	
96.427

	
96.447

	
96.407

	
96.403

	
96.537

	
96.427

	
96.320




	
G3

	
96.777

	
96.817

	
96.810

	
96.827

	
96.847

	
96.807

	
96.803

	
96.937

	
96.827

	
96.653




	
G4

	
97.177

	
97.217

	
97.210

	
97.227

	
97.247

	
97.207

	
97.203

	
97.337

	
97.227

	
96.987
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