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Abstract

:

In the present study, graphite scrap powder from machining of commercial graphite blocks for electrical discharge machining (EDM) applications was recycled as a filler material for manufacturing graphite blocks, and its suitability for use as EDM electrodes was thoroughly assessed. The effects of process parameters applied in EDM electrode manufacturing, including the number of impregnations and graphitization temperatures, on the physical properties of the resulting graphite blocks, were examined. Additionally, EDM performance was evaluated with respect to the above process parameters. In blocks subjected to three impregnation treatments, followed by graphitization at 2200 °C, surface protrusions formed during the EDM process, indicating that the EDM process did not proceed smoothly. On the other hand, in blocks that underwent three impregnation treatments, followed by graphitization at 2800 °C, no surface protrusions were observed, indicating successful EDM operation. This observation further confirms the suitability of these recycled materials for use in EDM electrodes. The graphite block electrodes fabricated using recycled graphite scrap exhibited inferior cyclic stability, with an electrode wear rate of 0.82%, higher than that of a commercial graphite block electrode (0.04%). Nevertheless, using recycled graphite scrap contributes to reducing product costs and CO2 emissions, making the developed graphite electrodes a favorable choice.
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1. Introduction


Electrical discharge machining (EDM), also referred to as spark erosion machining, is an advanced machining process in which a workpiece is melted with sparks generated when the workpiece is brought very close to an electrode connected to a voltage of hundreds of volts, with a separation of only a few microns. This allows the workpiece to be shaped as desired [1]. EDM is highly effective for machining difficult-to-cut materials and is also well-suited for dealing with complex shapes and achieving precise dimensions. With these advantages, the technique has been widely used in a broad range of industries, such as information technology, electronics, optics, nuclear power, semiconductors, and aerospace applications [1,2,3,4,5].



Meanwhile, copper and graphite are primarily used as electrode materials for EDM. Copper electrodes are known for their outstanding dimensional stability, along with their ability to produce high-quality machined surfaces. However, they are consumed relatively fast due to their low melting points. On the other hand, compared to copper electrodes, graphite electrodes feature a high sublimation point and exceptional electrical and thermal stability, resulting in lower electrode wear rates and improved machinability. Thus, graphite electrodes are mainly employed in EDM applications, particularly in cases in which high-efficiency machining is valued [1,5].



Reported studies on graphite electrodes for EDM mainly involve deposition of a carbonaceous layer onto a tool to reduce wear [6], analysis of commercial graphite blocks for EDM [7], and forming composites of graphite powder with other metals (e.g., titanium) [8]. In fact, there is little research that evaluated EDM performance by fabricating graphite electrodes.



If they are to be used as EDM materials, graphite blocks must be machined to the desired shape, inevitably generating graphite scrap. While an extremely small portion of this graphite scrap is used as carburizing agents in steelworks or as additives when producing graphite-based firebricks, the remainder is fully disposed of [9].



In a previous study by the authors of this research, graphite blocks with varying particle sizes and impregnation conditions were fabricated to assess the suitability of graphite scrap as a filler material in manufacturing graphite blocks; material characteristics were analyzed and presented [9,10]. After being subjected to a single treatment of impregnation and re-carbonization, the graphite scrap exhibited a volume density of up to 1.44 g/cm3, confirming its suitability as a filler material.



Graphite blocks are used as products through the processes of mixing, kneading, forming, carbonization, impregnation, re-carbonization, and graphitization. Impregnation is performed to increase the density of the graphite block, and graphitization is an essential process for the heat resistance, chemical resistance, and electrical conductivity of the graphite block.



In the present study, graphite scrap generated during the machining of graphite blocks for EDM was used as a filler material for manufacturing graphite blocks for EDM. In the process, the feasibility of recycling such graphite scrap was assessed. To this end, graphite blocks were fabricated using graphite scrap and coal-based binder pitch. Additionally, the effects of the number of impregnations and the graphitization temperature on the EDM performance of the resulting graphite blocks were investigated. Further, electrode wear rates in EDM were analyzed to compare EDM performance between commercial graphite electrodes and graphite block electrodes fabricated using recycled graphite scrap. In particular, since graphite scrap had already been graphitized, it was expected that EDM performance would be achieved even at low graphitization temperatures.




2. Experimental Procedure


2.1. Raw Materials and Preparation


In this study, graphite scrap generated during the machining of graphite blocks into graphite electrodes for EDM was used as a filler material. The graphite scrap was initially pulverized and sieved through a 120-mesh sieve, resulting in an average particle size of 13.4 μm. Coal-based binder pitch was used as a binder.



The filler and binder were mixed at a weight ratio of 7:3, and the mixture was then subjected to uniaxial compression molding at 150 °C and with an applied pressure of 100 MPa. As a result, green bodies with dimensions of 10 × 10 × 50 mm3 were obtained. Afterward, the obtained green bodies were placed in a tube furnace and kept at 1000 °C in a nitrogen atmosphere for one hour for carbonization.



The obtained carbonized blocks were then impregnated at 200 °C using a coal-based impregnation pitch, followed by re-carbonization under the same conditions as those of the initial carbonization. A total of three cycles of impregnation and re-carbonization treatment were performed. After three impregnation treatments, the obtained carbonized blocks underwent graphitization. One group was kept at 2200 °C for one hour, and the other at 2800 °C for the same duration. Table 1 presents the sample names, given based on the manufacturing process applied. Each process was labeled as follows: carbonization as C, impregnation as I, and graphitization as G. In the term I-n, I represents impregnation, while n refers to the number of impregnations. In the term G-m, G represents graphitization, and m indicates the graphitization temperature.




2.2. Bulk Density and Porosity


The bulk density and porosity of the graphite blocks were measured using the Archimedes method. Specifically, the carbonized blocks were immersed in boiling distilled water and kept submerged for over three hours to ensure that their internal pores were saturated with water. Subsequently, they were cooled to room temperature. Afterward, their underwater weight and saturated weight were measured, and then the carbonized blocks were dried in an oven at 110 °C for more than 24 h before measuring their dry weight. Based on the measurements, the bulk density and porosity were calculated using the equations below.


Bulk density (g/cm3) = WDry/(WSaturated − WUnderwater)










Porosity (%) = (WSaturated − WDry)/(WSaturated − WUnderwater) × 100












2.3. Electrical Resistivity


The electrical resistivity of the graphite blocks was measured using the voltage drop method (ASTM C 611 [11]) to assess their electrical characteristics. More specifically, different currents of 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 A were individually applied, and the corresponding voltages were measured for each current. Subsequently, these measurements were employed to calculate electrical resistivity values using the following equation.


⍴ = eS/il








where ⍴ is the electrical resistivity (Ωcm), e is the voltage drop between voltage terminals (V), S is the cross-sectional area of the sample (cm2), i is the current (A), and l is the distance between voltage terminals (cm).




2.4. Flexural Strength


Flexural strength measurements were performed using a universal testing machine in accordance with the specifications provided in ASTM D 7972 [12]. During the tests, the upper loading point was placed right at the center of each specimen. Each of the two lower loading points was placed 20 mm away from the center. All measurements were performed at a crosshead speed of 0.5 mm/min, and the flexural strengths of each specimen were calculated using the equation below.


Sb = 3WI/2bt2








where Sb is the flexural strength (N/cm2), W is the maximum load, I is the distance between the two points (cm), b is the specimen width (cm), and t is the specimen thickness (cm).




2.5. X-ray Diffraction


In the context of graphite blocks used as EDM electrodes, electrical resistivity plays a crucial role in determining the overall properties. It is, in particular, closely related to the crystallinity. The crystallinity of the obtained blocks was analyzed using an X-ray diffractometer (XRD, Smartlab 9kw, Rigaku, Tokyo, Japan) to assess the effect of various carbonization and impregnation conditions, as well as graphitization temperatures. Cu-Kα1, with a wavelength of 1.5406 Å, was used as an X-ray target source, within a scanning range of 5–60 ° and with a scanning rate of 1°/min. The XRD structural parameters (d002, Lc, La) were determined using both the Bragg and Scherrer equations.




2.6. Elemental Analysis


The graphite blocks obtained at each stage of the manufacturing process were used to perform EDM. Following the EDM process, protrusions were observed on the surfaces of certain graphite blocks. In an attempt to investigate the cause of these protrusions, changes in sulfur and nitrogen contents were analyzed with respect to the carbonization, impregnation, and graphitization treatments applied during the manufacturing process. Elemental analysis was performed on four block samples labeled C, I-3, G-2200, and G-2800 using an elemental analyzer (EA, Vario-Micro Cube, Elementar Analysensysteme GmbH, Langenselbold, Germany).




2.7. EDM Performance and Workpiece Analysis


The EDM performance of the graphite blocks obtained at each stage of the manufacturing process was evaluated using an EDM machine (TURBO-350CNC, DAEHANEDM Co., Ltd., Busan, Republic of Korea). In the tests, five block samples, four labeled C, I-3, G-2200, and G-2800, along with ELLOR20, a commercial graphite product, were used as EDM electrodes. After six hours of EDM, their electrode wear rates were measured. The electrode wear rate was determined by measuring the difference in graphite electrode length before and after the EDM process. In the process, hot-work tool steel (SKD-61) was used as an EDM workpiece. The EDM process applied in this study is schematically illustrated in Figure 1.



The characteristics of the graphite blocks fabricated using recycled graphite scrap were assessed and compared with those of commercial graphite block products commonly used as EDM electrodes. This comparison allowed for an objective evaluation of the performance of the developed graphite blocks as EDM electrodes. G-2800 and ELLOR20, the commercial graphite block widely used as an EDM electrode, were employed in EDM for the same duration. Subsequently, the machining depth and surface roughness of the workpiece were measured for each electrode, and the results were compared. Machining depth measurements were performed using Vernier calipers, and surface roughness was measured using a digital microscope (KH-8700, HIROX, Tokyo, Japan).





3. Results and Discussion


3.1. Bulk Density and Porosity with Respect to the Manufacturing Process


Figure 2a presents changes in the bulk density and porosity of the carbonized block and graphite blocks obtained at each stage of the manufacturing process. The bulk density of sample C was 1.30 g/cm3; its porosity was 37.3%. As the number of impregnations increased, the bulk density increased, and the porosity decreased, as exemplified by I-3, which exhibited a bulk density of 1.71 g/cm3 and a porosity of 14.0%. This pattern can be attributed to the impregnation process, during which open pores are filled with the impregnation pitch applied. As the number of impregnations increased, the rate of increase of the bulk density decreased. This is because, with repeated impregnation processes, there are fewer available pores in the graphite blocks for the impregnation pitch to occupy.



After graphitization, both bulk density and porosity increased compared to those characteristics of the carbonized blocks. The increase in bulk density can be attributed to enhanced crystallinity and volumetric shrinkage during graphitization, as depicted in Figure 2b. According to one previous study [13], isotropic graphite blocks experience a decrease in the (002) interplanar spacing and an increase in crystallite size as the graphitization temperature rises. Consequently, the above result can be interpreted as the graphitization process resulting in volumetric shrinkage and, thus, an increase in density. The increases in porosity of both G-2200 and G-2800 are attributable to the release of hydrogen, nitrogen, sulfur, and other gases that have remained within the blocks after carbonization, occurring during the graphitization process [14].




3.2. Electrical Resistivity with Respect to the Manufacturing Process


Figure 3 presents changes in the electrical resistivity of the carbonized block and graphite blocks obtained at each stage of the manufacturing process. The electrical resistivity of Sample C was 47.9 μΩm, but as the number of impregnations increased, the electrical resistivity decreased. For example, I-3 exhibited an electrical resistivity of 27.6 μΩm. As such, electrical resistivity decreased in the order of C, I-1, I-2, and I-3 with the increasing number of impregnations, and this pattern coincides with the porosity decrease shown in Figure 2. It is well known that in most materials containing carbon components, electrical conductivity is higher when the number of pores, which inhibit electron transport, is smaller [15]. Thus, the reduced electrical resistivity observed in this study can be attributed to the decrease in porosity resulting from impregnation.



Meanwhile, the electrical resistivity of the graphite blocks was lower when the graphitization temperature was higher (refer to G-2200 and G-2800). Previous studies have reported that higher graphitization temperatures lead to increased crystallinity in graphite products. This enhancement raises the number of sp2 bonds, facilitating electron transport and resulting in reduced electrical resistivity [16,17,18]. Despite having lower porosity, G-2800 exhibited significantly lower electrical resistivity compared to G-2200. This finding suggests that the electrical resistivity of graphite blocks is more affected by their crystallinity than by their porosity.




3.3. Flexural Strength with Respect to the Manufacturing Process


Figure 4 shows changes in the flexural strength of the carbonized block and graphite blocks obtained at each stage of the manufacturing process. The flexural strength of sample C was 14.2 MPa. The flexural strength increased as the number of impregnations increased, with I-3 achieving a flexural strength of 41.0 MPa. The decrease in flexural strength was attributed to the decreased porosity resulting from impregnation treatments.



The flexural strength of G-2200 was slightly higher at 44.9 MPa compared to I-3, but there were significant variations in the measurements. These measurement variations among specimens can be attributed to the inconsistent formation of pores within the graphite blocks due to a phenomenon known as the puffing effect. The flexural strength of G-2800 was 41.0 MPa, which was lower than that of G-2200. This can be attributed to the increased porosity and crystallite size resulting from graphitization.




3.4. Crystallinity with Respect to the Manufacturing Process


The XRD analysis results for the blocks obtained at each stage of the manufacturing process are presented in Figure 5. For sample C, the (002) interplanar spacing was 3.378 Å, Lc was 208.6 Å, and La was 414.3 Å. The carbonized blocks developed in this study exhibited improved crystallinity compared to those made from different fillers, such as coke [13]. This enhancement can be attributed to the use of graphite scrap as filler material, as this scrap was obtained by recycling blocks intended for EDM applications that had already undergone the graphitization process.



I-3 and G-2200 exhibited (002) interplanar spacing similar to that of Sample C, but their Lc values were slightly smaller. This occurred because the impregnation process resulted in an increase in the content of pitch, which was relatively less crystalline, within the block. G-2800, graphitized at the highest temperature employed in this study, experienced a decrease in the (002) interplanar spacing and an increase in both Lc and La compared to Sample C. In this context, the large increase in G-2800’s crystallinity was expected to significantly affect its electrical resistivity reduction.




3.5. Elemental Analysis with Respect to the Manufacturing Process


Figure 6 presents changes in the nitrogen and sulfur contents of the blocks obtained at each stage of the manufacturing process, measured through elemental analysis. The nitrogen content of sample C was 0.26 wt%, and its sulfur content was 0.25 wt%. I-3 exhibited a higher nitrogen content of 0.38 wt% but a slightly lower sulfur content of 0.23 wt% compared to sample C. As the graphitization temperature increased, both nitrogen and sulfur contents further decreased. The nitrogen content of G-2800 was 0.06 wt%, and its sulfur content was 0.02 wt%.



K.I. Fujimoto et al. [19] reported that the impregnation process resulted in an increase in nitrogen and sulfur contents, leading to significant puffing. Additionally, according to Wilhelm Frohs et al. [20], primary puffing (nitrogen release) is a significant process during which gas is released from closed pores. This is followed by secondary puffing (sulfur release), in which gas release may also occur through pores that have been created during primary puffing. Accordingly, the effect of secondary puffing is considered less significant.



Compared to Sample C, sample I-3, which underwent multiple impregnation treatments, saw a significant increase in nitrogen content, while its sulfur content was even lower. Meanwhile, sulfur may be released in the form of H2S or CS2. Sulfur is also known to be released later than nitrogen-containing gas, although the exact release temperatures for each gas type have not been determined.



Based on the literature, it was initially expected that, compared to Sample C, I-3 would exhibit not only a higher nitrogen content but also an increased sulfur content. In reality, however, the nitrogen content of I-3 was higher, while its sulfur content was lower. Although further research will be required for clarity, it can be inferred that part of the sulfur-containing gas was released even within the temperature range corresponding to re-carbonization (up to 1000 °C).




3.6. EDM Performance of Graphite Blocks and Workpiece Analysis


Figure 7 presents images of the graphite electrodes after EDM; these electrodes were made of developed blocks fabricated under different carbonization and impregnation conditions, as well as graphitization temperatures, and of ELLOR20, a commercial graphite block electrode for EDM. In Figure 7a–c, protrusions are visible on the electrode surface. In EDM, electrodes and workpieces can be rapidly heated to higher temperatures, e.g., 3000 °C, due to the sparks generated during the process [1]. Hence, the observed protrusions can be attributed to the sudden temperature increase, causing the puffing effect, which leads to the rapid release of the remaining nitrogen- and sulfur-containing gases within the graphite block [21].



In I-3, in particular, the formation of protrusions on the surface after EDM was more pronounced than it was for Sample C. There are two reasons for this: first, the nitrogen and sulfur contents of the blocks increased due to the impregnation process. As previously shown in the elemental analysis results, I-3 exhibited a significantly higher nitrogen content than Sample C. Second, the impregnation process led to the formation of closed pores, along with reduced pore size. Indeed, it has previously been reported that as the number of impregnations increases, the pore size decreases while the number of closed pores increases [22]. This phenomenon may subject the pore wall to greater pressure during the release of nitrogen- and sulfur-containing gases, potentially enhancing the puffing effect [18,23].



In G-2200, while protrusions were less pronounced than they were for I-3, they were still present, as shown in Figure 7c. Puffing is known to occur within the temperature range of 1600–2500 °C [24,25]. Thus, it can be reasoned that, at 2200 °C, puffing had not yet been completed, which explains why protrusions were still visible in G-2200. Additionally, there is a possibility that the EDM process itself did not go well because the electrical resistivity was still high at 23.5 μΩm. Protrusions on the surface adhere to the workpiece or cause a fire during EDM.



As can be seen in Figure 7d, no protrusions were observed on the surface of G-2800 after the EDM process. Next, the electrode wear rates were estimated by measuring differences in electrode length before and after EDM. G-2800 exhibited an electrode wear rate of 0.82%. It is expected that if the density of the graphite block is increased, the electrode wear rate can be decreased.



The prepared workpieces were subjected to EDM using G-2800 and ELLOR20 as graphite electrodes for six hours. The same experimental conditions were applied regardless of the electrode type. As shown in Table 2, the machining depth of the workpiece was 17.48 mm when using G-2800 as an electrode and 20.13 mm when using ELLOR20 as an electrode. The surface roughness was 0.51 μm for G-2800 and 0.44 μm for ELLOR20.



These elemental analyses and EDM performance results suggest that, to prevent the formation of surface protrusions after the EDM process, the weight contents of nitrogen and sulfur in graphite blocks for EDM applications should not exceed 0.1 wt%.



Table 3 summarizes the physical properties and EDM performance of the blocks obtained at each stage of the manufacturing process.



The densities of G-2800 and ELLOR20 were 1.73 g/cm3 and 1.81 g/cm3, respectively. G-2800 with low density is expected to have high porosity, which leads to a decrease in mechanical and electrical properties. If further research leads to optimization of the manufacturing process, it will become possible to achieve the desired properties. In such a scenario, EDM performance comparable to that of commercial graphite products can be attained.



Compared to ELLOR20, a commercial graphite product, G-2800, which exhibited the best performance, demonstrated inferior electrode wear performance. Nevertheless, the use of recycled graphite scrap makes the developed graphite electrode a significantly favorable choice.



Coal- or petroleum-based coke is used as a filler for graphite blocks. Coal-based coke is manufactured from coke oven gas, a by-product of the steel industry, through the process of distillation, coking, and calcination. According to statistics from the International Energy Agency, carbon emissions through the steel industry are approximately 2.6 billion tons as of 2019 [27]. Replacing coal-based coke with graphite scrap can not only reduce product costs by recycling raw materials but can also contribute to CO2 reduction.





4. Conclusions


In the present study, graphite scrap from machining graphite blocks for electrical discharge machining (EDM) applications was used as a raw material for manufacturing graphite blocks; block physical properties and EDM performance were evaluated. The major findings of this study are as follows.



The graphite blocks were subjected to three impregnation treatments, followed by graphitization at 2800 °C. The resulting graphite blocks exhibited a bulk density of 1.73 g/cm3, an electrical resistivity of 16.4 μΩm, and a flexural strength of 41.0 MPa. The developed graphite blocks demonstrated physical properties that were roughly 80 to 90% of those found in commercial graphite products for EDM, confirming their suitability as recycled raw materials for EDM electrodes.



Surface protrusions formed during the EDM process in both I-3 and G-2200, indicating that the EDM process did not proceed smoothly. The observed protrusions can be attributed to the puffing effect, which leads to the rapid release of the remaining nitrogen- and sulfur-containing gases within the graphite block. This phenomenon becomes more pronounced, especially when the graphitization temperature is not sufficiently high. Consequently, in the manufacturing of graphite blocks for EDM applications, the graphitization process should be performed at sufficiently high temperatures.



G-2800 exhibited a performance inferior to that of ELLOR20 in terms of electrode wear and workpiece machining depth and surface roughness. Nevertheless, further research aiming for improved bulk density and electrical resistivity can potentially achieve the desired EDM performance. In future research, we plan to improve the physical properties by optimizing the mixing ratio of filler and binder and the particle size.



The results of this study suggest process conditions for increasing EDM performance in the manufacture of graphite blocks and can help reduce costs through the recycling of raw materials.
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Figure 1. Schematic illustration of EDM process using graphite electrodes. 






Figure 1. Schematic illustration of EDM process using graphite electrodes.



[image: Processes 11 03368 g001]







[image: Processes 11 03368 g002] 





Figure 2. (a) Bulk density and porosity and (b) volumetric shrinkage of graphite blocks. 
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Figure 3. Electrical resistivity of graphite blocks. 
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Figure 4. Flexural strength of graphite blocks. 
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Figure 5. XRD parameters of graphite blocks (a) XRD spectra, (b) d002, (c) Lc, and (d) La. 
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Figure 6. Nitrogen and sulfur contents with respect to the manufacturing process. 






Figure 6. Nitrogen and sulfur contents with respect to the manufacturing process.



[image: Processes 11 03368 g006]







[image: Processes 11 03368 g007] 





Figure 7. Images of graphite electrodes after EDM: (a) C, (b) I-3, (c) G-2200, (d) G-2800, and (e) ELLOR20. 
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Table 1. Sample names are given based on manufacturing process applied.
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Block Samples

	
Processes




	
Carbonization

	
Impregnation

Number

	
Graphitization

	
EDM






	
C

	
1000 °C

for 1 h

	
X

	
X

	
O




	
I-1

	
1

	
X

	
X




	
I-2

	
2

	
X

	
X




	
I-3

	
3

	
X

	
O




	
G-2200

	
3

	
2200 °C for 1 h

	
O




	
G-2800

	
2800 °C for 1 h

	
O











 





Table 2. Morphological characteristics of workpieces after EDM using G-2800 and ELLOR20.
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	Samples
	Machining Depth
	Surface
	Roughness





	G-2800
	[image: Processes 11 03368 i001]
	[image: Processes 11 03368 i002]
	[image: Processes 11 03368 i003]



	ELLOR20
	[image: Processes 11 03368 i004]
	[image: Processes 11 03368 i005]
	[image: Processes 11 03368 i006]










 





Table 3. Physical properties and EDM performance of graphite electrodes.
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Samples

	
Physical Properties

	
EDM Performance




	
Density

(g/cm3)

	
Flexural Strength

(MPa)

	
Electrical Resistivity

(μΩm)

	
Electrode Wear Rate

(%)

	
Machining Depth

(mm/6 h)

	
Roughness

(μm)






	
C

	
1.30

	
14.2

	
47.9

	
-




	
I-3

	
1.71

	
41.0

	
27.6




	
G-2200

	
1.74

	
44.9

	
23.5




	
G-2800

	
1.73

	
41.0

	
16.4

	
0.82

	
17.48

	
0.51




	
ELLOR20 [26]

	
1.81

	
52.0

	
12.4

	
0.04

	
20.13

	
0.44
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