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Abstract   

This review paper presents an in-depth analysis of the machining characteristics of EN31 

steel using a Copper-Carbon Graphite Conductive Powder Electrode (CCGCPE) in Powder 

Mixed Electrical Discharge Machining (PMEDM). EN31 steel, known for its high hardness 

and excellent wear resistance, poses significant challenges in conventional machining 

processes. PMEDM, a variant of the traditional EDM, introduces conductive powders into the 

dielectric fluid, enhancing the machining performance and surface quality. This study aims to 

provide a comprehensive understanding of the effects of CCGCPE on key machining 

parameters such as Material Removal Rate (MRR), Tool Wear Rate (TWR), Surface 

Roughness (SR), and the microstructural integrity of the machined surface. 

Keywords: Copper-Carbon Graphite Conductive Powder Electrode (CCGCPE), Powder 
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1. Introduction 

In the realm of modern manufacturing, the demand for high-performance materials with 

exceptional hardness and wear resistance is ever-increasing. EN31 steel, a high-carbon alloy 

steel, is widely utilized in the production of bearings, tools, and automotive components due 

to its superior mechanical properties. However, the very characteristics that make EN31 steel 

desirable also pose significant challenges in machining, particularly through conventional 

methods. This necessitates the exploration of advanced machining techniques capable of 

maintaining the integrity and precision required for such materials.  

Electrical Discharge Machining (EDM) has emerged as a versatile non-traditional machining 

process that can effectively machine hard and electrically conductive materials. EDM 

operates on the principle of spark erosion, where electrical discharges between the tool and 

workpiece result in material removal. Despite its advantages, traditional EDM faces 

limitations in terms of machining efficiency and surface quality, especially when dealing with 

materials like EN31 steel. 

To address these limitations, Powder Mixed EDM (PMEDM) has been developed as an 

enhancement to the conventional EDM process. In PMEDM, fine conductive powder 

particles are suspended in the dielectric fluid, leading to improved electrical conductivity and 

more efficient spark generation. This modification aims to enhance Material Removal Rate 

(MRR), reduce Tool Wear Rate (TWR), and achieve better Surface Roughness (SR), thereby 

extending the applicability of EDM to more challenging materials. 

A critical advancement within PMEDM involves the use of specialized powder mixtures, 

such as the Copper-Carbon Graphite Conductive Powder Electrode (CCGCPE). The 

combination of copper and carbon graphite powders offers unique synergistic properties that 

can significantly impact the machining performance. Copper's excellent electrical and 

thermal conductivity, paired with carbon graphite's lubricating properties and thermal 

stability, presents a promising approach to optimizing the EDM process. 

This review paper aims to comprehensively examine the machining characteristics of EN31 

steel using CCGCPE in PMEDM. By synthesizing and analyzing experimental findings from 

various studies, the paper seeks to elucidate the effects of different machining parameters on 

performance indicators such as MRR, TWR, SR, and the microstructural integrity of the 

machined surfaces. Additionally, this review will highlight the underlying mechanisms 

through which CCGCPE enhances machining efficiency and surface quality.  

This paper will deliver valuable insights through a comprehensive comparative study on the 
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potential of CCGCPE in PMEDM for machining difficult materials. The review will pinpoint 

current trends, highlight knowledge gaps, and propose future research directions, with the 

goal of advancing the field of EDM and its applications in contemporary manufacturing. This 

investigation is vital for fostering the development of more efficient and precise machining 

techniques, thereby contributing to the broader objective of enhancing performance and 

sustainability in manufacturing processes.  

 

1.1 Typical arrangement of PMEDM system 

The primary objectives of this literature review are to clarify the PMEDM mechanism, 

explore how powder properties and machining parameters influence PMEDM outcomes, and 

assess its potential across various applications. Additionally, the review will examine the 

types of additives utilized in the PMEDM process, identify possible avenues for further 

research based on existing literature, and investigate commercialization opportunities.[3] 

2. Literature review 

Electrical Discharge Machining (EDM) is a well-established non-traditional machining 

process that allows for the machining of hard and electrically conductive materials through 

controlled spark discharges between an electrode and the workpiece, which is submerged in a 

dielectric fluid. However, traditional EDM encounters limitations in machining efficiency 

and surface quality, especially with high-hardness materials like EN31 steel. To address these 

challenges, Powder Mixed EDM (PMEDM) has been developed, which involves adding fine 

conductive powder particles to the dielectric fluid to improve the process's effectiveness. 

3. Materials 

EN31 Steel: Properties and Machining Challenges 

EN31 steel is a high-carbon alloy steel recognized for its exceptional hardness, wear 

resistance, and strength, making it ideal for critical applications such as bearings, tools, and 
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automotive components. However, these characteristics also make it challenging to machine 

with conventional techniques, which is why advanced machining methods like PMEDM are 

required. 

PMEDM: Enhancements and Mechanisms 

PMEDM enhances traditional EDM by adding conductive powders such as aluminum, 

silicon, tungsten, and copper-carbon graphite into the dielectric fluid. These powders improve 

spark stability, increase energy density in the spark gap, and enhance debris removal, leading 

to better Material Removal Rate (MRR), reduced Tool Wear Rate (TWR), and improved 

Surface Roughness (SR). The addition of copper-carbon graphite powder (CCGCPE) has 

shown promise due to its superior electrical and thermal conductivity and the lubricating 

properties of graphite. 

4. Method 

4.1. Response surface methods 

Surface response methods, especially Response Surface Methodology (RSM), are widely 

utilized in experimental design to optimize machining processes. RSM entails designing 

experiments, creating models, assessing the impact of various factors, and identifying optimal 

conditions. This section examines the application of RSM in studies that focus on CCGCPE 

in PMEDM. 

Surface response methods, particularly Response Surface Methodology (RSM), serve as 

effective tools for optimizing the PMEDM process with Copper-Carbon Graphite Conductive 

Powder Electrode. By systematically adjusting process parameters and analyzing their 

impacts, researchers can create robust models that improve understanding and control of the 

machining process. The use of RSM in PMEDM not only boosts performance metrics such as 

Material Removal Rate (MRR), Tool Wear Rate (TWR), and Surface Roughness (SR) but 

also sheds light on the underlying mechanisms. Future research should aim to integrate 

advanced RSM techniques with real-time monitoring and adaptive control systems to further 

enhance the capabilities and efficiency of PMEDM processes. 

5. Discussion: 

Designing Experiments with SRM 

1) Central Composite Design (CCD): 

❖ CCD is a popular design in RSM that helps in fitting a quadratic model. It includes 

factorial points, center points, and axial points. 
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❖ Example: In a study on PMEDM using CCGCPE, CCD could be used to systematically 

vary parameters such as discharge current, pulse duration, and powder concentration to 

observe their effects on MRR, TWR, and SR. 

2) Box-Behnken Design (BBD): 

❖ Box-Behnken Design (BBD) is another effective approach within response surface 

methodology that requires fewer experiments compared to Central Composite Design 

(CCD) and is particularly useful for exploring quadratic response surfaces. 

❖ Example: BBD can be applied to optimize the PMEDM process with CCGCPE by 

exploring the interactions between parameters like electrode material composition, 

dielectric fluid properties, and peak current.  

Developing Response Surface Models 

3) Regression Analysis: 

❖ Regression analysis is used to create mathematical models that illustrate the 

relationship between input parameters and response variables. 

❖ Example: Using regression analysis, researchers can create predictive models for 

MRR, TWR, and SR based on input variables such as powder concentration and 

discharge energy. 

4) ANOVA (Analysis of Variance): 

❖ ANOVA is used to determine the significance of individual factors and their 

interactions in the developed models. 

❖ Example: ANOVA can help in identifying the most influential parameters affecting 

the machining performance and surface quality in PMEDM with CCGCPE. 

Optimization Using Surface Response Methods 

5) Desirability Function Approach: 

❖ This approach converts each response variable into a desirability function that ranges 

from 0 (undesirable) to 1 (highly desirable), and the goal is to maximize the overall 

desirability. Example: By applying the desirability function approach, researchers can 

find the optimal combination of process parameters that maximizes MRR and 

minimizes TWR and SR simultaneously. 

6) Contour Plots and Surface Plots: 

❖ Contour and surface plots are graphical representations of the response surface that 

allow for visualization of the effects of two factors on the response variable, while 

holding another factors constant. 
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❖ Example: Contour plots can effectively illustrate how variations in powder 

concentration and discharge current influence Surface Roughness (SR), offering 

insights into the optimal settings for achieving the best surface finish. 

Discussion 

❖ The incorporation of Copper-Carbon Graphite Conductive Powder Electrode 

(CCGCPE) in Powder Mixed Electrical Discharge Machining (PMEDM) marks a 

significant advancement in machining challenging materials such as EN31 steel. This 

discussion explores the experimental findings, the application of Response Surface 

Methodology (RSM), and a comparative analysis of different machining parameters 

aimed at optimizing the PMEDM process with CCGCPE. 

6. Analysis 

Case Studies and Comparative Analysis 

1) Case Study 1: Optimizing MRR and TWR: 

❖ A study by Gupta et al. (2021) utilized RSM with CCD to optimize MRR and TWR in 

PMEDM using CCGCPE. The results indicated that higher powder concentrations 

and moderate discharge currents yielded the best balance between high MRR and low 

TWR. 

2) Case Study 2: Enhancing Surface Roughness: 

❖ In another study, Singh et al. (2019) applied BBD to investigate the effects of pulse 

duration and peak current on SR in PMEDM. The optimal conditions derived from 

RSM significantly improved the surface finish, demonstrating the efficacy of SRM in 

fine-tuning machining parameters. 

3) Comparative Analysis: 

❖ Comparative studies using SRM can highlight the differences between conventional 

EDM and PMEDM with various powder additives. For example, a comparison 

between PMEDM with pure copper powder versus CCGCPE can elucidate the added 

benefits of graphite in enhancing surface properties and reducing tool wear. 

7. Findings 

❖ Improved material removal rate (mrr): Research indicates that the use of CCGCPE in 

PMEDM notably increases the Material Removal Rate (MRR). The conductive properties 

of copper, combined with the lubricating characteristics of graphite, contribute to more 

efficient spark generation and improved debris removal. For example, increased powder 
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concentration and optimal discharge current were found to significantly improve MRR, as 

demonstrated by studies employing RSM to fine-tune these parameters. 

❖ Reduced Tool Wear Rate (TWR)  
The inclusion of graphite in the powder mix reduces the wear on the electrode, thereby 

prolonging tool life. Graphite's lubricating properties and high thermal stability help 

mitigate the thermal stress and wear on the tool. RSM-based studies have identified that 

moderate pulse duration and higher concentrations of graphite in the powder mixture result 

in a lower TWR. 

❖ Enhanced Surface Roughness (SR) 
The synergistic effect of copper and graphite powders leads to a smoother surface finish. 

The copper facilitates stable spark discharges, while graphite helps in achieving finer 

finishes due to its lubricating action.  
❖ Surface response models indicate that an optimal combination of discharge current and 

pulse duration, with a balanced concentration of CCGCPE, results in the best SR. 
8. Application of Response Surface Methodology 

Response Surface Methodology (RSM) has played a vital role in optimizing the PMEDM process 

with CCGCPE. By employing experimental designs such as Central Composite Design (CCD) or 

Box-Behnken Design (BBD), researchers have developed predictive models and contour plots that 

help elucidate the effects of different machining parameters. [9] 

9. Experimental Design and Model Development 

CCD and BBD are commonly used to create a structured approach to experimentation. For 

instance, CCD involves varying discharge current, pulse duration, and powder concentration 

systematically. 

Regression analysis and ANOVA help develop robust mathematical models that describe the 

relationships between the input parameters (e.g., discharge current, powder concentration) and 

response variables (e.g., MRR, TWR, SR). 

10. Optimization and Analysis 

Using the developed models, optimization techniques such as the desirability function approach are 

applied to identify the optimal set of parameters that maximize or minimize the desired outcomes. 

Contour plots generated from RSM provide a visual representation of the effects and interactions of 

different parameters, aiding in intuitive understanding and decision-making.[9-10] 

Comparative Analysis 

A comparative analysis of traditional EDM, PMEDM with pure copper powder, and PMEDM with 
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CCGCPE highlights the benefits of the latter. 

Traditional EDM vs. PMEDM 

Traditional EDM often faces challenges with lower Material Removal Rates (MRR) and higher 

Tool Wear Rates (TWR), particularly when machining hard materials like EN31 steel. The lack of 

conductive powders restricts the efficiency of spark generation and debris removal. PMEDM, 

especially with CCGCPE, overcomes these limitations by enhancing the electrical conductivity and 

thermal properties of the dielectric fluid, resulting in improved machining performance. 

Pure Copper Powder vs. CCGCPE 

While pure copper powder improves MRR and SR due to its excellent electrical and thermal 

conductivity, it does not significantly reduce TWR. 

The addition of graphite to the copper powder (forming CCGCPE) brings the benefits of graphite’s 

lubricating properties, which significantly reduce TWR while maintaining high MRR and 

achieving superior SR. 

Mechanisms and Interactions.The enhanced performance of PMEDM with CCGCPE can be 

attributed to several mechanisms: 

Enhanced Spark Generation Copper particles in the dielectric fluid improve the electrical 

conductivity, leading to more stable and efficient spark discharges. 

Graphite particles assist in maintaining a uniform energy distribution, preventing localized 

overheating and reducing the risk of micro-cracks and surface defects. 

Improved Debris Flushing The presence of powder particles helps in the effective removal of 

debris from the machining zone, reducing the chances of secondary sparking and ensuring a cleaner 

machining environment. 

Graphite’s lubricating properties further aid in the smooth ejection of debris, enhancing the overall 

surface quality. 

Thermal Management The combination of copper’s high thermal conductivity and graphite’s 

thermal stability helps in better thermal management during machining, reducing thermal stress and 

wear on the electrode. 

11. Future Research Directions 

The promising results from using CCGCPE in PMEDM for machining EN31 steel suggest several 

avenues for future research. 

Parameter Optimization Further research should focus on fine-tuning the concentration and 

composition of CCGCPE to achieve even better machining performance. 

Advanced optimization techniques, possibly integrating machine learning with RSM, could provide 
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more precise control over the machining parameters. 

Exploration of Other Conductive Powders Investigating the use of other conductive powders or 

hybrid combinations could lead to new insights and further enhancements in PMEDM. 

Comparative studies with different materials and electrode compositions can broaden the 

applicability of PMEDM. 

Application to Complex Geometries and Other Materials Extending the study to different types 

of steel and complex geometries could demonstrate the versatility of CCGCPE in PMEDM. 

Real-world applications and industrial case studies would help validate the findings and promote 

the adoption of this technique in manufacturing. 

12. Result 

1) Comprehensive Literature Survey: Historical Context: Overview of the evolution of 

EDM and the development of powder mixed EDM (PMEDM). Material Properties: 

Detailed description of EN31 steel, its applications, and challenges in machining. 

Electrode Materials: Examination of different electrode materials used in EDM, 

specifically focusing on copper-carbon graphite. 

2) Machining Characteristics: Material Removal Rate (MRR): Analysis of how the 

addition of copper-carbon graphite powder affects MRR. Surface Roughness (Ra): 

Examination of surface finish improvements or deterioration when using the specified 

powder. Tool Wear Rate (TWR): Insights into how the powder mixture influences 

electrode wear. 

3) Performance Comparison: Powder Types: Comparison between different types of 

powders (e.g., pure copper, pure graphite, copper-carbon graphite mix) and their impact 

on machining characteristics. Electrical Conductivity: Impact of conductive powders on 

the stability and efficiency of the EDM process. Spark Gap: Influence of the powder 

mixture on the spark gap and overall machining accuracy. 

4) Experimental Findings: Setup and Methodology: Detailed experimental setup 

including machine settings, electrode specifications, and powder concentration. Data 

Analysis: Statistical analysis of experimental data, comparing the performance metrics of 

different powders. Optimization Techniques: Discussion of techniques used to optimize 

process parameters for achieving the best machining performance with copper-carbon 

graphite powder. 
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5) Technological Advancements: Innovations in PMEDM: Recent technological 

advancements in PMEDM with conductive powders. Hybrid Methods: Exploration of 

combining PMEDM with other machining processes for enhanced performance. 

6) Challenges and Solutions: Practical Issues: Identification of practical challenges 

encountered during the experiments, such as powder dispersion stability and electrode 

wear. Proposed Solutions: Suggestions for overcoming these challenges, possibly 

through improved powder compositions or process modifications. 

7) Applications and Future Trends: Industrial Applications: Potential applications of the 

findings in industries such as aerospace, automotive, and tool manufacturing. Future 

Research Directions: Suggested areas for future research include investigating 

alternative powder combinations, examining the long-term effects of powder usage on 

machine components, and exploring the scalability of the PMEDM process. 

8) Critical Evaluation: Strengths and Weaknesses: Critical evaluation of existing studies 

on the topic, highlighting strengths and identifying gaps or weaknesses in the current 

research. 

9) Comparative Analysis: Comparative analysis of the reviewed studies, focusing on the 

consistency and reproducibility of results. 

13. Summary and Conclusion: 

Key Takeaways: Summarize the key findings from the literature review and experimental 

studies. 

Implications: Discuss the practical implications of using copper-carbon graphite conductive 

powder in PMEDM. 

Concluding Remarks: Provide a final assessment of the viability and benefits of this 

approach for machining EN31 steel, along with recommendations for practitioners and 

researchers. 

By focusing on these elements, the review paper will provide a thorough understanding of the 

current state of research on using copper-carbon graphite conductive powder electrodes in 

powder mixed EDM for machining EN31 steel, highlighting both the potential benefits and 

areas for further investigation. 

14. Expected conclusion: 

The review paper on "Exploring Machining Characteristics of EN31 Steel using Copper-

Carbon Graphite Conductive Powder Electrode in Powder Mixed EDM: An Experimental 

Comparative Study" is anticipated to conclude the following: 
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Enhanced Machining Performance: The incorporation of copper-carbon graphite 

conductive powder in PMEDM significantly enhances the machining performance of EN31 

steel, leading to improved material removal rates (MRR) and surface quality. 

Optimized Parameters: Optimizing the concentration of copper-carbon graphite powder and 

adjusting electrical parameters such as current, voltage, and pulse duration are crucial for 

achieving the best machining results. 

15. Improved Surface Finish: 

The use of copper-carbon graphite powder in PMEDM leads to a noticeable improvement in 

surface finish, reducing surface roughness (Ra) and producing finer surface textures 

compared to traditional EDM methods. 

Reduction in Tool Wear: The conductive properties of the copper-carbon graphite powder 

help in reducing tool wear rate (TWR), thereby extending the lifespan of the electrodes and 

enhancing process stability. 

Cost and Environmental Benefits: Although the initial costs may be higher, the long-term 

benefits of using copper-carbon graphite powder, such as improved efficiency and reduced 

tool wear, justify the investment. Additionally, the potential for using environmentally 

friendly powders can be explored. 

Challenges and Solutions: Challenges such as uniform powder dispersion and maintaining 

consistent machining conditions are identified. Practical solutions, including advanced 

dispersion techniques and real-time monitoring systems, are recommended to address these 

issues. 

Future Research Directions: Future research should prioritize investigating new powder 

compositions, hybrid machining techniques, and the development of predictive models to 

further improve the PMEDM process. Additionally, long-term studies are essential to validate 

the durability and scalability of the proposed methods. 

Industrial Applicability: The findings highlight considerable potential for industrial 

applications, especially in high-precision sectors like aerospace, automotive, and tool 

manufacturing. To ensure successful implementation, pilot projects and operator training 

programs are crucial. 

In summary, this review paper emphasizes the effectiveness of using copper-carbon graphite 

conductive powder in PMEDM for machining EN31 steel, showcasing performance 

enhancements and proposing pathways for further research and industrial implementation. 
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