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Abstract: This study investigates the enhancement of mechanical performance in 

recycled piston rings through strategic heat treatment. The research focuses on 

optimizing heat treatment parameters—including austenitizing temperatures 

(800°C, 850°C, and 900°C), holding times (1, 2, and 3 hours), and cooling media 

(water, oil, and air)—to restore the hardness of used piston rings to levels 

comparable to new ones. Experimental methods were employed to evaluate the 

effects of these variables on material hardness. Results show that a holding time 

of three hours significantly improved hardness, with the highest achieved value 

reaching 38.66 HRC—nearly matching that of new piston rings (39.94 HRC). 

These findings demonstrate that properly controlled heat treatment can 

effectively rejuvenate recycled piston rings, offering a viable pathway to improve 

resource efficiency and reduce metal waste in the automotive industry 

Keywords: Recycled Piston Rings, Heat Treatment, Microstructure, Circular 

Economy 

 

 

 

Introduction 

In materials science, the heat treatment process improves the mechanical properties of 

materials.  Studies have shown that it is effective for altering microstructures, improving 

wear resistance, and optimizing mechanical performance.  For example, heat treatment 

applied to alloy Al-7Si-0.6Mg containing rare earth-containing alloys showed a significant 

improvement in mechanical properties due to the reinforcement of precipitation produced 

by nano-sized deposits (Zhang et al, 2022). In addition, it is reported that optimized aging 

conditions can increase Rockwell's hardness, positively impact friction behavior, and 

improve wear resistance (Wu et al, 2023).   

In addition, heat treatment achieves better mechanical properties with shorter 

processing times and lower temperatures than conventional treatments (Meier et al, 2022) 

and plays an important role in reducing anisotropy in the strength of the material (Meier et 

al, 2022). Studies on high chromium cast iron (HCCI) with 0.5% niobium showed that the 

destabilizing temperature significantly affects the microstructure and wear resistance. This 

makes it relevant for components such as pistons (de Faria et al, 2020). Bimetal beams made 

of WCI steel and AISI4140 with high Cr levels show heat treatment effects on 
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microstructures and mechanical properties. Hardness and bending resistance (El-Aziz & 

Saber, 2020) increase as a result of heat treatment.   

Another important area of research is the wear behavior of piston rings during engine 

operation.   To reduce the rate of piston wear due to frictional forces, the ideal running-in 

process should change the lubrication mode from boundary and mixture lubrication to 

hydrodynamic lubrication (Miao et al, 2022). Studies show that under the lubrication 

conditions of the boundary (Zhang et al, 2020), Tribofilm made of zinc dialkyl 

dithiophosphate (ZDDP) plays an important role in reducing friction and wear. In addition, 

it has been found that some of the main factors that cause piston rings to wear are dust 

concentration, grain hardness, and oil film thickness (Dziubak, 2022). Tribological wear 

behavior is also affected by the fuels used in engines, especially biodiesel (Kapłan et al, 

2022). Friction, wear, and moisture are directly affected by mechanisms such as lubricant 

flow dynamics, which include fog lubrication.  Fuel consumption and gasoline engine 

emissions (Dyson et al, 2023).  Heat treatment, component optimization, and improved 

material performance contribute to the sustainability of the automotive industry.  The 

reproduction of Automotive parts reduces waste and production costs.  Studies show that 

material recovery through recycling reduces the consumption of key resources and 

significantly reduces environmental effects (Schützenhofer et al, 2022) For example, the 

economic gain from automotive recycling has been calculated with the current net value, 

the value of which ranges between 136.570 and 607.621 €/t (Cozza et al, 2023a). The process 

of organized dismantling and reproduction is constantly evolving.  Used parts prices while 

keeping up with market demand for long-term service life management (Lee et al, 2023a).  

The study showed that reproduction can reduce resource consumption by 21.7% to 

73.5%.  Based on the type of component.  The mechanical properties of the piston rings are 

also very important for the performance and life of the engine.   The quality of the cylinder 

liner-piston running-in process directly affects the service life, reliability, and lubrication 

performance (Miao et al, 2022). Intricate materials such as Cu CoBe composite gems 

processed with heat pressure are proven to increase the hardness of the piston rings by up 

to 50.5%, which greatly improves the wear resistance (Yin et al, 2017). Studies have also 

shown that piston ring wear reduces compression pressure, reduces engine power, and 

increases fuel consumption, which ultimately affects overall efficiency (Kamiński & 

Michalska-Pożoga, 2023). Thermal analysis of the cylinder walls and pistons shows 

variations in temperature, thermal pressure, and deformation over various conditions (Y. 

Liu et al, 2022), Although additional investigation is needed to understand the impact on 

mechanical properties more deeply The resilience of the automotive industry depends on 

the efficiency of materials and data processing technologies.  Indicators are used to assess 

the sustainability of manufacturing.  economic, environmental, and social, with efficient 

material processing technology controlling recycling, energy consumption, and general 

environmental impact (Meshalkin et al, 2023). According to case studies, increasing material 

utilization by 20% can result in savings of £9 million annually and a reduction in CO2 

emissions of 5 kilotons (Adolph, 2016), Innovative materials such as multifunctional 

materials and hierarchical surface nano-microstructures are essential to support the 

sustainability goals of the automotive industry (Anastasiadou, 2021). Sustainable material 

selection and efficient processing technology to offset increased energy and vehicle waste 
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(Pauliuk et al., 2021). Sustainable production methods such as carbon-neutral methods and 

circular economy models are essential to meet regulations and ensure the achievement of 

long-term environmental goals (Ncube et al, 2023).  

Although research on recycled materials and heat treatment has grown rapidly, there 

are still some important aspects that have not been well understood in depth. First, how 

heat treatment impacts the wear resistance of recycled piston rings still requires a lot of 

understanding. This suggests that the a lack of studies detailing the impact of heat treatment 

on AlSi10Mg products (Yılmaz et al, 2021). and heat-treating recycled materials, especially 

on engine parts such as piston rings, which require additional investigation (Yu et al, 2022). 

In addition, studies on the wear of piston cylinder groups through heat treatment studies of 

recyclable materials or specifically addressing engine parts such as piston rings in terms of 

recyclable materials, are still limited (Kapłan et al, 2022). According to Zamani (2020), The 

potential of recyclable materials for phase-change applications rather than heat treatment 

has also not been optimally studied, while overarching methods that optimize multiple 

solution temperatures, homogenization times, and artificial aging temperatures are still 

uncommon.  

 In addition, setting the heat treatment parameters with the aim of improving the 

mechanical properties of the piston ring still requires additional investigation.   Apart from 

some studies that have optimized heat treatment parameters for a wide range of 

applications, such as piston rings according to Aboulkhair et al. (2016), the effects of heat 

treatment on alloy A357 (AlSi7Mg0.6) with a focus on stress-relieving annealing, direct 

aging treatment, and T6 are relevant for additional investigation (Tonelli et al, 2021). 

Research on the impact of heat treatment on AlSi10Mg parts made by direct metal laser 

sintering is still ongoing. This research mainly focuses on hardness, porosity, 

microstructure, and minimal corrosion properties (Yılmaz et al, 2021). Even destabilization 

at high temperatures (980 °C), which increases wear resistance through modification of 

microstructures has not been thoroughly explained (Nayak et al, 2023).  For now, research 

on the materials used for 45 steel piston rings whose mechanical properties are reinforced 

with heat treatment, but the consequences on recyclable materials have not been researched 

(Kapłan et al, 2022). The relationship between the microstructure and the performance of 

recycled piston rings has also not been discussed in detail.  The design, manufacture, and 

surface testing of Cucobe-diamond composite rings to strengthen laser-textured pistons 

suggests a high possibility, but the relationship between microstructure and material 

properties Energy requires additional analysis (Ferreira et al, 2023) (G. X. Zhang et al, 2022).  

Basic concept Significant microstructure design affects the performance of Aerospace 

applications and can be applied to recycled piston rings, but the intellectual sum data is still 

low (Acar & Sundararaghavan, 2019). The tribological performance of medium carbon steel 

(AISI) (1045) influenced by its microstructure proves that the properties of Microstructures 

affect abrasive friction and wear resistance, but similar studies on recyclable materials such 

as AA6061 aluminum chips added with B4C and ZrO2, but the quantities available are still 

limited (Jiang et al, 2022). 

 In addition, the energy efficiency of the heat treatment process of recycled piston rings 

has not been thoroughly evaluated.  Thermal analysis for pressure, temperature, and walls 

of thermal pistons and cylinders and engine heat transfer often does not take into account 
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the energy efficiency of the overall heat treatment process (Sharma et al, 2015). Strategies 

Optimization of piston ring profiles to lower friction and increase the load capacity of oil 

films through lubrication of mixtures and considering lubricant viscosity variables suggests 

possibilities, but the energy efficiency of conventional heat treatment processes, including 

those for piston rings, may not have been thoroughly evaluated (Zhang et al, 2016). In 

contrast, economic and organizational drivers of Energy efficiency in manufacturing 

companies show differences in the understanding of these actions (Solnørdal & Foss, 2018). 

Finally, the automotive industry needs to validate the results of this research.  For example, 

for materials such as AlSi10Mg, which can be used in piston rings made from recycled 

materials, a wider field test is required. This material reduces porosity and increases 

corrosion resistance (Yılmaz et al, 2021). The addition of recycled materials, such as recycled 

polyvinyl butyral (RPvB), can help piston rings because they increase the wear resistance of 

composite materials. However, there is no evidence yet to support the use of this material 

on an industrial scale (Carmona-Cervantes et al, 2023). Although the process of material 

substitution and redesign using additive manufacturing increases attention to 

environmental impact and lifecycle evaluation of car components, its practical application 

is still far from perfect (Priarone et al, 2023). In addition, heat treatment processes such as 

tempering and annealing, which can be applied to recyclable materials, such as piston rings, 

have the potential to improve sustainability in production. However, it is necessary to 

conduct further research on their impact on microstructures and corrosion properties. 

There is still limited research on the effect of heat treatment on the wear resistance of 

recycled piston rings.  In addition, too few studies have studied the potential of recycled 

materials in phase changes during heat treatment.  Its effect on materials such as alloy A357 

(AlSi7Mg0.6) and the microstructure of recycled materials has not been widely studied, 

although several studies have attempted to optimize heat treatment parameters for specific 

applications.  To gain a complete understanding, a thorough evaluation should be carried 

out regarding the relationship between the microstructure and the performance of recycled 

piston rings.  In contrast, the energy efficiency aspect of the heat treatment process is usually 

overlooked in thermal analysis of the temperature of the walls and piston cylinder (Zhang 

et al., 2016) The results of research on the use of recycled piston rings in the automotive 

industry need to be further validated. In particular, reduced porosity, increased corrosion 

resistance, and the use of recyclable materials all require additional validation (Carmona-

Cervantes et al, 2023). By optimizing heat treatment parameters such as solution 

temperature, setup time, and artificial aging temperature, the study offers a solution to 

improve the mechanical properties and wear resistance of recycled piston rings (Aboulkhair 

et al, 2016).  The main objective of this study is to reduce porosity and improve corrosion 

resistance in recycled materials, specifically AlSi10Mg alloys, through proper heat 

treatment. In addition, the study shows that the use of recycled materials and additive 

manufacturing technologies can help the automobile industry become more sustainable. 

This research focuses on reducing environmental impacts that occur both before and during 

the vehicle production process, as well as on improving energy efficiency (Priarone et al, 

2023).   

This study aims to optimize heat treatment parameters such as solution temperature, 

homogenization time, and artificial aging temperature to improve the mechanical 
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performance of recycled piston rings. Another goal of the study was to find out how heat 

treatment affects the wear resistance and mechanical properties of recycled piston rings.  In 

addition, industry validation for the use of recycled piston rings helps the advancement of 

environmentally friendly technologies that can reduce the impact and production costs of 

the automotive industry. 

Methodology 

This study employed a descriptive-comparative analysis as a quantitative 

experimental strategy. The objective was to determine the effectiveness of heat treatment 

strategies in restoring the mechanical properties of damaged piston rings so they can be 

reused in a manner consistent with circular economy principles. The study was conducted 

in four main, systematic stages. 
  

Research Design 

 
Figure 1. shows the experimental design of the this study. 

Population and Sample 

New piston rings from the manufacturer that have never been used and used piston 

rings that have been used in internal combustion engines with a minimum mileage of 50,000 

km are included in this study population. Sample selection was done purposively based on 

several criteria. New piston rings are standard industrial products with precise technical 
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specifications, have never been installed, appear visually intact (no cracks or breaks), and 

are made of Fe-C-based cast iron material. Thirty units of old piston rings and five units of 

new piston rings were used as samples in this study. 

 

Materials and equipment 

Metallurgical and mechanical laboratory equipment is used to visualize materials 

before and after heat treatment. The information collection method is carried out in stages. 

Characterization of New and Used Materials 

a. Chemical Composition: Analysis was conducted using an Optical Emission 

Spectrometer (OES) in accordance with international standards. 

b. Microstructure: Samples were cut, polished, and metallographically etched before being 

observed using an optical microscope or scanning electron microscope (SEM). 

c. Hardness: Hardness values were calculated using a Rockwell hardness tester (C Scale), 

based on the ASTM E18 standard, with data taken at five random points for each 

sample. 

 

Heat Treatment Process 

An electric furnace is used for heat treatment, featuring automatic temperature control 

with a precision of ±5°C. The process stages begin with heating (austenization), where the 

sample is heated to the target temperature (800°C, 850°C, or 900°C) at a heating rate of 

10°C/min; holding, where the sample is maintained at the target temperature for 1, 2, or 3 

hours; and quenching, where the sample is rapidly cooled using water, oil, or other media. 

 

Characterization After Heat Treatment 

Samples that have undergone the heat treatment process are then re-characterized 

using the same instruments and procedures to evaluate changes in material properties. 

 

Data Analysis Techniques 

The data obtained were analyzed descriptively and comparatively in two stages. 

Namely, Initial Descriptive Analysis by comparing the initial characterization data of new 

and used piston rings to determine the level of material degradation due to use. 

Comparative Analysis: Evaluating the impact of variations in heat treatment parameters on 

changes in hardness and microstructure, and Result Validation, namely ensuring that the 

experimental results are consistent and valid, involves qualitative microstructural analysis 

by comparing microphotos before and after treatment. Hardness and chemical composition 

analysis are carried out quantitatively. 

Result and Discussion 

The new piston rings have a carbon content of 3.65% and an iron content of 92.45%. In 

comparison, the used piston rings have a carbon content of 3.11% and an iron content of 

93.02%, according to OES chemical composition analysis. Table 1 shows that use has caused 

a decrease in carbon content, a critical element that determines the hardness and strength of 

cast iron materials.  
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Table 1. Chemical composition of the new piston ring 

 

Optical microscope observations (Figures 2 and 3) show that the used piston ring 

(before treatment) has a coarse graphite structure and uneven distribution, indicating 

damage due to thermal loads and friction. However, the used piston ring (after treatment, 

ideal heat 900°C/3 hours/oil) has a more homogeneous structure, finer graphite distribution, 

and rapid cooling causes the martensite and bainite phases to appear. The hypothesis that 

heat treatment can regenerate the internal structure of the material is supported by these 

visual changes. 

  

Figure 2. Microstructure of the new piston ring 

with 500X magnification 
Figure 3. Microstructure of used 500X piston 

ring 

  

Figure 4. the hardness between the new piston 

rings 

Figure 5. Hardness between used piston rings 

  

Alloy Fe C Si P Mn Mg Cr Ni Mo Cu 

New piston ring 92,45 3,65 2.75 0.35 0.74 0,005 0.21 0,006 0.26 0.036 

Used piston rings 93,02 3,11 2.89 0.40 0.62 0,006 0.19 0,007 0.28 0.029 
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Figure 6. Material hardness Figure 7. Effects of material carbon 

A combination of parameters, based on hardness and microstructure data (Graphs 4 

and 5), provides the best picture, namely at an austenitizing temperature of 900°C, a holding 

time of 3 hours, and a cooling medium of SAE 75-90 oil, consistently producing the highest 

hardness values and the most homogeneous microstructure of all variations tested. 

  

Discussion 

The hardness decrease from 39.94 HRC to 28.42 HRC directly correlates with the 

decrease in carbon content from 3.65% to 3.11% (Table 1). This is in line with metallurgical 

theory that carbon is the main component that forms carbides and martensite phases, which 

cause steel and cast iron to have high hardness. These results support research Liu et al. 

(2022), which states that control of chemical composition is very important to determine the 

response of materials to heat treatment. 

Two main mechanisms account for the increase in hardness to 38.66 HRC after an ideal 

heat treatment, as shown in Figure 3. One is a rapid cold phase transformation in the oil 

from the austenitization temperature of 900°C, leading to the formation of the extremely 

strong, metastable martensite structure. This is consistent with the basic principles of heat 

treatment described (Nayak et al., 2023). Homogenization and Microstructural Refinement 

is a long-lasting, heating-required process lasting for 3 hours. This process allows for the 

diffusion of carbon atoms and grain recrystallization, resulting in a more uniform structure 

(Figure 2). This is consistent with the findings Al-Zubaydi et al. (2022). X. Liu et al. (2022) 

that microstructural homogenization improves overall mechanical properties. 

The key finding of this research is that old piston rings can be regenerated to 96.8% the 

hardness of new material. This means that a single reconditioned component is not 

discarded. In other words, resource reconditioning saves more energy and raw materials 

than new production (Cozza et al, 2023b) (Schützenhofer et al, 2022) (Lee et al, 2023b). 

The Microstructure-Performance Relationship in Recycled Materials shows a strong 

correlation between microstructural homogenization and material performance (Yu et al, 

2022) (Kapłan et al, 2022). The Effect of Heat Treatment on Recycled Materials shows that 

heat treatment is effective not only on new materials but also on used materials that have 

undergone degradation (Ferreira et al, 2023) (Jiang et al, 2022). The Parameter Optimization 
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Method for Specific Applications successfully found the ideal parameters for used piston 

rings (900°C/3 hours/oil), which has not been widely studied before (Aboulkhair et al, 2016) 

(Tonelli et al, 2021) 

This study has several limitations. One is the lack of tribological testing, which is 

important because high hardness does not necessarily mean good wear resistance. For full 

validation, friction and cyclic wear testing are required (Shah et al, 2022). Energy Aspects 

Have Not Been Measured: No research has been conducted on the energy efficiency of the 

heat treatment process; this is crucial for sustainability (Neves et al, 2022) (Solnørdal & Foss, 

2018). Results may be influenced by differences in the used materials and chemical 

composition between samples. In the future, materials should be tested before treatment. 

Therefore, the study findings clearly demonstrate that heat treatment strategies have the 

ability to restore the mechanical properties of aged piston rings. Furthermore, the discussion 

highlights the relevance of these findings to metallurgical theory, recent research, and the 

significant circular economy goals in the automotive industry. 

Conclusion 

The results of this study indicate that through recrystallization of a more homogeneous 

microstructure, heat treatment can significantly improve the hardness and wear resistance 

of used piston rings. In addition, the use of recycled materials supported by advanced 

manufacturing technology can help the automotive industry reduce its negative impact on 

the environment and production costs. Although the findings of this study provide new 

knowledge, there are several limitations. The consistency of the response to heat treatment 

can be affected by differences in the chemical composition of used piston ring materials, 

especially for carbon and silicon elements. During the heat treatment process, temperature 

and duration control are also very important because errors can lead to the formation of 

undesirable microstructures. There has not been a comprehensive evaluation of the energy 

efficiency of the heat treatment process in this study. Therefore, recommendations for future 

research are needed to additionally include elements of thermal analysis followed by 

tribology testing to determine the wear resistance, especially for recycled materials.   

References 

Al-Zubaydi, A. S. J., Gao, N., Wang, S., & Reed, P. A. S. (2022). Microstructural and hardness 

evolution of additively manufactured Al–Si–Cu alloy processed by high-pressure 

torsion. Journal of Materials Science, 57(19), 8956–8977. https://doi.org/10.1007/s10853-

022-07234-4 

Anastasiadou, K. (2021). Sustainable mobility driven prioritization of new vehicle 

technologies, based on a new decision‐aiding methodology. Sustainability 

(Switzerland), 13(9). https://doi.org/10.3390/su13094760  

Carmona-Cervantes, I. A., Campos-Silva, I., Figueroa-López, U., & Guevara-Morales, A. 

(2023). Effect of Recycled Polyvinyl Butyral (rPVB) Addition on the Tribological 

Performance of Glass–Fiber Reinforced Polyamide (PAGF) during Reciprocating 

Sliding Wear Conditions. Polymers, 15(11). https://doi.org/10.3390/polym15112580 



Journal of Mechanical Engineering Vol: 2, No 4, 2025 10 of 12 

 

 

 

 

https://journal.pubmedia.id/index.php/jme 

Cozza, G., D’Adamo, I., & Rosa, P. (2023a). Circular manufacturing ecosystems: Automotive 

printed circuit boards recycling as an enabler of the economic development. 

Production and Manufacturing Research, 11(1), 1–23. 

https://doi.org/10.1080/21693277.2023.2182837 

Cozza, G., D’Adamo, I., & Rosa, P. (2023b). Circular manufacturing ecosystems: Automotive 

printed circuit boards recycling as an enabler of the economic development. 

Production and Manufacturing Research, 11(1). 

https://doi.org/10.1080/21693277.2023.2182837 

de Faria, L. M., de Melo, I. N. R., Dos Santos, A., & Pinheiro, I. P. (2020). Heat Treatment 

Effect on the Microstructure and Tribological Behaviour of a High Chromium Cast 

Iron with 0.5% of Niobium. ISIJ International, 60(11), 2569–2575. 

https://doi.org/10.2355/isijinternational.ISIJINT-2019-760 

Dyson, C. J., Priest, M., & Lee, P. M. (2023). The Flow of Lubricant as a Mist in the Piston 

Assembly and Crankcase of a Fired Gasoline Engine. Tribology Letters, 71(1), 1–16. 

https://doi.org/10.1007/s11249-022-01686-0 

Dziubak, S. D. (2022). Component Wear and Operation. 

El-Aziz, K. A., & Saber, D. (2020). Mechanical and microstructure characteristics of heat-

treated of high-Cr WI and AISI4140 steel bimetal beams. Journal of Materials Research 

and Technology, 9(4), 7926–7936. https://doi.org/10.1016/j.jmrt.2020.05.017 

Ferreira, R., Cunha, Â., Carvalho, Ó., Trindade, B., Sobral, L., Carvalho, S., & Silva, F. (2023). 

Design, manufacturing, and testing of a laser textured piston ring surface reinforced 

with a CuCoBe–diamond composite by hot-pressing. International Journal of 

Advanced Manufacturing Technology, 125(5–6), 2349–2362. 

https://doi.org/10.1007/s00170-023-10871-x 

Jiang, T., Wei, S., Xu, L., Zhang, C., Wang, X., Xiong, M., Mao, F., You, L., & Chen, C. (2022). 

Effect of Microstructures on the Tribological Performance of Medium Carbon Steel. 

Metals, 12(4). https://doi.org/10.3390/met12040546 

Kamiński, W., & Michalska-Pożoga, I. (2023). Possibility of Marine Low-Speed Engine 

Piston Ring Wear Prediction during Real Operational Conditions. Energies, 16(3), 1–

13. https://doi.org/10.3390/en16031433 

Kapłan, M., Klimek, K., Maj, G., Zhuravel, D., Bondar, A., Lemeshchenko-lagoda, V., 

Boltianskyi, B., Boltianska, L., Syrotyuk, H., Syrotyuk, S., Konieczny, R., Filipczak, G., 

Anders, D., Dybek, B., & Wałowski, G. (2022). Method of Evaluation of Materials Wear 

of Cylinder-Piston Group of Diesel Engines in the Biodiesel Fuel Environment. 

Lee, J. H., Kang, H. Y., Kim, Y. W., Hwang, Y. W., Kwon, S. G., Park, H. W., Choi, J. W., & 

Choi, H. H. (2023a). Analysis of the life cycle environmental impact reductions of 

remanufactured turbochargers. Journal of Remanufacturing, 13(2), 187–206. 

https://doi.org/10.1007/s13243-023-00127-y 

Lee, J. H., Kang, H. Y., Kim, Y. W., Hwang, Y. W., Kwon, S. G., Park, H. W., Choi, J. W., & 

Choi, H. H. (2023b). Analysis of the life cycle environmental impact reductions of 

remanufactured turbochargers. Journal of Remanufacturing, 13(2), 187–206. 

https://doi.org/10.1007/s13243-023-00127-y 



Journal of Mechanical Engineering Vol: 2, No 4, 2025 11 of 12 

 

 

 

 

https://journal.pubmedia.id/index.php/jme 

Liu, X., Cui, W., Wang, Y., Long, Y., Liu, F., & Liu, Y. (2022). Effects of Heat Treatment on 

the Microstructure Evolution and Mechanical Properties of Selective Laser Melted TC4 

Titanium Alloy. Metals, 12(5). https://doi.org/10.3390/met12050702 

Liu, Y., Lei, J., Niu, X., Deng, X., Wen, J., & Wen, Z. (2022). Experimental and simulation 

study on aluminium alloy piston based on thermal barrier coating. Scientific Reports, 

12(1), 1–13. https://doi.org/10.1038/s41598-022-15031-x 

Meier, B., Godja, N., Warchomicka, F., Belei, C., Schäfer, S., Schindel, A., Palcynski, G., 

Kaindl, R., Waldhauser, W., & Sommitsch, C. (2022). Influences of Surface, Heat 

Treatment, and Print Orientation on the Anisotropy of the Mechanical Properties and 

the Impact Strength of Ti 6Al 4V Processed by Laser Powder Bed Fusion. Journal of 

Manufacturing and Materials Processing, 6(4), 1–17. 

https://doi.org/10.3390/jmmp6040087 

Meshalkin, V. P., Zharov, V. S., Leontiev, L. I., Nzioka, A. M., & Belozersky, A. Y. (2023). 

Industrial Production. 

Miao, C., Guo, Z., & Yuan, C. (2022). Tribological behavior of co-textured cylinder liner-

piston ring during running-in. 10(6), 878–890. 

Nayak, U. P., Schäfer, F., Mücklich, F., & Guitar, M. A. (2023). Wear Induced Sub-surface 

Deformation Characteristics of a 26 Wt% Cr White Cast Iron Subjected to a 

Destabilization Heat Treatment. Tribology Letters, 71(1), 1–12. 

https://doi.org/10.1007/s11249-022-01683-3 

Ncube, A., Mtetwa, S., Bukhari, M., Fiorentino, G., & Passaro, R. (2023). Circular Economy 

and Green Chemistry : The Need for Radical Innovative Approaches in the Design for 

New Products. 1–21. 

Neves, F. de O., Ewbank, H., Roveda, J. A. F., Trianni, A., Marafão, F. P., & Roveda, S. R. M. 

M. (2022). Economic and Production-Related Implications for Industrial Energy 

Efficiency: A Logistic Regression Analysis on Cross-Cutting Technologies. Energies, 

15(4). https://doi.org/10.3390/en15041382 

Pauliuk, S., Heeren, N., Berrill, P., Fishman, T., & Hertwich, E. G. (2021). cars. Idc. 

Priarone, P. C., Catalano, A. R., & Settineri, L. (2023). Additive manufacturing for the 

automotive industry: on the life-cycle environmental implications of material 

substitution and lightweighting through re-design. Progress in Additive 

Manufacturing, 8(6), 1229–1240. https://doi.org/10.1007/s40964-023-00395-x 

Schützenhofer, S., Kovacic, I., Rechberger, H., & Mack, S. (2022). Improvement of 

Environmental Sustainability and Circular Economy through Construction Waste 

Management for Material Reuse. 

Shah, R., Pai, N., Rosenkranz, A., Shirvani, K., & Marian, M. (2022). Tribological Behavior 

of Additively Manufactured Metal Components. Journal of Manufacturing and 

Materials Processing, 6(6). https://doi.org/10.3390/jmmp6060138 

Sharma, S. K., Saini, P. K., & Samria, N. K. (2015). Experimental Thermal Analysis of Diesel 

Engine Piston and Cylinder Wall. Journal of Engineering (United Kingdom), 2015. 

https://doi.org/10.1155/2015/178652 



Journal of Mechanical Engineering Vol: 2, No 4, 2025 12 of 12 

 

 

 

 

https://journal.pubmedia.id/index.php/jme 

Solnørdal, M. T., & Foss, L. (2018). Closing the energy efficiency gap-A systematic review of 

empirical articles on drivers to energy efficiency in manufacturing firms. Energies, 

11(3). https://doi.org/10.3390/en11030518 

Tonelli, L., Liverani, E., Morri, A., & Ceschini, L. (2021). Role of Direct Aging and Solution 

Treatment on Hardness, Microstructure and Residual Stress of the A357 (AlSi7Mg0.6) 

Alloy Produced by Powder Bed Fusion. Metallurgical and Materials Transactions B: 

Process Metallurgy and Materials Processing Science, 52(4), 2484–2496. 

https://doi.org/10.1007/s11663-021-02179-6 

Wu, H., Mao, H., Ning, H., Deng, Z., & Wu, X. (2023). Friction Behavior and Self-Lubricating 

Mechanism of SLD-MAGIC Cold Worked Die Steel during Different Wear Conditions. 

Metals, 13(4). https://doi.org/10.3390/met13040809 

Yin, S., Xie, Y., Cizek, J., Ekoi, E. J., Hussain, T., Dowling, D. P., & Lupoi, R. (2017). Advanced 

diamond-reinforced metal matrix composites via cold spray: Properties and 

deposition mechanism. Composites Part B: Engineering, 113, 44–54. 

https://doi.org/10.1016/j.compositesb.2017.01.009 

Yılmaz, M. S., Özer, G., Öter, Z. Ç., & Ertuğrul, O. (2021). Effects of hot isostatic pressing 

and heat treatments on structural and corrosion properties of direct metal laser 

sintered parts. Rapid Prototyping Journal, 27(5), 1059–1067. 

https://doi.org/10.1108/RPJ-10-2020-0245 

Yu, Z., Khan, S. A. R., Zia-ul-haq, H. M., Tanveer, M., Sajid, M. J., & Ahmed, S. (2022). A 

Bibliometric Analysis of End-of-Life Vehicles Related Research: Exploring a Path to 

Environmental Sustainability. Sustainability (Switzerland), 14(14), 1–21. 

https://doi.org/10.3390/su14148484 

Zamani, M. (2020). Optimisation of heat treatment of Al – Cu –( Mg – Ag ) cast alloys. 

0123456789, 3427–3440. 

Zhang, B., Wei, W., Shi, W., Guo, Y., Wen, S., Wu, X., Gao, K., Rong, L., Huang, H., & Nie, 

Z. (2022). Effect of heat treatment on the microstructure and mechanical properties of 

Er-containing Al-7Si-0.6 Mg alloy by laser powder bed fusion. Journal of Materials 

Research and Technology, 18, 3073–3084. https://doi.org/10.1016/j.jmrt.2022.04.023 

Zhang, G. X., Song, Y., Zhao, W., An, H., & Wang, J. (2022). Machine learning-facilitated 

multiscale imaging for energy materials. Cell Reports Physical Science, 3(9), 101008. 

https://doi.org/10.1016/j.xcrp.2022.101008 

Zhang, J., Ewen, J. P., Ueda, M., Wong, J. S. S., & Spikes, H. A. (2020). Mechanochemistry of 

Zinc Dialkyldithiophosphate on Steel Surfaces under Elastohydrodynamic 

Lubrication Conditions. ACS Applied Materials and Interfaces, 12(5), 6662–6676. 

https://doi.org/10.1021/acsami.9b20059 

Zhang, Z., Liu, J., & Xie, Y. (2016). Design approach for optimization of a piston ring profile 

considering mixed lubrication. Friction, 4(4), 335–346. https://doi.org/10.1007/s40544-

016-0130-x 

 


