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Abstract. Although clay crucibles are frequently utilized in regional industries, their inadequate 

mechanical strength often causes durability issues. This study investigates the influence of 

mixing duration on the Vickers hardness and macrostructure of crucibles composed of local clay, 

kaolin, and molasses. The composition was made up of 47.5% clay, 47.5% kaolin, and 5% 

molasses as a binder, with 15% water added relative to the total weight. Durations of 15, 30, and 

45 minutes were evaluated to determine their impact on material qualities. The findings indicated 

a positive relationship between mixing duration and hardness. At 15 minutes, the mean hardness 

was 4.1 HV, which escalated to 8.5 HV at 30 minutes and 12.4 HV at 45 minutes. The increased 

hardness with extended mixing durations indicates a more homogeneous particle dispersion and 

enhanced bonding among the raw ingredients. The findings suggest that increasing the mixing 

time can elevate the quality and longevity of locally manufactured crucibles, rendering them 

more appropriate for small-scale metallurgical applications. 

Keywords: crucible, local clay, kaolin, mixing time, binder, refractory material, Vickers 

hardness. 
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1.   Introduction  

Clay is derived from the weathering of feldspathic rocks, including granite and igneous formations, and 

is classified under the phyllosilicate family, distinguished by hydrated aluminosilicate layers [1,2]. Clay 

minerals in natural soil usually exist in pure form; instead, they are typically found as intricate 

combinations of various mineral groups. Their fundamental structural unit comprises interconnected 

tetrahedral silica and octahedral alumina sheets. Due to their unique physicochemical characteristics, 

availability, and comparatively low cost, clays are extensively utilized as fundamental raw materials in 

the ceramic industry [1–4].  
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Since ancient times Indonesian society has widely utilized clay as a raw material for the tile industry, 

bricks, pottery, and ceramics. Local clay has a very high level of heat resistance that makes pottery and 

ceramic products not easily broken during the combustion process. Chemically clay does contain 

aluminum oxide (Al2O3) dan silica (SiO2) as the main element making it suitable as a fire-resistant 

material [5]. Based on the nature of the soil, clay is suitable for use as a refractory material that can be 

applied in high temperatures, such as in the crucible in the metal casting industry. 

A crucible is a container or cup made of ceramic or metal that is used to melt metal and alloy materials 

at very high temperatures in the metal casting process [6]. To be able to make a crucible that has good 

quality, there are several factors that influence it such as the constituent materials, particle size, binder, 

as well as the temperature and length of the combustion process. Generally, crucibles that are widely 

used in the metal casting industry in Indonesia are made from graphite. However, crucibles made from 

graphite have the disadvantage of being easily broken and cracked when receiving temperature spikes, 

and can only last for 10 times fine melting, while in rough melting it can only last 5 times [7]. Seeing 

the potential of local clay, it is necessary to study the manufacture of crucible made from local clay. 

This study combined kaolin as an additional material with local clay in crucible manufacturing. 

Kaolin is characterized by low iron content, predominantly hydrous aluminum silicate, and inorganic 

oxides and trace amounts of heavy metal ions [8,9]. The primary oxides are SiO₂ and Al₂O₃, with 

secondary elements comprising Fe₂O₃, CaO, MgO, TiO₂, and Na₂O. Kaolin demonstrates minimal 

shrinkage, insufficient dry strength, and superior refractory characteristics, with a melting point reaching 

1785 °C, rendering it appropriate for improving the heat resistance of crucibles [10–13]. This research 

additionally utilized molasses as an organic ingredient [14,15]. Molasses, a liquid by-product of the sugar 

industry, enhances homogenization, strengthens particle bonding, and prolongs binding time in the 

mixture. 

Unfortunately, there are still some problems in the crucible manufacturing process, one of which is 

in the material mixing process. The mixing process is a process of combining several different materials 

into one to produce the desired output. Being an important process in various industries because the 

mixing process is a process that will determine the quality of a product [16]. Several things can affect 

the level of the mixture, the parameters of the mixing level procedure can be influenced by the type of 

machine used, mixing speed, air pressure in the machine, the order of adding ingredients, mixing 

temperature, and mixing time [17].  

Prolonged mixing time improves the material's uniformity, density, and compactness. Nonetheless, 

this prolonged mixing duration leads to a decrease in the material's workability. Conversely, an 

inadequate mixing period results in an uneven mixture, marked by coarse particles and remaining pores, 

diminishing the material's homogeneity [18]. Improper mixing time and use of tools can cause the 

resulting dough to be uneven and can cause cracks during drying. Seeing these problems, it is necessary 

to have technology in the form of a twin screw extruder machine to produce a homogeneous mixture of 

raw materials. The extruder machine is a machine commonly used in various industries, the working 

principle of this machine is to enter the raw material to be processed, then the material that has been 

entered will undergo a mixing process and then be removed through the mould hole (die), its function 

is to form the material that has been processed in the extruder machine [19,20]. The current study 

employed local clay and kaolin in combination with molasses as a natural binder. Although clay 

crucibles have long been used, studies focusing on using local clay, kaolin, and molasses as natural 

binders with controlled mixing durations remain limited. Therefore, this study investigated the influence 

of mixing duration on the Vickers hardness and macrostructure of crucibles formed of local clay, kaolin, 

and molasses. 

2.   Methods 

The crucible specimens in this study were manufactured using locally sourced clay from Kebumen, 

Indonesia. Subsequently, the dehydrated clay is sieved using a 100-mesh sieve. This investigation 

incorporates clay, kaolin, molasses, and water. 
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Crucible specimens were produced using a mixture of clay, kaolin, and molasses, with a percentage of 

47.5 wt.%, 47.5 wt.%, and 5 wt.%, respectively. This study involved the utilization of a twin screw 

extruder machine for mixing the raw materials.  

 The twin screw extruder machine is loaded with clay and kaolin that have been prepared according 

to the composition. Water was incorporated into the mixture of raw materials during the mixing process, 

totaling up to 15% of the overall mixture. The water is gradually added to ensure a thorough mixing of 

the substances. After thoroughly mixing the clay, kaolin, and water, a 5 wt.% solution of molasses is 

added to the mixture. The mixing process is conducted by varying its duration to 15, 30, and 45 minutes. 

A homogeneous mixture is characterized by a particle system in which the concentration of each 

component is evenly distributed throughout. In optimal conditions, the spatial arrangement of particles 

in a binary mixture can be characterized by an equitable dispersion of one component's particles among 

those of the other components over all areas and orientations. This configuration becomes especially 

apparent when the particle sizes and amounts of the components are analogous. Homogeneous mixtures, 

or solutions, are defined by a consistent composition and the lack of noticeable differences among their 

components without agglomerates and visible color streaks. 

 
Figure 1. Mold and final dimensions of the specimen 

The mixture of materials was pressed using a 20 MPa hydraulic machine in a mold (Figure 1) to 

create a green body. The green body obtained was dried for 16 hours in an oven maintained at a 

temperature of 100°C. The combustion procedure was conducted on green body specimens utilizing a 

furnace set at 1000°C for 3 hours. The specimens generated in this investigation were examined for their 

hardness and morphology to assess the impact of the length of raw material mixing on the qualities of 

the specimens. Vickers hardness measurements followed ISO 6507 standards, employing an indentation 

load of 49.03 N (5 kgf). Indentation testing was conducted in a laboratory using a Vickers hardness 

tester (Future-Tech Corp. FM-700, Tokyo, Japan) with a measurement error of 0.1 mm. Five repetitions 

were conducted for each type of specimen test, and the average data was computed. Macrostructure 

testing was conducted utilizing an Olympus Microscope CX41. This test was performed to ascertain the 

surface morphology of the specimen, including the dispersion of raw materials and the formation of 

pores. 

3.   Results and Discussion 

The average Vickers hardness test results on each specimen are shown in Figure 2. The hardness test 

results indicate that the mixing duration significantly affects the hardness of the specimen. The findings 

of this investigation demonstrate a positive correlation between the period of mixing and the hardness 

of the material. The crucible specimens yielded average hardness values of 4.1 HV, 8.5 HV, and 12.4 

HV when mixed for durations of 15 minutes, 30 minutes, and 45 minutes, respectively. The hardness 

value increases as the mixing time increases, as the particles that comprise the sample become more 

homogeneous and compressed, resulting in an increased density. Generally, increasing density results 

in enhanced hardness, as a denser material possesses more closely packed particles, hence providing 

more resilience against deformation under stress, wear, abrasion, and indentation [21–23]. 
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Figure 2. Hardness of local crucible specimens 

The findings of this study indicate that prolonging the mixing duration leads to a higher degree of 

homogeneity in the raw material combination, resulting in a decrease in microstructural flaws and an 

increase in material hardness. Furthermore, enhanced mixing facilitates a more uniform dispersion of 

particles, leading to heightened density and diminished porosity, ultimately resulting in augmented 

hardness. Increased mixing durations facilitate more thorough chemical reactions between the different 

components of the raw materials, leading to the formation of more stable hard phases in the material's 

microstructure. In addition, extended mixing duration aids in minimizing the formation of aggregates or 

lumps in the material, which might potentially weaken it and decrease its hardness. The specimen with 

the highest hardness was created due to the mixing process lasting 45 minutes. This study's findings 

align with those of Speth et al. [24], who showed that an increase in mixing time enhances the 

homogeneity of the composite mixture, with 15 minutes identified as the best period for attaining a 

uniform distribution of aluminum and SiCp particles. Their investigation indicated that specimens mixed 

for one minute displayed an inhomogeneous mixture, characterized by apparent significant 

agglomerates of aluminum or SiCp particles. After five minutes of mixing, the mixture achieved greater 

homogeneity, although some agglomerates were retained. 

The hardness of the crucible specimens in this study is lower than that reported in previous research. 

Rusiyanto et al. [25] found that crucibles of evaporation boat waste, kaolin, castable, and rice husk 

charcoal, subjected to different firing temperatures, displayed hardness values between 12.24 and 36.08 

HV. The findings indicated a positive correlation between firing temperature and material hardness. The 

observed increase in hardness is due to enhanced densification, alterations in crystal proportions 

characterized by a predominance of BN and a decrease in TiB₂, and the emergence of new phases, 

specifically osbornite/TiN, which exhibit superior mechanical hardness. At elevated firing temperatures, 

atomic mobility is enhanced, strengthening the interparticle bonds and facilitating improved material 

densification. Widodo et al. [15] indicate that the hardness of crucible specimens composed of 

evaporation boat waste and molasses increases with the material's density. Materials exhibiting higher 

density typically possess a more compact and organized structure, resulting in increased resistance to 

deformation and enhanced ability to maintain their shape under external forces. Increasing the molasses 

content from 0% to 5% leads to a higher density, subsequently increasing Rockwell hardness. Increasing 

the molasses content from 5% to 10% reduces density, which subsequently leads to a decrease in 

Rockwell hardness. The specimens exhibited densities of 2.21 g/cm³, 2.25 g/cm³, and 2.23 g/cm³ for 

molasses concentrations of 10%, 5%, and 0%, respectively, alongside Rockwell hardness values of 52 

HRA, 62 HRA, and 58 HRA. 
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Figure 3. Macrostructure on specimens with a mixing duration of 15 minutes 

 
Figure 4. Macrostructure on specimens with a mixing duration of 30 minutes 

Figures 3, 4, and 5 illustrate the macrostructural observations of specimens created with raw material 

mixing durations of 15, 30, and 45 minutes, respectively. This study performed macrostructural analysis 

to assess the surface shape of specimens produced from varying mixing durations. The specimens were 

analyzed microscopically at 100× magnification to evaluate their macrostructural properties. The 

findings of this study indicate that the mixing duration of the raw materials has a significant effect on 

the physical structure of the resulting specimens. Microscopic analysis of the photographs reveals that 

the substance is uniformly mixed after a 45-minute mixing period. This is evidenced by the even 

distribution of kaolin particles, which is more consistent than other samples. Furthermore, specimens 

derived from raw materials that undergo a 45-minute mixing process exhibit a reduced porosity 

level compared to other specimens. Therefore, the mixing process produces the best outcomes over a 

sufficiently extended duration. Liu et al. [26] and Ruegenberg et al. [27] demonstrate that extended 

mixing durations yield finer pore architectures and decreased material permeability.  
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Prolonged mixing has corresponded with an increase in yield stress and a reduction in viscosity, 

underscoring the significant impact of mixing duration on overall material performance. The results 

correspond with the study's findings, indicating that prolonging the mixing duration of clay, kaolin, and 

molasses improved particle homogeneity and directly increased the material's density, enhancing its 

mechanical qualities. Imran et al. [28] assert that agglomerates and pores in the composite specimens 

signify that the filler mixing procedure has not achieved complete homogeneity. The agglomerates and 

pores generate localized stress concentration areas, potentially inducing crack formation [29]. The 

existence of agglomerates and pores undermines the integrity of the bonds created by the filler and the 

epoxy matrix. As a result, the stress applied to the composite is unevenly distributed through the filler, 

reducing the composite specimen's tensile strength. 

 

 
Figure 5. Macrostructure on specimens with a mixing duration of 45 minutes 

4.   Conclusion 

This study highlights that the duration of mixing clay, kaolin, and molasses substantially influences the 

hardness of the crucible specimens. The Prolonged mixing period increases hardness, increasing from 

4.1 HV to 12.4 HV. The best hardness value was attained with a mixing duration of 45 minutes, yielding 

an average hardness of 12.4 HV. Prolonged mixing durations have demonstrated the ability to produce 

a more uniform distribution of kaolin particles and diminish the quantity of pores on the specimen's 

surface. The increased uniformity and density strengthen the mechanical qualities of the crucible, 

specifically its resistance to pressure, wear, friction, and scratching. These discoveries are significant 

for companies, particularly in metal casting and refractory material production. Crucibles with enhanced 

hardness can augment melting process efficiency by providing superior resistance to structural damage, 

prolonging service life, and diminishing equipment replacement expenses. The findings of this research 

can inform enhancements to the crucible production process, highlighting the significance of regulating 

the mixing duration as a critical component. Although these discoveries significantly contribute to the 

field, additional testing is required to corroborate the results, especially under extreme conditions such 

as prolonged exposure to elevated temperatures and corrosive environments, to replicate real-world 

industrial operating settings accurately. 

 

Acknowledgements 

The author would like to express sincere gratitude to the Faculty of Engineering, Universitas Negeri 

Semarang (UNNES) for their continuous support throughout this research. 



  

0260101-07 

 

References 

[1] Deng A, Fang Q, Geng Q, Hong H, Zhao L, Liu C, et al. Clay mineralogical and geochemical 

responses to weathering of intrusive vs. extrusive rocks under a subtropical climate. Applied 

Clay Science 2025;264:1–12. https://doi.org/https://doi.org/10.1016/j.clay.2024.107644.  

[2] Amar A, Kali A, Loulidi I, Cho Y, Sadoq M, Hadey C, et al. Unveiling the potency of Silica-

Alumina-rich clay in phenol remediation and its repurposing prospects. Inorganic Chemistry 

Communications 2023;154:1–13. https://doi.org/https://doi.org/10.1016/j.inoche.2023.110983.  

[3] Damato A, Vianello F, Novelli E, Balzan S, Gianesella M, Giaretta E, et al. Comprehensive 

Review on the Interactions of Clay Minerals With Animal Physiology and Production. Frontiers 

in Veterinary Science 2022;9:1–21. https://doi.org/10.3389/fvets.2022.889612.  

[4] Kagonbé BP, Tsozué D, Nzeukou AN, Ngos S. Mineralogical, physico-chemical and ceramic 

properties of clay materials from Sekandé and Gashiga (North, Cameroon) and their suitability 

in earthenware production. Heliyon 2021;7:1–10. 

https://doi.org/https://doi.org/10.1016/j.heliyon.2021.e07608.  

[5] Kipsanai JJ, Namango SS, Muumbo AM. A Study of Selected Kenyan Anthill Clays for 

Production of Refractory Materials. International Journal of Scientific and Research Publications 

2017;7:169.  

[6] Przylucki R, Golak S, Bulinski P, Smolka J, Palacz M, Siwiec G, et al. Analysis of the impact of 

modification of cold crucible design on the efficiency of the cold crucible induction furnace. IOP 

Conference Series: Materials Science and Engineering 2018;355. https://doi.org/10.1088/1757-

899X/355/1/012009.  

[7] Habiby MNA, Rusiyanto, Widodo RD, Sumbodo W. Effect of Green Body Heating Rate on 

Mechanical and Physical Properties of Crucible Materials Made from Evaporation Boats Waste. 

REM (Rekayasa Energi Manufaktur) Jurnal 2022;7:19–26. 

https://doi.org/10.21070/r.e.m.v7i1.1639.  

[8] Biswas B, Islam MdR, Deb AK, Greenaway A, Warr LN, Naidu R. Understanding Iron 

Impurities in Australian Kaolin and Their Effect on Acid and Heat Activation Processes of Clay. 

ACS Omega 2023;8:5533–44. https://doi.org/10.1021/acsomega.2c06795.  

[9] Al-Ameri OB, Alzuhairi M, Bailón-García E, Carrasco-Marín F, Amaro-Gahete J. Transforming 

Petrochemical Processes: Cutting-Edge Advances in Kaolin Catalyst Fabrication. Applied 

Sciences 2024;14:1–51. https://doi.org/10.3390/app14199080.  

[10] Wu Q, Liu J, Li Y, Zhang Y, Lv L, Zhou H. Experimental investigation on ash deposition 

characteristics of Zhundong coal in a 200 kW one-dimensional furnace: Synergistic effects of 

temperature and Kaolin blending. Journal of the Energy Institute 2025;122:102219. 

https://doi.org/https://doi.org/10.1016/j.joei.2025.102219.  

[11] Muhaba AM. Multi-objective optimization and performance evaluation of rotary furnace 

refractory linings using locally sourced materials. Advances in Mechanical Engineering 

2025;17:1–16. https://doi.org/10.1177/16878132251346230.  

[12] Abd WF, Salman MM, Sadeq SH. The influence of replacement high alumina cement partially 

by white kaolin on the properties of refractory concrete that made from different types of 

aggregate. AIP Conference Proceedings 2024;3229:30013. https://doi.org/10.1063/5.0236500.  

[13] Awad ME, López-Galindo A, Setti M, El-Rahmany MM, Iborra CV. Kaolinite in pharmaceutics 

and biomedicine. International Journal of Pharmaceutics 2017;533:34–48. 

https://doi.org/https://doi.org/10.1016/j.ijpharm.2017.09.056.  

[14] Rusiyanto R, Widodo RD, Prasetyo AY, Fitriyana DF, Bahatmaka A, Sudiyono S, et al. The 

Influence of Molasses Concentration on the Physical and Mechanical Properties of Evaporation 

Boat Waste-Based Crucibles. International Journal of Integrated Engineering 2024;16:45–63. 

https://doi.org/10.30880/ijie.2024.16.01.005.  

[15] Widodo RD, Rusiyanto R, Athoillah A, Setiadi R, Bahatmaka A, Darsono FB, et al. Investigating 

the Effect of Molasses Concentrations on the Characterization of Evaporation Boat Waste for 

https://doi.org/https:/doi.org/10.1016/j.clay.2024.107644
https://doi.org/https:/doi.org/10.1016/j.inoche.2023.110983
https://doi.org/10.3389/fvets.2022.889612
https://doi.org/https:/doi.org/10.1016/j.heliyon.2021.e07608
https://doi.org/10.1088/1757-899X/355/1/012009
https://doi.org/10.1088/1757-899X/355/1/012009
https://doi.org/10.21070/r.e.m.v7i1.1639
https://doi.org/10.1021/acsomega.2c06795
https://doi.org/10.3390/app14199080
https://doi.org/https:/doi.org/10.1016/j.joei.2025.102219
https://doi.org/10.1177/16878132251346230
https://doi.org/10.1063/5.0236500
https://doi.org/https:/doi.org/10.1016/j.ijpharm.2017.09.056
https://doi.org/10.30880/ijie.2024.16.01.005


  

0260101-08 

 

Crucible Materials Candidate. ARPN Journal of Engineering and Applied Sciences 

2023;18:1354–64. https://doi.org/10.59018/0623173.  

[16] Marianni B, Polonini H, Oliveira MAL. Ensuring Homogeneity in Powder Mixtures for 

Pharmaceuticals and Dietary Supplements: Evaluation of a 3-Axis Mixing Equipment. 

Pharmaceutics 2021;13:1–9. https://doi.org/10.3390/pharmaceutics13040563.  

[17] Fládr J, Bílý P. Influence of mixing procedure on mechanical properties of high-performance 

concrete. IOP Conference Series: Materials Science and Engineering 2017;246:012012. 

https://doi.org/10.1088/1757-899X/246/1/012012.  

[18] Zeyad AM, Almalki A. Influence of mixing time and superplasticizer dosage on self-

consolidating concrete properties. Journal of Materials Research and Technology 2020;9:6101–

15. https://doi.org/10.1016/j.jmrt.2020.04.013.  

[19] Ismail R, Fitriyana DF, Dzaky M, Athallah A, Wisda F, Priwintoko B, et al. Investigation of the 

Effect of Nozzle Temperature in Fused Deposition Modelling on the Mechanical Properties and 

Degradation Behaviour of 3D-Printed PLA / PCL / HA Biocomposite Filaments. Journal of 

Advanced Research in Applied Mechanics 2025;1:83–96. 

https://doi.org/https://doi.org/10.37934/aram.135.1.8396.  

[20] Nugraha FW, Ismail R, Bayuseno AP, Fitriyana DF, Ariyanto M, Mubarak MH, et al. Influence 

of Preheat Temperature Variation on Single Screw Extrusion for Characterizing PLA , PCL , and 

HA Biocomposite Filaments. E3S Web of Conferences 2024;06007:1–17. 

https://doi.org/https://doi.org/10.1051/e3sconf/202457606007.  

[21] Manalu J, Numberi JJ, Safanpo A, Fitriyana DF, Wijaya TL, Siregar JP, et al. Characterization 

of eco-friendly composites for automotive applications prepared by the compression molding 

method. Polymer Composites 2024;45:8104–18. https://doi.org/10.1002/pc.28327.  

[22] Irawan AP, Fitriyana DF, Siregar JP, Cionita T, Anggarina PT, Utama DW, et al. Influence of 

Varying Concentrations of Epoxy, Rice Husk, Al2O3, and Fe2O3 on the Properties of Brake 

Friction Materials Prepared Using Hand Layup Method. Polymers 2023;15:1–19. 

https://doi.org/https://doi.org/10.3390/polym15122597.  

[23] Irawan AP, Fitriyana DF, Tezara C, Siregar JP, Laksmidewi D, Baskara GD, et al. Overview of 

the Important Factors Influencing the Performance of Eco-Friendly Brake Pads. Polymers 

2022;14:1–22. https://doi.org/10.3390/polym14061180.  

[24] Speth M, Riedmueller KR, Liewald M. Study on mixing behaviour of aluminium-ceramic 

powder having high SiC volume fractions up to 50 vol.%. Functional Composite Materials 

2023;4:1–9. https://doi.org/10.1186/s42252-023-00045-z.  

[25] Rusiyanto, Ismail R, Bayuseno AP, Fitriyana DF, Sumbodo W, Siregar JP. Investigation the 

Effects of Firing Temperature on Preparation of Crucible Materials from Evaporation Boat 

Waste. Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 2025;127:201–

2012. https://doi.org/10.37934/arfmts.127.1.201212.  

[26] Liu S, Fall M. The significance of mixing time in the development of the engineering properties 

of cemented fiber-reinforced tailings materials. Journal of Building Engineering 2024;96:1–22. 

https://doi.org/https://doi.org/10.1016/j.jobe.2024.110648.  

[27] Ruegenberg F, Schidlowski M, Bader T, Diekamp A. Assessing the influence of the mixing 

method on porosity and durability of NHL-based renders based on key parameters. Construction 

and Building Materials 2021;276:1–18. 

https://doi.org/https://doi.org/10.1016/j.conbuildmat.2020.122197.  

[28] Imran AI, Siregar JP, Cionita T, Fajar D. Mechanical Performance of Epoxy Composite 

Reinforced with Wood Dust and Crumb Rubber Waste. Advance Sustainable Science, 

Engineering and Technology 2025;7:0250408-01–8. 

https://doi.org/https://doi.org/10.26877/kkjzs792.  

[29] Kalatharan SN, Imran AI, Irawan AP, Siregar JP, Cionita T, Fitriyana DF, et al. Mechanical 

Performance of Alkali-Treated Rattan Strips with Epoxy Coating for Sustainable Composite 

https://doi.org/10.59018/0623173
https://doi.org/10.3390/pharmaceutics13040563
https://doi.org/10.1088/1757-899X/246/1/012012
https://doi.org/10.1016/j.jmrt.2020.04.013
https://doi.org/https:/doi.org/10.37934/aram.135.1.8396
https://doi.org/https:/doi.org/10.1051/e3sconf/202457606007
https://doi.org/10.1002/pc.28327
https://doi.org/https:/doi.org/10.3390/polym15122597
https://doi.org/10.3390/polym14061180
https://doi.org/10.1186/s42252-023-00045-z
https://doi.org/10.37934/arfmts.127.1.201212
https://doi.org/https:/doi.org/10.1016/j.jobe.2024.110648
https://doi.org/https:/doi.org/10.1016/j.conbuildmat.2020.122197
https://doi.org/https:/doi.org/10.26877/kkjzs792


  

0260101-09 

 

Applications. Advance Sustainable Science Engineering and Technology 2025;7:02503018-01–

9. https://doi.org/10.26877/fm53nd79.  

  

https://doi.org/10.26877/fm53nd79

