
		
			[image: Cover image]
		

	
    
      
        
          	
          	
        

        
          	
        

        
          	
            [ Original Paper ]
          
        

        
          	Journal of Advanced Marine Engineering and Technology - Vol. 45, No. 6, pp.356-362
        

        
          	ISSN: 2234-7925			
					(Print)
				2765-4796			
					(Online)
				
        

        
          	Print  publication date  31 Dec 2021

        

        
          	Received  06 Oct 2021
Revised  02 Nov 2021
Accepted  06 Dec 2021

        

        
          	
            JKOSME_2021_v45n6_356

            DOI: 
            https://doi.org/10.5916/jamet.2021.45.6.356
          
        

        
          	
            Effect of bifilm defects on Microstructure and Tensile properties of A356 secondary alloy for the recycling of machining chip scrap
          
        

        
          	
            
              
                
                  Minhye Kang
                
                
                  
                
              

              
                
                  Eunkyung Lee
                
                
                  
                
              

            

          
        

        
          	1M. S. Candidate, Interdisciplinary Major of Maritime AI convergence, Department of Ocean Advanced Materials Convergence Engineering, Korea Maritime & Ocean University, Tel: 051-410-4955 minhye1228@naver.com

        

        
          	
            
          
        

        
          	
            


          
        

        
          	
            Correspondence to: †Assistant Professor, Interdisciplinary Major of Maritime AI convergence, Department of Ocean Advanced Materials Convergence Engineering, 727, Taejong-ro, Yeongdo-gu, Busan 49112, Korea, E-mail:  elee@kmou.ac.kr, Tel: 051-410-4353

          
        

        
          	
Copyright © The Korean Society of Marine Engineering

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
        

        
          	
            

            

          
        

      

      
        
          	
          	
        

      

      
        
          
            Abstract
          
        

        
          With the growing demand for aluminum alloys, interest in recycling aluminum is increasing due to economic and environmental reasons. In order to evaluate the recyclability of machining chip scrap, microstructural analysis and tensile tests of A356 cast alloys with different scrap fraction of 0, 20, 40, 60, 80, and 100% were conducted. The secondary dendrite arm spacing increased from 26.21 to 36.34 μm as the scrap content increased. The microstructure comprised an α-Al matrix, eutectic Si, α-Al8Fe2Si, β-Al5FeSi, and π-Al8Mg3FeSi6, which possess similar microstructures to those of commercial A356 cast alloys. The test results showed that the size and number of pores increased with the increasing scrap content. When the scrap content was higher than 40%, the pore area fraction increased significantly up to 5.97% for 100% scrap. It was shown that increasing the scrap content decreased the average tensile strength, yield strength, and elongation to 94.34 MPa, 72.10 MPa, and 5.22%, respectively. The porosities and tensile strengths of A356 alloy without scrap content were considered to have similar values to 20% scrap contents. Pores were found on the fracture surfaces under all the conditions.
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      1. Introduction
      Aluminum alloys have received wide attention as lightweight materials owing to global eco-friendly policies, such as CO2 emission regulations in the European Union and environmental regulations of the International Maritime Organization [1]-[3]. With the increasing demand for aluminum alloys in the automotive, aerospace, and other industries, the interest in recycling aluminum is increasing due to economic and environmental reasons [4]-[5]. The energy required to produce aluminum from bauxite is approximately 30,000 kJ/kg, while the energy required in the remelting process of aluminum scrap is approximately 960 kJ/kg, which is only 5% of the primary production consumption [6]-[7]. Therefore, the amount of hazardous substances and emissions from the aluminum production process can be reduced, which is advantageous for environmental protection.

      With the widespread use of aluminum alloys, the amount of scrap produced during the manufacturing of aluminum components is steadily increasing. Approximately 15% of materials are lost during the manufacturing process, and all of the waste aluminum is scrapped [8].

      Secondary generated aluminum scraps can be classified as: riser-scraps, dross, defective products produced during the casting process, and machining chips in the precision manufacturing process. Among them, machining chips generated during the shaving process have approximately 10% of the cutting fluid on the surface, which causes environmental pollution when discarded [9]. However, machining chips have a relatively pure composition with a low impurity content, so are considered a valuable recycling resource after the removal of the cutting fluid [10].

      Currently, the industry recycles machining chip scraps to manufacture secondary aluminum alloys. However, the analysis of the properties and problems based on scrap input fraction are limited, which is also selected based on experience [5]. Process optimization and basic research on the specific properties of alloys are necessary for the production of secondary aluminum. Therefore, the evaluation of changes in the microstructure and mechanical properties of secondary aluminum alloys manufactured with different amounts of scrap should be conducted.

      Because of the oxide layer that forms on the machining chip scrap with small flat shapes, it is highly likely that a certain quantity of oxides will be entrained into the molten metal during the casting process [11]-[12]. Bifilm, produced by the entrainment of the oxide film, is one of the common casting defects in aluminum cast alloys, providing nucleation sites for porosity and brittle intermetallic compounds, such as β-Al5FeSi [13]-[15]. Therefore, it is expected that the formation of bifilm from the oxide film will inevitably lead to the degradation of the mechanical properties. In order to improve the reliability and economical application of aluminum recycling components, it is imperative to consider the changes in the properties of alloys based on the scrap fraction. This study investigated the recyclability of high-purity machining chip scraps generated during the manufacturing of automotive components.

    

    

  
    
      2. Experimental procedure
      
        2.1 Materials
        A356 cast alloy with different addition of scrap (0, 20, 40, 60, 80, 100 %) were investigated in this study to determine the effect of scrap content on the tensile properties. The composition of A356 cast alloy with different addition of scrap and A356 alloy in ASTM were shown in Table 1. Scrap used in the study has same chemical composition as A356 primary alloy and produced in the shaving process of precision manufacturing process. Before the casting process, cleaning with surfactants and heat treatment at 500 °C for 3 hours was conducted to eliminate the cutting fluids on the surfaces of machining chip. Aluminum scraps were re-melted in graphite crucible furnace with A356 primary ingots at 750 °C to obtained molten aluminum and injected into mold.

        
          Table 1: 
				
          

          
            Chemical composition of A356 alloy in ASTM and used 
            (wt. %)

          
          

        

        
          
            
              	Scrap ratio
              	Si
              	Mg
              	Fe
              	Ti
              	Mn
              	Zn
              	Cu
              	Al
            

          
          
            	
              A356
            
            	6.5~7.5
            	0.25~0.45
            	≤0.2
            	≤0.2
            	≤0.1
            	≤0.1
            	≤0.1
            	Rem.
          

          
            	
              0%
            
            	8.85
            	0.28
            	0.137
            	0.11
            	0.094
            	0.013
            	0.028
            	Rem.
          

          
            	
              20%
            
            	8.08
            	0.30
            	0.153
            	0.099
            	0.028
            	0.014
            	0.032
            	Rem.
          

          
            	
              40%
            
            	7.84
            	0.42
            	0.155
            	0.106
            	0.031
            	0.015
            	0.031
            	Rem.
          

          
            	
              60%
            
            	8.11
            	0.16
            	0.154
            	0.127
            	0.019
            	0.017
            	0.031
            	Rem.
          

          
            	
              80%
            
            	8.88
            	0.20
            	0.176
            	0.121
            	0.019
            	0.018
            	0.034
            	Rem.
          

          
            	
              100%
            
            	8.20
            	0.16
            	0.172
            	0.109
            	0.018
            	0.019
            	0.033
            	Rem.
          

        

        

      

      
        2.2 Tensile test
        In order to evaluate the tensile properties A356 cast alloy with different addition of scrap, sub-sized test specimens based on ASTM E8 were manufactured and tensile tests were conducted. The cross-head speed was set to 1 mm/min, and the test was repeated five times per experimental condition using UNIVERSAL TEST MACHINE KDMT-156.

      

      
        2.3 Reduced pressure test
        Reduced pressure test (RPT) was performed to evaluate the melt quality. RPT applies a much lower pressure than atmospheric pressure to solidify the sample and enlarge the hydrogen in porosity inside the sample by nearly 100 times. This study conducted reduced pressure test to measure porosity area fraction. RPT samples were solidified at 0.8 atm for 240 seconds.

      

      
        2.4 Microstructure analysis
        JmatPro® software was used to analyze the thermodynamics of phase formation in A356 alloys. It was calculated based on the A356 chemical composition in ASTM, the temperature range was set from 25 °C to 750 °C. The phases formed in the simulation were compared with those actually shown in the A356 cast alloy with scraps.

        All test specimens were polished from 200 to 2400-grit silicon carbide paper, 0.25 μm diamond suspension, and 0.04 μm colloidal suspension. Microstructure and fracture surfaces were observed using Optical microscope (OM, eclipse LV150N, Nikon) and field emission scanning electron microscopy (FE-SEM, MIRA3, Tescan) with Energy-dispersive X-ray spectroscopy (EDS, EDAX).

      

    

    

  
    
      3. Results and Discussion
      
        3.1 Microstructure
        Figure 1 showed the microstructure of A356 cast alloy with the different addition of scrap using optical microscope. As shown in Figure 2, SDAS was observed to increase with scrap content increased. A356 cast alloy without scrap addition had smallest SDAS value of 26.21 μm. On the other hand, A356 alloy with 100 % scrap had the largest value of 36.34 μm, showing a difference of approximately 10 μm compared to the condition without scrap addition.

        
          
          

          Figure 1: 
				
          

          
            The microstructure of A356 cast alloy (a) without scrap, with the addition of (b) 20 % scrap, (c) 40 % scrap, (d) 60 % scrap, (e) 80% scrap, (f) 100 % scrap
          
          

          

        

        
          
          

          Figure 2: 
				
          

          
            The results of secondary dendrite arm spacing measurements of A356 cast alloy
          
          

          

        

        Figure 3 showed the result of thermodynamic simulation using JmatPro® software. As shown in Figure 3(a), α-Al matrix starts to form around 640 °C and eutectic Si phase begins to form around 560 °C. Figure 3(b) showed that the amount of α-Al8Fe2Si is estimated to be the highest based on the amount produced, and then decreases in the order of Al5Cu2Mg8Si6, β-Al5FeSi, Mg2Si, and Al3M(M = transition element). Unlike the results of the analytical program, it is generally known that A356 alloys have no Al5Cu2Mg8Si6 phases with low Cu content of lower than 0.1 [16]-[17]. π-Al8Mg3FeSi appears to be produced near 500 °C, but dissipated at all around 400 °C.

        
          
          

          Figure 3: 
				
          

          
            (a) Mole fraction of different phases as a temperature function in the Al-7Si-0.3Mg-0.2Fe-0.1Ti-0.1Mn-0.1Zn-0.1Cu system. (b) Detail view except for Liquid, α-Al and Si
          
          

          

        

        Figure 4 shows the microstructures, and Table 2 shows the intermetallic compound composition determined using FE-SEM and EDS. The microstructures observed were composed of an α-Al matrix, eutectic Si, β-Al5FeSi, π-Al8Mg3FeSi6, and α-Al8Fe2Si. The composition of the scrap content in Table 1 is thought to have no significant effect on the formation of intermetallic compounds. There were no significant differences in the intermetallic compounds of the A356 cast alloy with different scrap fractions. The β-Al5FeSi and α-Al8Fe2Si observed in the microstructures are consistent with the thermodynamic simulation results. Meanwhile, in the case of π-Al8Mg3FeSi6, the thermodynamic analysis of the A356 alloy showed that it was extinguished near 400 °C, but it was observed in the SEM analysis. When the Cu content was very low, the Al-Si-Mg system alloys form π-Al8Mg3FeSi6 instead of Al2Cu or Al5Cu2Mg8Si6 [18]. The intermetallic compounds in all conditions were identified to be the same as those of the commercial A356 cast alloy.

        
          
          

          Figure 4: 
				
          

          
            SEM microstructure of the A356 cast alloy with the addition of scrap, and the numbers correspond to the qualitative analysis in Table 2
          
          

          

        

        
          Table 2: 
				
          

          
            Qualitative analysis of the intermetallic phase corresponding to the points in Figure 4
          
          

        

        
          
            
              	Number
              	Composition (at. %)
              	Interfacial Component
            

            
              	Al
              	Si
              	Fe
              	Mg
            

          
          
            	1
            	74.22
            	10.78
            	14.99
            	-
            	β-Al5FeSi
          

          
            	2
            	07.21
            	92.29
            	-
            	-
            	Eutectic Si
          

          
            	3
            	50.50
            	26.32
            	06.30
            	16.88
            	π-Al8Mg3FeSi6
          

          
            	4
            	71.69
            	10.93
            	17.38
            	-
            	α-Al8Fe2Si
          

          
            	5
            	67.87
            	15.56
            	16.63
            	-
            	β-Al5FeSi
          

        

        

      

      
        3.2 Porosity Analysis
        The bifilms, produced by the entrainment of oxide, are nucleation sites for pores that allow the dissolved hydrogen to escape into the gap between the double oxide films [19]. As a result, with an increase in the oxide film entrainment quantity, the amount of bifilm produced also increases, resulting in an increased porosity. This phenomenon is illustrated in Figure 5, which shows a sample subjected to an RPT and the porosity area fraction for different scrap ratios.

        
          
          

          Figure 5: 
				
          

          
            (a) The picture of reduced pressure test samples of A356 cast alloys, (b) the results of porosity area fraction measurements of A356 cast alloy with the addition of scrap
          
          

          

        

        A higher scrap content was observed to increase the size and number of pores. Without scrap addition, a 0.78% porosity area fraction was found, and it increased to 0.86% as the scrap content increased to 20%. The difference in the porosity area fraction between the case of no scrap addition and 20% scrap addition is 0.08% and is considered very small. When the scrap content increased to more than 40%, the porosity increased significantly, measuring 5.97% under scrap-only casting conditions.

      

      
        3.3 Tensile properties
        Figure 6 shows tensile test results of A356 cast alloy with different addition of scrap. As scrap content increased, the average tensile strength, average yield strength, and average elongation tended to gradually decrease. The highest average tensile strength is 140.16 MPa, which is shown in the condition of scrap 20 % addition and has a small difference of about 8 MPa compared to the no scrap addition. As mentioned above, the two conditions showed a slight difference of 0.08 % when measuring the porosity area fraction, with relatively low porosity quantity compared to other conditions. Therefore, when the scrap content is less than 20 %, the amount of pores produced is similar to the condition without scraps, and the tensile properties are not significantly different. The average elongation was also found to have the highest value in a test piece with a scrap content of 20 %, as was the tensile strength. For the mean yield strength, the highest value was 103.15 MPa under the condition of no scrap addition, and then slowly decreased to an average value of 72.10 MPa under the condition of 100 % scrap content. When scrap content is greater than 40%, tensile properties have been deteriorated due to a rapid increase in porosity area fraction, but it is also believed that increased SDAS will have an effect on tensile properties.

        
          
          

          Figure 6: 
				
          

          
            (a) Stress-strain curves for A356 cast alloy with different addition of scrap, (b)Tensile strength, yield strength, and elongation of A356 cast alloy with the addition of scrap
          
          

          

        

      

      
        3.4 Fractography
        The results of the analysis of the fracture surfaces of the tensile test specimens of A356 cast alloy with different addition of scrap are shown in Figure 7. Dimple which is the trace of ductile fracture and porosities were observed in all conditions of fracture surfaces. Thus, it can be seen that the porosities acted as a stress concentrator, affecting the propagation of the crack. Under the condition of casting with 100 % scrap, traces of very large pores were observed on the fracture surfaces. The oxide film on the scrap surface may have caused the formation of Bifilm and increased the amount of hydrogen gas incorporation, resulting in a sharp decrease in tensile strength.

        
          
          

          Figure 7: 
				
          

          
            Image of porosity(highlighted by white line) on fracture surfaces: A356 cast alloy (a) without scrap, with the addition of (b) 20 % scrap, (c) 40 % scrap, (d) 60 % scrap, (e) 80 % scrap, (f) 100 % scrap
          
          

          

        

        An oxide analysis of the porosity surfaces of the fracture surface using FE-SEM and EDS is shown in Figure 8. Figure 8(a) is a microstructure of a porosity on fracture surface, which is thought to be gas porosity with no dendrite observed. The gas porosity has been reported to have a relatively smooth surface compared to the shrinkage porosity by inflating and forming the gap as hydrogen gas escapes through the wetted side of the bifilm [20]. Analysis of spherical particles shown in Figure 8(b) suggests that MgO was produced. Al2O3 forming bifilm combines with Mg over time when alloys in liquid phase and transformed to MgAl2O4, which can then undergo phase transformation with MgO [21]. Figure 8(d) is a dendrite observed inside the pores. Given that dendrite is observed on the surface of the pores, it is believed that liquid Al is cooled and contracted, resulting in shrinkage porosity. As the solidification contraction of the aluminum progresses, the volume of the bifilm expands rapidly, the oxide film on the surface is torn, and it is buried in the dendrite side [22]. As shown in Figure 8(e), traces of oxide film were observed on the dendrite surface of the shrinkage porosity.

        
          
          

          Figure 8: 
				
          

          
            Oxides on the porosity surface: (a) porosity on fracture surface, (b) magnification of the P1 in (a), (c) qualitative analysis of the intermetallic phase corresponding to the point in (b), (d) dendrites of shrinkage porosity surface, (e) qualitative analysis of the intermetallic phase corresponding to the point in (d). 
          
          

          

        

      

    

    

  
    
      4. Conclusion
      A356 cast alloy with different addition of scrap (0, 20, 40, 60, 80, 100 %) were investigated in this study to determine the effect of scrap content on the tensile properties. The microstructures are consisted of α-Al matrix, eutectic Si, α-Al8Fe2Si, β-Al5FeSi and π-Al8Mg3FeSi6. Significant difference in microstructure wasn’t observed, but porosity area fraction increased with scrap contents increasing. The maximum and minimum value of porosity area fraction was 0.78 % and 5.97 % under 0% and 100 % scrap casting condition, respectively. The difference of porosity area fraction between scrap 0 % and 20% is 0.08 % which is not a great value. The tensile strength decreased from 140.16 MPa to 72.10 MPa as the scrap content increased from 20 % to 100 %. Tensile strength under the condition without scrap addition was 132.33 MPa which was slightly decreased from the value of condition without scrap addition. Adding up to 20 % of scrap content, it was considered that the amount of porosities and tensile strength have similar values compared to A356 alloy without addition of scrap. From the fractography, there were porosities and dimple which is the evidence of ductile fracture. EDS analysis of fracture surfaces showed that the oxygen concentration inside the porosity measured, which suggests the bifilm covering the inner surface of gas porosity and shrinkage porosity.
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