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            Abstract
          
        

        
          Salt cores have attracted considerable attention for their application to the casting process of electric vehicle parts as a solution to ecological issues. However, the salt core still has low mechanical strength for use in high-pressure die casting. In this study, we investigated the improvements in the bending strength of KCl-based salt cores resulting from the use of reinforcing materials. KCl and Na2CO3 powders were used as matrix materials, and glass fiber and carbon fiber were used as reinforcing materials. The effects of carbon fiber and glass fiber contents on the bending strength properties were investigated. Here, we obtained a new fiber-reinforced salt core composition with improved bending strength for high-pressure die casting by adding a relatively small amount of glass fiber (0.3 wt%). The reinforced salt core indicates the improved properties, including a bending strength of 49.3 Mpa, linear shrinkage of 1.5%, water solubility rate of 16.25 g/min·m2 in distilled water, and hygroscopic rate of 0.058%.
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      1. INTRODUCTION
      Aluminum high-pressure die-casting (HPDC) alloys have gained significant attention for applications in fields such as theelectronics and automotive industries[1]. They have high strength and stiffness, good formability, a favorable weight ratio, and good corrosion resistance[2,3]. Recently, proposals have been made to perform the casting process using salt cores instead of traditional sand casting; this approach has been widely used to fabricate aluminum die-casting parts. The main reason for this is that the salt-core-based casting process is more suitable for fabricating parts with complex internal geometries and high-quality requirements. Salt-core casting involves using a salt material as a temporary core that can easily be dissolved after the metal solidifies, allowing for the accurate creation of complex internal geometries. Moreover, salt-core casting provides a better surface finish owing to the precise shaping of the salt core. Therefore, for manufacturing undercut structural parts and complicated inner cavities, the salt core has advantages owing to properties such as its high strength, high dimensional accuracy, casting removability, good humidity resistance, and recyclability[4-6]. However, there are still limitations to mass production, such as the strength of the salt core material, vulnerability to humidity, deformation during solidification, and difficulty in extracting the salt core from the mold after casting. The salt core is composed of inorganic salts such as binary or ternary systems, including potassium chloride (KCl), sodium chloride (NaCl), calcium carbonate (CaCO3), sodium carbonate (Na2CO3), and sodium sulfate (Na2SO4). However, these inorganic salts are brittle and do not provide reinforcement. Additionally, salt cores are likely to shrink during cooling and are highly susceptible to cracking, leading to reduced strength[7]. Consequently, it is essential to increase the strength of salt cores. Manufacturing process improvements are currently being made to increase the strength of salt cores. For example, technological developments are ongoing to improve the filling density and uniformity of salt cores during the die-casting process[8,9]. Furthermore, research using simulations is actively being conducted. Many studies have focused on understanding the structure and properties of salt cores and obtaining the optimal	conditions for strength improvement through simulations[10,11]. In addition, reinforcing materials such as aluminum borate whiskers, alumina powder, silica powder, silicon carbide whiskers, bauxite powder, quartz powder, mullite powder, and mica powder have been utilized to improve the properties of salt cores[12-14]. These studies have shown that the strength of a salt core without strengthening materials is limited, and when using reinforcements, the liquidity of the molten salt mixtures is limited[15].

      Reinforcing fibers are commonly used to reinforce ceramic matrix composites owing to their favorable elastic coefficient, high tensile strength, and exceptional thermal stability. Glass fibers have been investigated as reinforcing fibers to improve salt cores. Gong et al. studied KNO3-based salt cores with various sizes and quantities of reinforcing glass fibers and discussed their microstructures and properties[16]. They reported improved bending strength, and the addition of glass fibers addition reduced the hygroscopic rate and water solubility. Therefore, the addition of glass fibers significantly affected the bending strength of the salt core. As the reinforcing material content increases further, the liquidity of the molten salt decreases, resulting in misrun defects during the casting process. These defects cause large holes in the salt core, significantly affecting its performance.

      In this study, inexpensive glass and carbon fibers with low prices were used as reinforcements to strengthen a KCl-based (KCl-60 mol%Na2CO3) salt core. The bending strength of the KCl-based salt core was measured to demonstrate the reinforcing effect of the glass fibers and carbon fibers. Additionally, the water solubility and shrinkage rates were investigated for a performance comparison based on the amount of glass fiber added to the salt core. The morphology and crack microstructures of the KCl-based salt core reinforced using glass fibers were analyzed using scanning electron microscopy (SEM). An optimized composition was obtained to strengthen the salt core with glass fibers. The bending strength of the salt cores improved compared to that of the unreinforced salt core with ultra-low contents (0.3 wt%) of the glass fiber.

    

    

  
    
      2. EXPERIMENTAL
      
        2.1 Raw material
        Potassium chloride (KCl, 99% purity) and sodium carbonate (Na2CO3, 99% purity) were used as the matrix materials. Carbon fibers and glass fibers (Keunyung Industrial Corp., Korea) were used as reinforcing materials. The carbon fibers had an average particle size of 100 μm, with a diameter of 7.2 μm, whereas the glass fibers had an average particle size of 20 μm with a diameter of 3 μm. SEM images of the morphologies are shown in Fig. 1.

        
          
          

          Fig. 1. 
				
          

          
            SEM morphologies of the (a) glass fibers and (b) carbon	fibers.
          
          

          

        

      

      
        2.2 Fabrication of KCl-based salt core
        The preparation process of the KCl-based salt core is shown in Fig. 2. The initial step involved mixing and drying KCl, Na2CO3, MgCl2, and reinforcing fiber. The molar ratio of KCl, Na2CO3, and MgCl2 was 30 mol%:60 mol%:10 mol%, and the reinforcing fiber contents varied from 0.1 wt.% to 0.7 wt.%. The dried mixture (KCl, Na2CO3, MgCl2, and reinforcing fiber) was then put into an alumina crucible and melted using a furnace at 750 oC. Afterwards, the molten salt was stirred for 10 min. After reaching a temperature of 750 oC, the molten salt was rapidly poured into a preheated metal mold at 220 oC. After cooling for 55 s, the metal mold was opened, and the KCl-based salt core was removed from the mold and cooled to room temperature for solidification. In this way, the KCl-based salt core was completed. The mold used for casting with the salt cores was designed from SKD61 steel, as shown in Fig. 3.

        
          
          

          Fig. 2. 
				
          

          
            Preparation process of KCl-based salt core.
          
          

          

        

        
          
          

          Fig. 3. 
				
          

          
            SKD61 steel salt core mold.
          
          

          

        

      

      
        2.3 Measurement and characterization
        The mechanical properties of the salt core were primarily evaluated based on its bending strength, which is an important indicator. To determine the KCl-based salt core’s ability to withstand high pressures during pressing, its bending strength was assessed using a three-point bending method on a universal testing machine, DUT-3000CM (Daekyung Engineering Co., Ltd.), at the Korea Testing Laboratory (KTL). The pressure head was kept constant at 2 mm/min with a load of 980 N. Three samples were measured in each group to ensure the accuracy of the test results. The strength of the KCl-based salt core with glass fibers was determined using a strength testing machine. The linear shrinkage rate L was computed using Eq. (1):
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        where l1 represents the designed length of the samples (12 mm) and l2 is the actual length of the samples. The samples used to test the bending strength were cut into cylinders with a height of 45 mm and a diameter of 11 mm. Then, the cylindrical salt cores were used to test the water solubility rate and hygroscopic rate. To determine the water solubility, cylinder samples were immersed in 23±2 oC distilled water in the open atmosphere. The water solubility rate K of the salt cores was calculated using Eq. (2):
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        where m and s represent the mass (g) and total surface area (m2) of the sample, respectively, and t is the dissolution time. The hygroscopic rate ϕ of the KCl-based salt core was calculated according to Eq. (3):
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        where m0 is the original mass of the salt core an individual sample and m1 is the mass exposed to the air (relative humidity 60%) for 1 d using a humidity and temperature controller (Tabai Espec Model PL-2G, -40 to 150 oC, 30-95% RH). The microstructures of the salt core samples previously coated with platinum sputtering were observed and analyzed using a scanning electron microscope (SEM, Inspect 50, FEI, USA).

      

    

    

  
    
      3. RESULTS AND DISCUSSIONS
      Fig. 4 shows the relationship between the bending strength and the additional content of the reinforcing fibers (glass fibers or carbon fibers). As shown in Fig. 4, the carbon fibers and glass fibers have a remarkable effect on the bending strength of the KCl-based salt core. The bending strength of the KCl-based salt core increased as the content of the reinforcing fibers increased. The strength increased from 22 MPa to a maximum of 49.3 MPa at ultra-low glass fiber content (0.3 wt%). The shrinkage rate can help ensure the dimensional precision of the salt cores, as the volume shrinkage is high during the solidification of the salt core.

      
        
        

        Fig. 4. 
				
        

        
          Effect of the content of reinforcing fibers on the bending	strength of KCl-based salt cores.
        
        

        

      

      According to the shrinkage rate results in Table 1, the shrinkage rate tends to increase as the amount of glass fiber increases. The salt core with a 0.3 wt% glass fiber content has a shrinkage rate of 1.5%, and all values are no lower than 4.08%. A lower hygroscopic rate is preferable for storage purposes. Table 1 shows the hygroscopic rate, which compares the moisture resistance characteristics by measuring the weight before and after the humidity exposure period. As the glass fiber content increases from 0 to 0.7 wt%, the moisture resistance gradually increases from 0.036 to 0.122%. This phenomenon occurs because of the high energy boundary between the glass fiber and the salt core, which allows for better moisture absorption between the reinforcing fibers and the salt core, thus increasing the hygroscopic rate.

      
        Table 1. 
				
        

        
          Effects of the glass fiber content on the properties of KCl-based salt cores.
        
        

      

      
        
          
            	Sample
            	Content
            	Linear

							shrinkage
            	Hygroscopic

							rate
            	Water

							solubility
          

          
            	(wt%)
            	(%)
            	(%)
            	(g/(min·m2))
          

        
        
          	Salt core
          	0
          	1.03
          	0.036
          	23
        

        
          	0.1
          	1.42
          	0.053
          	17.14
        

        
          	Salt core with

								Glass fiber
          	0.3
          	1.5
          	0.058
          	16.25
        

        
          	0.5
          	3.78
          	0.116
          	21.77
        

        
          	0.7
          	4.08
          	0.122
          	9.93
        

      

      

      This allows moisture to be better absorbed between the reinforcing fibers and the salt core, increasing the wet absorption rate. However, at a glass fiber content up to 0.3 wt% in the salt core, the hygroscopic rate remains lower than 0.1%, indicating that the core still possesses moisture resistance. When measuring water solubility, the critical factor is the dissolution time required for the sample to fully dissolve in distilled water. All salt cores with added glass fibers took longer to dissolve than the unreinforced salt cores. Among samples with glass fiber added in the range of 0.1 wt% to 0.5 wt%, similar dissolution times were observed, indicating similar water solubility values. However, samples containing 0.7 wt% glass fiber showed an increase in dissolution time, resulting in the lowest observed water solubility. This phenomenon is attributed to the fact that the glass fiber, as an insoluble material, can impede the water solubility rate of the salt core.

      Fig. 5 shows the water solubility experiments of the KCl-based salt core reinforced with 0.3 wt% glass fiber. It appears that the KCl-based salt core enhanced by the glass fiber could dissolve in room-temperature water. As shown in Figs. 5 (a)-(d), when the KCl-based salt core sample was placed in the water at room temperature, the water-insoluble glass fibers gradually separated from the sample. The KCl-based salt core sample completely dissolved after 6 h. The superior water solubility of the salt core is highly advantageous for enhancing the production efficiency of intricate internal cavity components. Additionally, the glass fiber reinforcement can be recycled and reused, thus minimizing the production costs of the salt core.

      
        
        

        Fig. 5. 
				
        

        
          Water soluble experiments of the KCl-based salt core reinforced	by 0.3 wt% glass fiber in room temperature: (a) 0 h,	(b) 2 h, (c) 4 h, (d) 6 h.
        
        

        

      

      Because the microstructure of materials affects the fracture mechanism, the solidified structures of the salt core samples are shown in Fig. 6. Fig. 6 (a) shows the microstructure of the unreinforced salt core. The solidified structure shows relatively loose integranular adhesion and small micro-holes, indicated by yellow circles. Fig. 6 (b) shows that the microstructure of the salt core sample reinforced with 0.3 wt% glass fiber is compact. Additionally, this micro-morphology shows micro-cracks, as indicated by the arrows. When the introduced reinforcements are well embedded in the salt, crack propagation is impeded because more energy is required for breaking. Moreover, reinforcing fibers with a high melting point can act as foreign crystal nuclei, leading to an increased number and nucleation rate of grains[17]. This hinders the growth of columnar crystal grains, resulting in a higher strength of the salt core reinforced with these fibers[9].

      
        
        

        Fig. 6. 
				
        

        
          SEM micrographs of the fractured salt core: (a) unreinforced,	(b) with 0.3 wt% glass fiber
        
        

        

      

    

    

  
    
      4. CONCLUSIONS
      In this study, the effects of reinforcing fiber content on bending strength were investigated. We successfully fabricated a complex high-strength salt core with a favorable morphology. We used glass fibers and carbon fibers as reinforcing fibers, which can inhibit crack propagation in the KCl-based salt core. The addition of a very small content (only 0.3 wt%) of glass fiber to the salt core improves the bending strength. The microstructure of the fractured surface was investigated to demonstrate this effect. Moreover, the water solubility rate, hygroscopic rate, and shrinkage properties of the KCl-based salt core reinforced with glass fibers were obtained. It was found that the enhanced bending strength of the salt core ranged from 22 to 49 Mpa.
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