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            Abstract
          
        

        
          This study focuses on these issues and includes the static fracture experiments with two forms of specimens; aluminum foam DCB and TDCB bonded with the type of mode III, a simulation static analysis to verify this experiment, and analysis of fracture behavior of adhesive interface of structures attached with aluminum foam by shape and thickness. The thickness of DCB and TDCB specimens designed in this study are set as variable t, and each thickness is t = 35 mm, 45 mm, 55 mm. According to forced displacements, the maximum reaction forces of DCB specimens due to thickness were approximately 0.35 kN, 0.45 kN, 0.54 kN, and the maximum reaction force of TDCB were approximately 0.4 kN, 0.52 kN, and 0.63 kN respectively. We expect the data according to variables to be easily investigated without a separate testing process, and effective analysis of the mechanical characteristics of aluminum foam DCB and TDCB. 
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      1. Introduction
      Aluminum foam is a material with an excellent physical characteristic and dynamic function. Also, it is a material that can resolve the issues of light weight problems. One of the greatest advantages of aluminum foam is that it can be bonded using only adhesives; and this bonding method simplifies the production process and maximizes the utilization of the lightweight material.1 However, research of the fracture behavior of adhesive joints is necessary for safety in the case of the bonding method using only adhesives; and because aluminum foam is a porous material, it may have a different fracture behavior compared to non-porous materials, making research of the fracture behavior of adhesive layers significant.2-4 Focusing on these characteristics, we attempt to analyze the static fracture behavior of aluminum foam attached structures using closed aluminum foam, which is mainly used as shock absorbents. Before analyzing the characteristics, we have performed a static experiment and simulation static analysis to obtain data for static fracture according to the various shapes, thickness, and shape factors of aluminum foam attached structures. According to the results, the fracture behavior of adhesive layers may be affected by different variables, but it is mostly affected by shape. We have planned and designed a mode III type model for a closer study. Based on the UK Industrial Standard (British Standard : BS 7991) and the ISO International Standard (ISO 11343), we have designed and produced specimens of mode III type DCB (Double Cantilever Beams) and TDCB (Tapered Double Cantilever Beams) with a single-lap attachment method with thickness set as its variable, using a closed structure aluminum foam produced at Foam Tech. company in Korea. We have performed static experiments for the specimens according to each thickness. Also, we have performed a simulation static analysis using the ANSYS finite element analysis program to verify this method. We have compared the shearing strength of attached structures of the shapes of DCB and TDCB that have been constructed with the porous material aluminum foam, and performed research on their mechanical characteristics.5-8

    

    

  
    
      2. Research Method
      
        2.1 Research Model
        The design plan specified in UK Industrial Standard 7991 : 2001 has been redesigned in a single-lap attachment method following the aim of this research. The redesigned DCB and TDCB model in Fig. 1 has been designed with thickness set as variable t; and describing the shape of each model, the width of the DCB model is 130mm, and its vertical length is 190mm. Also, the thicknesses of three models are 35 mm, 45 mm, and 55 mm with thickness set as variable t. In the case of the TDCB model, the width of the upper layer is 80 mm, the width of the bottom layer is 130 mm, and the vertical length is 190 mm. The vertical length of the upper layer of the model is the determined value based on the shape factor; and thickness has been set as variable t for the DCB model, and the thickness was designed as 35 mm, 45 mm, and 55 mm.9-11

        
          
          

          Fig. 1 
				
          

          
            Configuration of DCB (left) and TDCB (right) Specimens
          
          

          

        

      

      
        2.2 Experimental Conditions
        Fig. 2 shows the static experiment method performed on DCB and TDCB specimens of this research. A jig has been produced to attach DCB and TDCB specimens to the upper layer load cell and the lower layer load cell of the tensile tester as illustrated above. Specimens have been attached to the tensile tester, the upper layer load cell of the tensile tester has been fixed, and a forced displacement of 5 mm/min in the direction of the -Z axis has been assigned to the lower layer load cell to perform static tests. The tester used for the static experiment was a tensile tester by MTS.12-15

        
          
          

          Fig. 2 
				
          

          
            Experimental setup for static experiment
          
          

          

        

      

      
        2.3 Boundary Conditions for the Simulation Analysis
        We have performed a simulation static analysis to verify the static experiment on DCB and TDCB tensile testers. Fig. 3 shows examples of DCB and TDCB specimen models applied as simulation analysis conditions to perform analysis. We have fixed one hole of all three shapes of DCB and TDCB tensile testers with a fixed support condition, assigned a forced displacement condition in the direction of the -Z axis for the other hole, and performed an analysis of pulling one side of the tensile tester in the direction of the -Z axis with a forced displacement of 5mm/min. The aluminum foam of A1-SAF40 with closed cell type produced by adding foaming agent to melted aluminum is used as the research model, and the material properties of the model applied in the simulation analysis are shown on Table 1. In addition, the adhesives spread on the adhesive layers of the aluminum foam specimens are an aerosol type adhesive with an adhesive strength of about 0.4MPa.16-21

        
          
          

          Fig. 3 
				
          

          
            Boundary conditions of research models
          
          

          

        

        
          Table 1 
				
          

          
            Material properties
          
          

        

        
          
            
              	Property 
              	Value
            

          
          
            	Density (kg/m3)
            	400
          

          
            	Young’s modulus (MPa)
            	2,374
          

          
            	Poisson’s ratio
            	0.29
          

          
            	Yield strength (MPa)
            	1.8
          

          
            	Shear strength (MPa)
            	0.92
          

        

        

      

    

    

  
    
      3. Research Results
      
        3.1 Results of Experiment and Analysis
        
          3.1.1 Experimental Results for the Specimens with Thickness of t = 35 mm
          When performing the static experiment by assigning a forced displacement of 5 mm/min to the DCB and TDCB specimens of a thickness of t = 35 mm, the values of reaction data following the forced displacement of each DCB and TDCB specimen are displayed in Fig. 4. First, we could see that the DCB specimen shows the greatest reaction when the forced displacement is approximately 6.5 mm, and the maximum reaction force of the DCB specimen turned out to be 0.35 kN. The adhesive strength of the bonding interface of the specimen model gradually decreases after the maximum reaction force. The bonding interface of the specimen model is detached after a forced displacement of about 15 mm, and is maintained when the reaction force becomes 0. The TDCB specimen showed the greatest reaction force when the forced displacement was about 7 mm, and the maximum reaction force of the TDCB specimen model turned out to be approximately 0.4 kN. Like the DCB specimen model, the adhesive strength of the bonding interface of the specimen model gradually decreased. The bonding interface of the specimen model is detached after a forced displacement of about 14 mm and a reaction force of 0. Fig. 5 and Fig. 6 show the contour of equivalent stress that is applied from the progress of forced displacement as a result of simulation analysis of the DCB and TDCB specimens with a thickness of 35 mm. The equivalent stress of specimen models gradually increase as forced displacement progresses, and equivalent stress gradually decreases after a certain level of forced displacement. The equivalent stress of the adhesive layer when the specimen models began to detach after the maximum reaction force, turned out to be approximately 0.715 MPa for DCB specimens, and 0.868 MPa for TDCB specimens. 

          
            
            

            Fig. 4 
				
            

            
              Graph of reaction force due to forced displacement of the static experiment (Thickness of specimens are 35 mm)
            
            

            

          

          
            
            

            Fig. 5 
				
            

            
              Change of the equivalent stress according to the progress of forced displacement (35 mm thickness of DCB specimen)
            
            

            

          

          
            
            

            Fig. 6 
				
            

            
              Change of the equivalent stress according to the progress of forced displacement (35 mm thickness of TDCB specimen)
            
            

            

          

        

        
          3.1.2 Experimental Results for the Specimens with Thickness of t = 45 mm
          The values of reaction force data of DCB and TDCB specimens with a thickness of t = 45 mm depending on forced displacement are displayed in Fig. 7. We could see that DCB produces its maximum reaction force of about 0.45 kN when the forced displacement is about 6.5 mm. The TDCB specimen produces a reaction force of about 0.52 kN when the forced displacement is 6.5 mm. Also, Figs. 8 and 9 show the contour and change of simulation analysis results of DCB and TDCB specimens with a thickness of t = 45 mm depending on equivalent stress. The equivalent stress gradually increases as forced displacement increases, until the maximum reaction force occurs, and gradually decreases after the point of maximum reaction force. The equivalent stress of adhesive layers of specimen models at maximum reaction force turned out to be: DCB specimen 0.6 MPa, and TDCB specimen 0.756 MPa. 

          
            
            

            Fig. 7 
				
            

            
              Graph of reaction force due to forced displacement of the static experiment (Thickness of specimens are 45 mm)
            
            

            

          

          
            
            

            Fig. 8 
				
            

            
              Change of the equivalent stress according to the progress of forced displacement (45 mm thickness of DCB specimen)
            
            

            

          

          
            
            

            Fig. 9 
				
            

            
              Change of the equivalent stress according to the progress of forced displacement (45 mm thickness of TDCB specimen)
            
            

            

          

        

        
          3.1.3 Experimental Results for the Specimens with Thickness of t = 55 mm
          Fig. 10 shows the value of reaction force data of DCB and TDCB specimens with a thickness of t = 55 mm depending on forced displacement. We can see that the DCB specimen produces its maximum reaction force of about 0.54 kN when forced displacement is about 7 mm, and the TDCB specimen produces a maximum reaction force of 0.63 kN when forced displacement is 7 mm. Figs. 11 and 12 show the contour and change of simulation analysis results of DCB and TDCB specimens with a thickness of t = 55 mm depending on equivalent stress. Likewise, the equivalent stress gradually increases as forced displacement increases, until the maximum reaction force occurs, and gradually decreases after the point of maximum reaction force. The equivalent stress of adhesive layers of specimen models at maximum reaction force turned out to be: DCB specimen 0.549 MPa, and TDCB specimen 0.663MPa. As Table 2 shows the maximum reaction forces and equivalent stresses of adhesive layer of DCB and TDCB specimens by each thickness, the static fracture property of each specimen can be checked. 

          
            
            

            Fig. 10 
				
            

            
              Graph of reaction force due to forced displacement of the static experiment (Thickness of specimens are 55 mm)
            
            

            

          

          
            
            

            Fig. 11 
				
            

            
              Change of the equivalent stress according to the progress of forced displacement (55 mm thickness of DCB specimen)
            
            

            

          

          
            
            

            Fig. 12 
				
            

            
              Change of the equivalent stress according to the progress of forced displacement (55 mm thickness of TDCB specimen)
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              Experimental results of DCB and TDCB specimens
            
            

          

          
            
              
                	
                	Maximum reaction
force (kN) 
                	Equivalent stress of
adhesive layer (MPa)
              

            
            
              	Thickness of t = 35 mm
(DCB)
              	0.35
              	0.715
            

            
              	Thickness of t = 35 mm
(TDCB)
              	0.4
              	0.868
            

            
              	Thickness of t = 45 mm
(DCB)
              	0.45
              	0.6
            

            
              	Thickness of t = 45 mm
(TDCB)
              	0.52
              	0.756
            

            
              	Thickness of t = 55 mm
(DCB)
              	0.54
              	0.549
            

            
              	Thickness of t = 55 mm
(TDCB)
              	0.63
              	0.663
            

          

          

        

        
          3.1.4 Comparison Between Experiment and Analysis for the Specimens with Thickness of t = 55 mm
          In this study, we have performed a simulation static analysis to verify the static experiment results of DCB and TDCB specimens. Fig. 13 is an example of static analysis results; and shows the comparison between values of reaction force data of DCB and TDCB specimens with values of reaction force data of the static experiment. According to comparison results, the maximum reaction force of the DCB specimen in the actual static experiment was about 0.54 kN, and the maximum reaction force of the TDCB specimen was about 0.63 kN. The maximum reaction force of the DCB specimen model and the TDCB specimen model in simulation analysis was about 0.51 kN and 0.6 kN. This shows the margin of error of -5.88% and -5%, which is not a significant difference. The point of maximum reaction force of the DCB and TDCB specimens was at a forced displacement of 7 mm, which does not show a significant change compared to the forced displacement of 7 to 7.5 mm in the simulation. The adhesive strength of the bonding interface of the specimens after maximum reaction force gradually decreases as in the static fracture experiment, and the bonding interface of the specimens are detached completely at a forced displacement of about 14 mm and the reaction force becomes 0. The point of complete detachment of the bonding interface did not show a significant change as it was 13 mm for the static fracture experiment, and 14 mm for the simulation static analysis. The comparison results show that the reaction force of both the static fracture experiment and simulation static analysis depending on forced displacement gradually increase until the maximum reaction force; and that a forced displacement of 7 mm and 8 mm each displays the greatest reaction force. However, we can see a difference between the analysis and experiment data on the graph after the maximum reaction force. This is considered to be the disturbance of the progression of forced displacement by the lingering adhesives spread on the bonding interface of specimens, which is called adhesion inertia. 

          
            
            

            Fig. 13 
				
            

            
              Comparison between experimental and simulation analysis data (Thickness of specimens are 55 mm)
            
            

            

          

          Table 3 shows the maximum reaction forces at experiment and analysis in case of the DCB and TDCB specimens with the thickness(t) of 55 mm. The static fracture property and error of the specimen with the corresponding thickness can be checked. 

          
            Table 3 
				
            

            
              Comparison between experiment and analysis of DCB and TDCB specimens 
              (Thickness of t = 55 mm)

            
            

          

          
            
              
                	
                	Maximum reaction
force (kN) 
                	Error
(%)
              

            
            
              	Thickness of t = 55 mm
(DCB)
              	0.54
              	-5.88
            

            
              	Thickness of t = 55 mm
(DCB)
(Simulation)
              	0.51
            

            
              	Thickness of t = 55
mm(TDCB)
              	0.63
              	-5
            

            
              	Thickness of t = 55 mm
(TDCB)
(Simulation)
              	0.6
            

          

          

          Fig. 14 shows the contour and comparison of stress at the bonding interface in a simulation analysis, and stress depending on forced displacement when the maximum reaction force occurs for DCB and TDCB specimens with a thickness of t = 55 mm. The image on top shows the stress at the bonding interface of specimens when the maximum reaction force occurs, and the two images on the bottom show the contour of stress that occurs when forced displacement is applied to specimens and the experiment performance process. Also, the image below shows the shearing process of the bonding interface of specimens. 

          
            
            

            Fig. 14 
				
            

            
              Stress at bonding interface in a simulation analysis when the maximum reaction force occurred in DCB and TDCB specimens with thickness of t = 55 mm, stress contour due to forced displacement and experimental implementation process for the comparison of analysis
            
            

            

          

        

      

    

    

  
    
      4. Conclusions
      We have deduced the following results from static experiment s of the thickness of mode III type DCB and TDCB specimens, and simulation static analysis for its verification. 

      1. Each specimen model showed its maximum reaction force when the forced displacement was about 6.5 to 7 mm, and the simulation static analysis also showed a similar forced displacement of about 7 to 7.5 mm for maximum reaction force. In addition, we can see that the adhesive strength of bonding interface of both the experiment and analysis gradually decreases based on the point of maximum reaction force. 

      2. The maximum reaction force of DCB and TDCB specimens with a thickness of t = 35 mm turned out to be approximately 0.35 kN and 0.4 kN, 0.45 kN and 0.52 kN for specimens with a thickness of t = 45 mm, and 0.54 kN and 0.63 kN for specimens with a thickness of t = 55 mm. We can see that the maximum reaction force of specimens also increases as the thickness of specimens increases. 

      3. When comparing the experiment and analysis results of DCB and TDCB specimens, the forced displacement section that produces maximum reaction force turned out to be similar, and the maximum reaction force of TDCB specimens were greater than DCB specimens. As a result, TDCB specimens can withstand stronger external forces; in other words, they have an excellent durability. 

      4. We can see that the experiment and simulation analysis for verification produced similar results, and that data for each variable can be easily investigated without a separate experiment process. Furthermore, effective analysis of the mechanical characteristics of mode III type TDCB adhesive structures can be expected to be made. 
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