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Abstract

:

Featured Application


This paper presents a stretching process of a metal sheet with a variable thickness. It gives products with better performances than that with constant thickness.




Abstract


This work presents a finite element model to analyze the distribution of the strains due to an axisymmetric stretching of a metal sheet. The sheet is characterized by a variable initial thickness. The resulting strain state is compared with that of a sheet with a constant initial thickness. The results of the present study allow asserting that the distribution of strains in the sheet can be controlled by setting opportunely the trend of the sheet initial thickness. In this way, it is possible to see that, starting from a sheet with variable initial thickness, a lighter final product is obtained, whose final thickness distribution is more uniform than that of the product obtained from a classic stretching process that requires a sheet with constant initial thickness. Encouraging results from an experimental activity carried out on an AA6060 aluminum alloy sheet, whose trend of initial thicknesses was prepared by removing material from a commercial sheet with a constant thickness, allow us to note the good agreement with what was theoretically highlighted.
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1. Introduction


For several decades, to reduce the weight of the parts used in the transport sector and, therefore, the fuel needed to move them, steel parts have been replaced by light alloys based on aluminum or magnesium. The semi-finished product, in the form of sheet metal, is generally subjected to an ironing or drawing process both at room temperature (only aluminum alloy sheets) and hot (both aluminum alloy and magnesium alloy sheets). Conventional stretching processes at room temperature have two important drawbacks: light alloys are generally not easily formable and the thickness distribution produced is not uniform in the part subjected to deformation. 5xxx aluminum alloys have cold formability better than that of the 6xxx and 7xxx series alloys [1].



More generally, light alloys have reduced formability compared to steel and generate greater problems in terms of elastic return. To overcome, in part, the problem of failure of the sheet metal, in [2] it was proposed to operate properly on the force or pressure exerted on the blank holder. In [3,4], attention was paid to the flexibility of the dies and the adoption of an original blank holder.



However, to increase the formability of the material, reference is increasingly made to hot sheet metal working techniques.



In a review work on sheet metal working techniques [5], it was shown that a sheet can be heated directly or indirectly (by heating the equipment) and then subjected to the forming process.



In other cases, the sheet is pushed inside a die heated by the use of pressurized gas. In [6], a series of works related to materials and processing techniques of superplastic forming was collected. In [6,7], a complete overview of the quick plastic forming technology is presented.



To make the thickness distribution of a sheet metal component formed by a hot forming process as uniform as possible, in recent years, multiphase processes have been proposed. In [8], a two-stage superplastic forming process was designed and validated experimentally, while in [9], the thickness profile of a PbSn60 superplastic sheet metal component was optimized by adopting a two-phase gas forming process and making use of a fracture criterion during the design phase.



However, the hot working techniques present a series of drawbacks that are mainly related to the heating methods and, for some materials, to the reduction of the resistance properties.



Therefore, in [10,11] incremental sheet forming (ISF) and multi-point forming (MPF) were used as flexible forming processes to increase the formability of the material at room temperature. These processes are suitable to produce components of high value and belonging to small lots.



The ISF process allows reaching deformations deeper than the traditional forming process [12], while the main limit is represented by longer processing times. The MPF process makes it possible to obtain three-dimensional surfaces by adjusting the used punches [13]. The main limit is related to the presence of defects on the surface of the sheet due to the action of the punches. These defects were inevitable even in the presence of an elastic rubber sheet on the die surface [14]. Moreover, the size of the punches can limit the shape of the geometry of the workpiece to produce. To overcome the limits indicated above for flexible forming processes, in [15,16] processes have been proposed to be carried out in several forming steps. In [15], the sheet to be deformed is first subjected to an MPF process and then to an ISF process. In [16], a sheet pre-deformed by a process using a pressurized fluid is subsequently subjected to an ISF process.



For the sole purpose of standardizing the thickness of simple parts in superplastic material, in [17,18,19,20] methods to design the profile of the initial thicknesses of the sheet were proposed.



In this work, to optimize the final thickness distribution, the weight of the formed part, and to improve the formability of the material, a cold working technique is used which uses an initial plate characterized by a variable thickness profile. The sheet, clamped on a die in the peripheral region by a blank holder, is subjected to the action of a punch that stretches it inside the die.



The proposed process can produce an enlargement of the traditional classification of processes that make use of tailored blanks. Therefore, alongside the traditional classification [21] that distinguishes tailored blanks in tailor welded blanks, patchwork blanks, tailor rolled blanks and tailor heat treated blanks, it is possible to add tailored blanks based on removing material.



In [22], the reliability of the results due to a numerical simulation on industrial sheet metal forming cases was evaluated. The authors in [23] tested the use of numerical modeling based on the finite element method on a process for superplastic deformation of the sheet with excellent results and the forming limit diagram was analyzed in [24]. The finite element method is widely used in many fields [25,26].



The proposed paper presents a numerical model based on the finite element method to simulate an axisymmetric stretching of a metal sheet. The sheet is characterized by a variable initial thickness. The resulting strain state was compared with that of a sheet with a constant initial thickness. It was observed that starting from a sheet with variable initial thickness, a lighter final product is obtained, whose final distribution of thicknesses is more uniform than that of the product obtained from a classic stretching process that requires a sheet with constant initial thickness. Encouraging results from an experimental activity carried out on an AA6060 aluminum alloy sheet, whose trend of initial thicknesses was prepared by removing material from a commercial sheet with a constant thickness, allow to note the good agreement with what was theoretically highlighted. The proposed stretching process overcomes the state of the art since it involves processing times shorter than ISF and avoids defects on the surface of the sheet, such as MPF. Finally, it is easy to modify linearly the thickness of the blank using machining.



The present work is organized as follows: in Section 2, the numerical model is presented. In Section 3, the experimental tests used to verify the developed numerical model are discussed. In Section 4, the numerical and experimental results are compared. Finally, the conclusions are presented.




2. Materials and Methods


In this work, an axisymmetric process to stretch a metal sheet is studied through the MSC. Marc finite element software. In particular, as shown in Figure 1, a hemispherical punch characterized by a diameter of 120 mm, during its stroke, stretched a sheet positioned on a die (characterized by an inner diameter of 129.5 mm) and constrained to the edge from the presence of a blank holder (with a diameter of 166 mm) that avoided its slipping inside the die.



The problem being axisymmetric, four-noded isoparametric elements with bilinear interpolation were used. A comparison was presented between the use of axisymmetric elements and thick-shell elements to demonstrate that the best choice was the first one.



The sheet represented the deformable body and it was discretized using two rows of 166 elements. The mechanical behavior of the material was simulated through the use of a rigid–plastic model; therefore, the effects of the material spring-back phenomenon were neglected. The constitutive equation of the material is expressed by the following power law:


σ = Kεn,



(1)




where σ and ε represent the equivalent stress and the equivalent strain respectively, while the strength coefficient K and the work-hardening index n are in constant connection with the material under study. The latter was represented by the aluminum-based alloy AA6060, whose chemical composition by weight was the following: Al-0.6% Si-0.3% Fe-0.1% Mn-0.6% Mg-0.1% Cu-0.15% Zn-0.05% Cr-0.1% Ti. The K and n constants of the material were derived from the results of the tensile tests: their values were equal to 135 MPa and 0.12 respectively.



The punch and the die were considered rigid, while the blank holder was replaced by locking the displacement of the node, belonging to the outer edge of the sheet, into contact with the die. The other nodes of the outer edge, as well as the nodes of the sheet on the symmetry axis, were not able to move orthogonally to the axis of symmetry.



The simulation of the stretching process involved the contact between a deformable body and two rigid bodies. Furthermore, simulations were carried out in presence of friction among the bodies. Therefore, the appropriate contact option and the modified Coulomb friction model were used. Using these models, a relationship between the tangential ft and the normal fn forces was defined:


ft = μfn(2/π)arctg(vr/Rsv),



(2)







In this expression, vr represents the relative sliding speed and Rsv is the relative sliding speed value below which the friction force was null. The value of the friction coefficient μ was set equal to 0 in conditions of perfect lubrication, while the values 0,1 and 0.2 were taken into account in friction conditions, that are commonly used in sheet metal working processes.



The analysis of the results also foresees a comparison in conditions of sheet metal instability. This condition was defined by comparing the estimated strains during the process with the formability limit curve obtained from the local Hill theory [27] and the Swift diffusion theory [28].



Therefore, once β is defined as the ratio between the main strains, εmax and εmin, measured in the plane of the sheet, the formability limit parameter (FLP) is defined as:


FLP = εmax/FLC(εmin)



(3)




where FLC (εmin) represents an analytical description of the formability limit curve. The expression assumed by the function FLC (εmin) for β ≤ 0 is:


  FLC  (   ε  m i n    )  =  n  1 + β    



(4)




while that for β > 0 is:


  FLC  (   ε  m i n    )  =   1 + β +  β 2     (  1 + β  )   (  β + 2  β 2   )     



(5)







In this way, FLP = 1 identifies the instant and the point in which the instability of the sheet happens during the deformation process.




3. Experimental Tests


The experimental results of an axisymmetric stretching process were reported to have additional observations to support the theoretical study presented in the previous paragraph. The used metal sheet was made by an aluminum-based alloy AA6060. The stretching process was performed using a machine designed and built at the Laboratory of Technology and Manufacturing System of the University of Cassino and Southern Lazio, whose scheme is shown in Figure 2. It was constituted by a multimeter (1 in Figure 2) and a power supply (2 in Figure 2) connected to the load cell (7 in Figure 2) placed under the punch (6 in Figure 2) to measure the force trend applied by the punch on the sheet during the test. The vertical translation of the punch was due to a trapezoidal screw jack with an external female thread (9 in Figure 2), and an electric motor (10 in Figure 2) put into rotation the screw. The rotation of the screw generated an alternative straight upward or downward movement of the crosshead (8 in Figure 2) on which the punch coupled to a load cell was mounted. The sheet was fixed on the machine using the die-draw bead component (5 in Figure 2). Further details are reported in [29]. This machine allows (i) to perform forming tests with different values of the speed of the crossbar on which the punch is mounted and (ii) to monitor the force-stroke curve of the punch. The sheet was locked by the blank holder on a cylindrical die that has a hole of 129.50 mm diameter. A hemispherical steel punch characterized by a diameter of 120 mm pushed the sheet inside the die until a breaking line appeared on the extrados of the sheet itself. In this work, the results achieved in the absence of lubrication between the punch and the sheet are presented.



The stretch tests were carried out using both a constant initial thickness sheet equal to 1.03 mm and a sheet whose thickness varied from the edge to the pole, as shown in Figure 1. Concerning Figure 1, during the experimental tests, that were carried out with sheets of variable thickness, it was assumed that the thickness of the edge the was equal to 0.90 mm and the thickness of the pole thp was equal to 1.03 mm. The sheet with a variable initial thickness was produced, starting from a sheet with a constant initial thickness, by removing material according to the profile proposed in Figure 1. For each kind of sheet three replicas were carried out.



At the end of the test, it was possible to acquire the internal and external profile of the deformed sheet by a coordinate measuring machine. Therefore, it was possible to trace the thickness of the sheet and therefore the deformation along the thickness using an algorithm designed for this purpose [30]. In this way, it was possible to calculate the distribution of the deformation along with the thickness.




4. Results and Discussion


Figure 3, Figure 4 and Figure 5 show the strain on an AA6060 aluminum sheet with a constant initial thickness due to the FEM simulation of an axisymmetric stretching process.



The figures are related to the results determined under conditions of perfect lubrication (Figure 3) and in presence of Coulomb friction (Figure 4 relates to the results achieved using a friction coefficient equal to 0.1, while Figure 5 concerns a friction coefficient equal to 0.2). In each figure, the distributions of the main strains (meridian, circumferential, and along with the sheet thickness) and the equivalent strain are represented versus the punch stroke. The strain distributions were connected with a punch stroke of 5, 10, 20, and 28 mm respectively. This last value (28 mm) represented the value of the stroke at break achieved during the experimental tests.



Figure 3 shows that, in conditions of perfect lubrication, the maximum strain was reached near the symmetry axis of the deformed part. On the contrary, increasing with the friction coefficient moved the maximum strain along with the sheet thickness (analogous to the equivalent strain) to a distance from the symmetry axis (see Figure 4 and Figure 5).



In this way, the failure due to thinning was determined in correspondence of an area where the contact between the punch and the sheet had not yet occurred. It should be noted that the strain along the thickness decreased quickly from the breaking point towards the edge of the sheet. This sheet area was therefore not subjected to deformation.



The axisymmetric stretching process was simulated by FEM too using sheets with a variable initial thickness as shown in Figure 1. The proposed thickness profile provided a reduction of the thickness towards the edge of the sheet, that is, in correspondence of that region of the sheet with a constant thickness that was little subjected to strain. Two cases were analyzed. The reduction of the thickness from the edge to the pole of the sheet (r = the/thp) was set equal to 90% and 80% respectively. In each case three friction conditions were analyzed, they were identified by a friction coefficient equal to 0 (perfect lubrication), 0.1, and 0.2. To explain as clearly as possible what happened during the stretching process, the results obtained under the most extreme deformation conditions, i.e., for a punch stroke of 28 mm, will be compared in the following. For each simulated friction condition, Figure 6, Figure 7 and Figure 8 show the comparison of the strain distribution, obtained with constant and variable thickness sheets and characterized by a 90% and an 80% reduction of the thickness from the edge to the sheet metal pole, r, respectively.



To analyze the obtained results, it is necessary to remember that, in conditions of constant volume, the strain modulus along the thickness is given by the sum of the meridian strain and the circumferential strain, which were the main strains performed in the plane of the sheet.



In presence of perfect lubrication, in the region of the sheet pole, the decrease of the thickness reduction r involved a decrease of both the meridian and the circumferential strain values with t more than it happened in a process carried out on a sheet with an initial constant thickness. Conversely, at the edge of the sheet, the decrease of the thickness reduction r involved an increase of the meridian strain. Composing these strains produced a strain along with the thickness (as well as an equivalent strain) that appeared more uniform than that due to a sheet with an initial constant thickness with the decrease of the thickness reduction r.



Some preliminary experimental results, carried out on the aluminum alloy AA6060, supported what was observed using finite element analysis. The experimental activity was performed using axial-symmetrical stretching tests at break using both constant thickness sheets and sheets characterized by a value of r = 0.87. No lubricant was used between the punch and the sheet. Therefore, the results obtained were to be considered in friction conditions.



Figure 9 shows the comparison between the strains measured along with the sheet thickness at the breaking point. The breaking point of the sheet with an initial variable thickness was reached for a punch stroke value higher by about 10% than that measured in a constant initial thickness test. The comparison of the results highlights greater formability and more uniform thickness distribution of the stretched sheet with an initial variable thickness than that with an initial constant thickness. Figure 9 experimentally confirms what was observed through FEM (see Figure 7c and Figure 8c). The observed trend was qualitatively identical.




5. Conclusions


In this work, the process of axisymmetric stretching on a metal sheet was analyzed and modeled by a numerical model. Through FEM analysis, the results of the process carried out using a sheet with an initial constant thickness were compared with those obtained starting from a sheet with an initial variable thickness.



The sheet stretched starting from an initial variable thickness is characterized by a thickness profile decreasing from the pole to the edge of the sheet. The ratio between the thickness at the edge and that at the pole is defined by the parameter r that was set equal to 90% and 80%. The results showed that the strain distribution is more uniform as r decreases. Those results were experimentally supported by tests on aluminum alloy plates AA6060. Moreover, the experimental results confirmed the trend obtained with FEM, i.e., the increase in formability of the sheet with an initial variable thickness.



The obtained results are useful for the automotive and transport industry, where increasingly lighter and formed parts are sought.



Further studies are focused on a sensitivity analysis of the proposed stretching process by varying the values of forming parameters that were kept constant in this paper, such as the friction coefficient.
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Figure 1. Scheme of the axisymmetric stretching on a sheet with an initial variable thickness (1 is the punch, 2 is the blank and 3 is the die). 
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Figure 2. Machine used for the forming tests: ➀ multimeter; ➁ power supply; ➂ interface for the test parameters management; ➃ control panel for the punch translation; ➄ die-drawbead component; ➅ punch; ➆ load cell; ➇ crosshead; ➈ rotating screw jack; ➉ electric motor. 
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Figure 3. Distribution of the main strains and equivalent strain during the stretching process in perfect lubrification condition due to FEM: (a) meridian strain; (b) circumferential strain; (c) thickness strain; (d) equivalent strain. 
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Figure 4. Distribution of the main strains and equivalent strain during the stretching process in friction conditions with a friction coefficient μ = 0.1 due to FEM: (a) meridian strain; (b) circumferential strain; (c) thickness strain; (d) equivalent strain. 
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Figure 5. Distribution of the main strains and equivalent strain during the stretching process in friction conditions with a friction coefficient μ = 0.2 due to FEM: (a) meridian strain; (b) circumferential strain; (c) thickness strain; (d) equivalent strain. 
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Figure 6. Comparison between the main strains and the equivalent strain during the stretching process on a constant (th = cost) and a variable (r = 80% e r = 90%) thickness sheet in perfect lubrification condition due to FEM: (a) meridian strain; (b) circumferential strain; (c) thickness strain; (d) equivalent strain. 
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Figure 7. Comparison between the main strains and the equivalent strain during the stretching process on a constant (th = cost) and a variable (r = 80% e r = 90%) thickness sheet in friction conditions with a friction coefficient μ = 0.1 due to FEM: (a) meridian strain; (b) circumferential strain; (c) thickness strain; (d) equivalent strain. 
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Figure 8. Comparison between the main strains and the equivalent strain during the stretching process on a constant (th = cost) and a variable (r = 80% e r = 90%) thickness sheet in friction conditions with a friction coefficient μ = 0.2 due to FEM: (a) meridian strain; (b) circumferential strain; (c) thickness strain; (d) equivalent strain. 
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Figure 9. Comparison between experimental results in terms of thickness strain due to a stretching process on a sheet with an initial constant thickness and an initial variable thickness. 
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