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CHAPTER 2



LITERATURE REVIEW



A number of studies have been done over the past four decades in the area of sheet metal bending and a voluminous literature is available. While reviewing the literature related to an air bending process, it is understood that the process has been studied in two broad sectors such as experimental analysis and modelling of the process. In this chapter, the important literature relevant to air bending processes, studies on springback and bend force during bending, modelling of springback and bend force, coated steel sheets and the effect of lubrication are reviewed and reported.



2.1



AIR BENDING PROCESS Sheet metal bending, being an important sheet metal forming process,



employs a press brake with proper tooling to manufacture straight-line bends. The process is performed by lowering the punch to a required depth on a flat sheet placed over a die. Closed die bending and air bending are the two techniques used in this process. In the small-batch-part manufacturing of sheet metal components, the two major issues are increasing variety of parts and demand for higher accuracy. Increased tool change time due to variety of parts, causes an increase in lead time (Kroeze et al 1994). Different bend angles are achieved by changing the
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tooling in the closed die bending process and this increases the tool change time. In air bending, a large range of products (with respect to angles, sheet thickness or material) can be bent by adjusting the punch travel alone into the die, without the need for frequent tool changes. This versatility makes the air bending process very well suited for use in small-batch-part manufacturing. The calculation of correct punch displacement, adequate modelling of the process and material behaviour are needed to improve the accuracy demands of an air bending process (Streppel et al 1993).



De Vin et al (1996) presented the principles of a three section process model for air bending and derived the equations describing the model. According to the model, three types of deformed sections are identified in a bent sheet under loading conditions and these are defined as: (i) wrap-around zone under the punch, which has an inner radius equal to the punch radius, (ii) two elastoplastically deformed zones in which the local bend radius varies and (iii) two elastically-deformed sections. The material behaviour was described by Swift’s equation and the change of Young’s modulus under deformation was addressed. The model is capable of predicting the required punch displacement and unfolded blank size. When the inner radius of the sheet is significantly larger than the punch radius, no wrap-around occurs. The use of this simple model can result in overbending of the sheet. De Vin (2000) introduced a method to predict the sheet curvature under the punch, thus eliminating the need for the wrap-around assumption in such cases. De Vin (2001) further described the problems related to an underestimation of the complexity of air bending process. The need for better understanding of the air bending process was insisted. The behaviour of the sheet
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curvature for different tool parameters and the calculation of punch penetration and bend allowance based on this behaviour were detailed.



Streppel et al (2001) carried out an experimental investigation to evaluate the results of the air bending simulation (ABS) model and a finite element method analysis. They indicated that the results obtained from models deviated from the experimental results, due to the differing principles applied in the models or assumptions concerning material behaviour. Mentink et al (2003) described the role of geometric and material properties in the air bending process. As it is extremely difficult to determine the material properties under industrial conditions, a procedure for determining material characteristics based on measurements of the punch force, punch displacement and angle of bending was outlined. The resulting material characteristics can be used as input parameters in a process model for air bending. A new identification method of material elastoplasto characteristics, based on air bending, was proposed by Antonelli et al (2007). In their work, through a multi-joint model, using the measured forcepenetration data, the numerical relationship between bending moment and curvature was calculated and then under plane stress conditions, the elasto-plastic characteristics were identified. Heller et al (2011) has developed a control system to improve the accuracy of the air bending process for thin and thick metal sheets. The system used



the predictions of a semi-analytical process simulation in



combination with online measurements of the bend angle, the punch force and punch displacement to produce sheet metal parts within narrow tolerances for small batch sizes.
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2.2



SPRINGBACK AND BEND FORCE DURING BENDING



The evaluation of forming performance is a great necessity when large-sized complex parts such as automobile panels are press formed, for controlling the forming defects to get precise parts. Shape fixability is one of the main indices to assess sheet formability (Hayashi and Nakagawa 1994). Shape fixability is defined as the fixation degree of size and shape of the formed part. During bending, the load is applied to bend the part in the desired shape. After bending, when the load is removed, the total strain on the work part is reduced due to elastic recovery. This causes a shape discrepancy in the work part referred to as springback. The maintenance of geometric tolerances in the finished part is an important challenge in air bending process. This issue is related to springback which is the outcome of the complex interaction of various parameters such as properties of the material, geometry of the part, tooling and process parameters. During bending, the bend force is the force needed to deform the sheet metal to the required shape. The bend force-punch travel relations can be compared with bending model results and necessary corrections can be made to achieve better inprocess control (Mentink et al 2003).



2.2.1 Experimental Studies on Springback and Bend force



In the past years, various researchers have detailed the influence of various parameters on springback in air bending process for different sheet materials. Inamdar et al (2002) studied the interaction of various parameters for five different materials. The interacting parameters were identified as thickness of sheet, bend angle, punch radius, die gap, die radius and punch radius and are
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discussed. They concluded that the springback in the materials studied depends strongly on the die gap/sheet thickness ratio and the angle of bend. Bruni et al (2006) investigated the effect of processing parameters on the springback of AZ31 Magnesium alloy by carrying out the air bending tests under warm and hot forming conditions. The parameters considered were temperature, punch speed and punch radius. The results showed that the major parameters influencing the springback are punch radius and temperature. They revealed that springback decreases with increasing forming temperature and decreasing punch radius. Fei and Hodgson (2006) conducted experimental studies of springback in air bending for cold rolled transformation induced plasticity (TRIP) steels. They concluded that the springback for TRIP steels depends strongly on the blank thickness and die gap, while the influence of punch radius and punch velocity on springback is negligible. Garcia-Romeu et al (2007) carried out experiments in air bending of aluminium and stainless steel sheets to obtain springback values for different bend angles. The influence of die width-thickness ratio over springback was analysed and it was found that when the ratio value increases, springback increases. Kim et al (2007) examined the effect of tool design and process parameters on the springback of fibre metal laminate (GLARE). They concluded that the springback increases with increasing punch radius, punch speed and decreases with increasing punch load and temperature.



Narayanasamy and



Padmanabhan (2008) studied the effects of material orientation on air bending of interstitial free steel sheet and concluded that the orientation influences the springback and punch load. Wang et al (2008) proposed a new methodology for springback control in the air bending process. In the proposed approach, workpiece properties are estimated from the measured loaded and unloaded bend angles. The estimated properties are used to determine the final punch position required to obtain the desired bend angle after springback. Yilamu et al (2010)
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investigated the springback phenomena of a stainless-steel clad aluminium sheet in air bending and it was found that when the inside layer of the bent clad sheet is strong material, the overall thickness of the bent clad sheet decreases and for the reversed sheet-set condition the sheet thickens. The sheet-set condition has minor effect on the springback. Anderla et al (2011) proposed a new approach to achieve more precise final bend angles after springback by measuring loaded and unloaded bend angles and repositioning the punch location.



Very few studies on bend force are available in various bending processes. Huang and Leu (1998) investigated the effect of process variables on punch load in a closed die V-bending process of steel sheet by performing experiments and nite element simulations. It was found that with a decrease in strain hardening exponent and an increase in punch radius and punch speed, punch load increased. Hamouda et al (2004) studied the springback and loaddisplacement characteristics for different types of stainless steel in a V-bending process using a nite element approach. It was established that the bend force increases with increasing initial effective stress and the coefcient of friction. Fei and Hodgson (2006) simulated the air bending process for cold rolled TRIP steels using the implicit finite element method and the simulation results show that the friction coefficient can influence the punch force. Narayanasamy and Padmanabhan (2009) developed a model for bend force using response surface methodology for air bending operation of interstitial-free steel sheet. This study shows that the punch travel is the dominant factor determining the bend force followed by punch radius and punch velocity. Farsi and Arezoo (2011) investigated the bend force in V-die bending of perforated sheet metal components. Low carbon steel sheet blanks with oblong holes were used in the
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experiments. They concluded that the bend force decreases with increasing hole area, die width, the difference in angle between the punch and die and decreasing punch radius. Malikov et al (2011) studied the bending force requirements for air bending of structured sheet metal and analysed the factors influencing the bending force. Moreover an improvement of an analytical calculation of the maximal force for air bending of structured sheet was developed. The developed analytical approach provided more precise results than Oehler’s conventional method.



2.2.2 Measurement of Springback and Bend Force



In air bending, after springback, the final bent angle is smaller and the final bend radius is larger than during loading. The springback angle is the difference between the loading bending angle (exterior) and the final bending angle. The springback is also expressed as the ratio of initial radius to final radius. The researchers use several techniques to measure the springback: bevel protractor (Inamdar et al 2002), profilo meter (Tekiner 2004, Tekaslan et al 2006), 3D laser scan device (Kim et al 2007), Linear Variable Differential Transformer (LVDT) measurement (Wang et al 2008) and angular displacement transducers (Anderla et al 2011). A method based on digitised images is recognised by Carden et al (2002) as a consistent procedure to measure springback. The method was adopted by other researchers ( Narayansamy and Padmanabhan 2008, Osman et al 2010, Garcia Romeu et al 2010) . The bend force can be measured by measuring the process force via the hydraulic pressure in the press brake or by gluing strain gauges to the tools mounted on the press
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brake or by integrating a force measuring device in the tooling, eliminating the influence of the sheet width on the force measurement (Mentink et al 2003). 2.3



MODELLING OF SPRINGBACK AND BEND FORCE



A number of researchers concentrated on the development of analytical, semi-analytical and numerical models to predict the springback and bend force in air bending. The significant researches are summarised briefly. Wang et al (1993) described mathematical models for plane-strain sheet bending to predict springback and maximum loads on the punch and die. A computer code named BEND was developed to simulate the air bending and die bending processes. The model has considered the non linear strain distribution through the sheet thickness, strain hardening and anisotropy of the sheet. Air bending simulations showed that the springback angle is proportional to the bending moment and the bend arc length between the punch and die. The main limitation in this model is that it does not consider the shift in the neutral axis and the reduction of sheet thickness during bending. Leu (1997) presented a method for calculating bendability and springback considering the normal anisotropic value, the strain hardening exponent and the sheet thickness. The accuracy of the method has been tested by comparing the prediction with published experimental results of springback. It was revealed that the springback ratio is greater for materials with greater normal anisotropy values or lower strain hardening values and sheet thickness ratio. Elkins and Sturgers (1999) developed an analytic bending model for small radius bending, considering the material and geometric variables that affect springback. A set of variable ratios which are linearly related to springback are determined and they serve as the input data for a linear regression model of springback based on experimental results. Asnafi (2000)
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constructed an analytical model for prediction of the springback and the inner sheet radius prior to and after unloading. Although the thinning and the shift in the position of neutral axis are neglected, the prediction of this model is good. Heller and Kleiner (2006) developed a semi- analytical model for air bending of thin and thick sheets. In this work, special attention has been paid to the mathematical description of the shift of individual fibres and the change of thickness. Kim et al (2007) proposed an analytical model to predict springback and bend allowance, simultaneously, in air bending and a computer program (BEND) was developed for uncoated sheets. The model considers the material properties and realistic non-linear curvature of the bent sheet. The springback and punch stroke results obtained from BEND were compared to Wang et al’s model and experimental results found in their papers. It was observed that the springback results for Aluminium 2024 material obtained from BEND program predicted satisfactory results. Osman et al (2010) developed theoretical air bending model for springback ratio and compared with previously published models. The experimental results were used in a correlation analysis for predicting the springback ratio of V-die bending as a correction of the springback ratio of air bending. These results were verified by comparisons with finite element simulations and experimental results.



Singh et al (2004) developed 3D finite element models of air bending tools for the prediction of the elastic distortions in the tools and, thereby, the corresponding distortion of the formed part. It was found that the springback due to elastic deformation of the bending tool increases as the blank thickness is increased. The suggestions were made to improve the stiffness of the tools which would lead to an improvement in dimensional accuracy of the product. Gajjar et
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al (2007) performed a 3D FEA of an air bending process using Hyperform LSDYNA and compared the results with published 3D FEA results using Ansys LSDYNA and experimental stress strain results. It was found that the results were in good agreement. They further analysed the air bending problem in 2D FEA, with symmetric boundary conditions in width, by assuming plane strain conditions. It was concluded that simplification of air bending problem from 3D to 2D was more efficient and practical.



Panthi et al (2010) reported an elasto-plastic



analysis of a sheet metal bending process using FEM software to predict the springback and to investigate the influence of geometrical parameters, material properties of the sheet and the lubrication condition on springback. The results of simulations were validated with experimental results and it was concluded that material properties and geometric form have a significant effect on springback whereas, friction has a negligible effect. Malikov et al (2011) calculated the force and power requirements for air bending of structured sheet metals with a finite element simulation using the software package LS-DYNA and an analytical approach. The results of the FE simulation, the analytical calculation and the experiments were compared and the application areas of the considered methods were indicated. Fu et al (2012) studied the influence of various process parameters on springback during air bending of high strength steel sheet metal which is used to manufacture crane boom components. The springback was simulated with ABAQUS FEA software and some effective methods for predicting and restricting springback are put forward.



The common approaches for predicting springback and bend force are the aforementioned experimental, analytical and numerical approaches. In the experimental approach, a number of experiments are conducted to develop
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bending tables/charts using the available machine tools. Though this approach can be accurate, it is very slow and costly. The major advantage of this method is that the dependency of the results on machine or tooling can be isolated and once the bending tables are created, they can be easily and efficiently applied. The most important drawback of this method is every air bending situation can not be tested due to time and cost limitations (Kurtaran 2008). Development of analytical models provides simple expressions to predict the responses. It is difficult and cumbersome to develop an exact analytical model for a bending process relating various parameters (material, tool and process) because of the complexity and constraints of the real process. Hence, this approach alleviates the complexities of sheet metal bending by making simple assumptions and ignoring the dynamic parameters (Gajjar et al 2007). Most of the analytical approaches usually make simple assumptions such as: plain-strain deformation, rigid-plastic or simple power law plasticity material models, isotropic material, rigid tooling, neglecting the neutral fibre shift and thickness change accompanying the bending process. Consequently, the models are suitable for simple geometries and deformation and are not quite adequate for all sheet materials.



As an alternative to analytical methods, numerical approaches using finite element method (FEM) are developed. FEM can provide extremely accurate plasticity information by incorporating advanced constitutive equations. However, the iterative solvers need to use explicit-implicit transition which can be challenging and the practicality is lost. Furthermore, it is a computational expensive method and requires a specialist (Garcia-Romeu and Ciurana 2006). Recently, newer modelling approaches have emerged as prediction tools for many
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of the manufacturing problems. Response surface methodology (RSM) and artificial neural network (ANN) are more prominent among them.



2.3.1 Response Surface Methodology Response surface methodology (RSM) is a method which adopts mathematical and statistical techniques to evaluate the relation between a cluster of controlled experimental factors and a response. Response surface methodology (RSM) is used as an alternative method for replacing a complex model by an approximate one based on results calculated at various points in the design space. The selection of the set of data points is in such a way that it maximises the accuracy of the approximation and the process of selection is known as design of experiments (DoE). RSM is well established for physical processes as documented by Myers and Montgomery (2002) while the application to prediction models in sheet metal bending is a relatively a recent research field.



Especially in the field of sheet metal bending, various researchers employed DoE and RSM for the prediction or optimisation of responses in different bending processes. Ohata et al (2003) developed a design system using RSM to find the annealing conditions suitable for sheet forming. Annealing temperature and time were chosen as process parameters. The design system was demonstrated as a useful tool for material process selection and sheet metal fabrication design. Lepadatu et al (2005) developed an objective function using DoE and RSM for springback in L bending process, considering die corner radius and clearance as input parameters and the DoE chosen was a central composite design (CCD). The bending process was simulated using FEM. Further
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optimization was done using a FORTRAN gradient algorithm. Bahloul et al (2006) described a 3D finite element model used for the prediction of punch load and stress distribution during the wiping-die bending process. RSM based on DoE was used in order to minimise the maximum punch load during the bending operation. The results showed the suitability of the proposed model for analysing the bending process. Bahloul et al (2006) in their other work, proposed an optimization methodology for springback of high strength low alloy steel (HSLA) sheet in wiping die bending, based on the use of experimental design and response surface techniques. Experiments and numerical simulations were conducted for full factorial design of experiments of two factors (die radius and punch-blank clearance). When comparing the response surface models developed from experimental and numerical simulations, the former outperformed the latter. Mkaddem and Saidene (2007) applied RSM to develop a predictive model for springback of HSLA metal sheet in a wiping die bending process using three die radii and seven clearance values. The models were developed for two cut specimen directions, parallel and perpendicular to the rolling direction, thereby enabling consideration of the influence of anisotropy on springback. It was shown that cubic approximations were preferential for the prediction of springback and the reliability of RSM was confirmed by the low errors between the computed and experimental results. Bahloul et al (2008) studied the unbending operations, representative of dynamic shock loads, on automobile safety parts made of HSLA steel sheet. The behaviour of sheets during fabrication and the resulting mechanical properties were studied experimentally and numerically. The study based on DoE and RSM was aimed at determining the influence of geometrical process parameters (the die radius Rd and the clearance C between the sheet and the tooling) on the maximum load reached during the unbending operation. A
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good agreement was seen between the simulated and experimental trends of the two response surfaces.



Naceur et al (2006) employed RSM, based on diffuse approximation, for optimisation of tools geometry in U-bending operations in order to reduce the springback effect. The method was validated by the bench mark problem of NUMISHEET’93 and good results were obtained on elimination of springback. Song et al (2007) introduced an optimisation scheme adopting RSM with optimum parameters of the blank holding force and draw-bead force that reduce the amount of springback and improve accuracy of a channel shaped auto-body part. An optimization scheme was applied to the design of the variable blank holding force in the U-draw bending process and the design of draw bead force in a front side member, formed with advanced high-strength steel sheets made of DP600. The results demonstrated that the optimum design of process parameters reduced the amount of springback of the channel shaped part. Chirita (2008) proposed an optimization method based on RSM to reduce the effect of springback in a U bending process. Punch profile radius, Die profile radius and blank holder force were considered as input parameters and the numerical simulations were carried out based on CCD to obtain the response surface equation.



A few studies are found for the application of RSM in air bending processes. Kurtaran (2008) in his paper evaluated the experimental, analytical and numerical approaches in terms of accuracy, efficiency and ease of implementation for a CAD/CAM environment to find the bend allowance (BA)
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values. He compared the advantages and drawbacks of the approaches and proposed RSM and ANN models. The application of higher order response surface fitting for the prediction of BA, using combinations of bending radius, bending angle and material thickness, was demonstrated and this technique was found very promising as an integrated tool for CAD/CAM. RS models of varying orders from first-order to 10th order were created and tested for their predictive capability in terms of RSM error. It was found that the fitting capability of RS models gets higher with the polynomial orders. Narayanasamy and Padmanabhan (2009) developed a prediction model applying RSM, for bend force in an air bending operation of interstitial free steel sheet. The experimental plan was based on CCD and the parameters considered were punch travel, strain hardening exponent, punch radius, punch velocity and width of the sheet. The developed second order model exhibits good correlation with the experimental values.



2.3.2 Artificial Neural Network Artificial Neural Network (ANN) is an information processing system that is inspired by the way a biological nervous system (brain) processes information (Sivanandam et al 2006). ANN has high flexibility in fitting a data set and, therefore, they are utilized very often in creating approximate models. The characteristics of ANN, such as robustness, fault tolerance, parallel implementation and ability to map the non-linear relationships and interactions of process parameters, make it a promising tool for modelling many manufacturing problems. ANN has gained prominence as a prediction tool among the researchers of sheet metal bending as the data involved are complex and the relations of parameters are highly non-linear.
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Lin and Chang (1996) proposed an expert system based on a neural network machine learning model for the selection of tooling in sheet metal bending . The learning model was based on conditional attributes and in this model the pattern classification capability of the back-propagation neural network was utilised.



Ruffini and Cao (1998) employed an ANN model for the



springback minimization in the channel stamping process. Variable binding force histories, obtained from FEM simulations, were used for training the NN by means of the back propagation algorithm. The learned NN was able to predict an optimal binder force trajectory for springback minimisation. Viswanathan et al (2003) described a neural network control system along with a stepped binder force trajectory used to control springback angle in a steel channel forming process. Three coefficients from a polynomial curve fitting of the punch force trajectory were used as inputs to NN and the outputs were parameters for the stepped binder trajectory. It was concluded that the NN algorithm was capable of effectively capturing the non-linear relationships and interactions of the process parameters.



The prediction of springback of perforated sheets in a L bending process using neural networks was studied by Farsi and Arezoo (2009). Material type, hole size, blank holder force, the ratio of die clearance to sheet thickness, die and punch radius, were used as input parameters and the final bend angle was the output of the neural network. Based on 40 case experiments, the NN was trained with a back propagation algorithm. The trained NN was tested using new cases and the test results were compared with experimental results. It was
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observed that the neural network provides close predictions of the final angle. Kazan et al (2009) developed a predictive model of springback in a wipe bending process by ANN, based on the data obtained from FEA. After the network was trained, it was tested, to predict the springback angle, with different sets of strength coefficient and strain hardening exponent values. The results showed the consistency between the FE simulation and the network model.



Roy (1996) presented a neural network model for predicting the required force to produce zero springback in V bending process. There were seven input variables: the strain hardening exponent, strength coefficient, sheet thickness, punch radius, die radius, die width and springback angle, and the output variable was the calibration force.



Due to the small size of the training



set, three different networks were used to model three cases of orientation : 0o, 45o and 90o to the rolling direction of the sheet metal and an acceptable range of springback angle was set high. It was suggested that by considering a bigger training set, one neural network can be used in place of three networks, which was expected to reduce the acceptable range. Bozdemir and Golcu (2008) investigated the effect of different materials, bending angle and die radius /thickness ratio on springback angle in V bending using neural networks. Levenberg-Marquard (LM), Scaled Conjucate Gradient (SCG) and Pola-Ribiere Conjucate Gradient (CGP) learning algorithms were used in the study, with the best results were obtained from LM algorithm.



Forcellese et al (1998) developed a neural network based punch displacement control system in an air bending process of AA5754 aluminium alloy sheets to control springback. Three thicknesses were considered in the study
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and three neural networks, one for each sheet thickness were built. The input pattern was constituted by sheet thickness, bend angle after unloading, and five parameters describing the mechanical behaviour of the material, derived from a model using in-process measurements of bending force and punch displacement. The punch displacement required to compensate the springback was predicted by the trained neural networks. Inamdar et al (2000) discussed the development of an ANN model for predicting springback in air vee bending of metallic sheets. The architecture consisted of five inputs such as angle of bend, punch radius/thickness ratio, die gap to die entry radius ratio, strain hardening exponent and two outputs, springback and punch travel. The ANN was trained with data generated from air bending experiments. The effects of network parameters on mean square error (MSE) were studied. It was found that updating the learning rate and the momentum term was found to be beneficial. The trained ANN was tested with a new set of testing data and it was found that the accuracy of prediction depended more on the number of training patterns used than on the ANN architecture. Inamdar et al (2000) in their other paper detailed the application of the ANN code to the problem of springback. It was explained that the trained ANN, using analytical models, could be used as a pretrainer, which could be refined by training it on the machine. It was demonstrated by training the ANN with the data generated using an analytical model and input values from published literature. A good correlation was found between the test output of ANN and the springback angle determined from the analytical model. It was further concluded that given the size of the training set, a batch mode of learning is more appropriate Garcia- Romeu and Cirauna (2006) in their paper described the application of neural networks for the prediction of springback, punch displacement and final bending radius. The training of several networks was carried out and it was found that individual networks for each output performed
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better than the single network for all the outputs. Kurtaran (2008) designed an ANN architecture, consisting of two hidden layers to capture the highly nonlinear bending problem to produce accurate bend allowance predictions. He compared the predictions of ANN with experimental, empirical and RS approaches and ANN was found to be the most accurate of all. Narayanasamy and Padmanabhan (2010) compared the neural network model with a regression model for the prediction of springback of interstitial steel sheets in an air bending process. Punch travel, orientation of the sheet in terms of strain hardening exponent, punch radius, punch velocity and width of the sheet were considered as input and springback as output. It was observed that the ANN model can predict the springback with higher accuracy when compared to the regression model. Fu et al (2011) developed a back propagtion neural network model integrated with a genetic algorithm to predict the springback for air bending of high-strength sheet metal. The model is based on on orthogonal test for air bending of high-strength steel sheets, with input parameters such as sheet thickness, tool gap, punch radius, the ratio of yield strength to Young’s modulus and punch displacement .The prediction method yields satisfactory result in sheet metal air bending of a workpiece used as crane boom.



2.4



COATED STEEL SHEETS



In the sheet metal industry there is a wide use of steel sheets for manufacturing various parts but the susceptibility to corrosion is a natural weakness of steel products. The necessity to protect the steel products from corrosion has demanded the widespread use of coated steels instead of uncoated ones. The application of coated sheet metals used in auto body parts, problems on
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forming these materials, and various forming techniques, were reported by Hayashi et al (1994). The change in frictional behaviour and coating layer damage are the two major issues observed in forming coated steel sheets. The forming performance of coated, laminated, and sandwiched sheet metals was extensively reviewed by Kim and Yu (1997). It was concluded that it is important to select proper bonding techniques in the application of a coating and appropriate tooling for better performance. The importance of further experimental and analytical investigations for studying the forming behaviour was emphasised. The most frequently used metallic coating material is zinc. The zinc coating protects the steel in two ways: it acts as a permanent physical barrier, preventing the atmosphere from contacting the steel surface, and inhibits corrosion. Since zinc is anodic relative to steel it provides galvanic protection losing slowly in the presence of corrosive elements, even the coating is removed in some areas and the steel becomes exposed (Shackelford 1992). The zinc-coated steels are known as galvanised steels. In the automotive industry hot-dipped galvanised and electro-galvanised (EG) steel sheets are widely used. Besides corrosion resistance, the coated sheet steels must also satisfy other requirements such as formability and surface quality. The formability of zinc-coated steels depends on both the characteristics of the substrate and the nature of the coating (Jiang et al 2004). Surface damage of the layer during forming affects the formability of the sheet. In hot-dipped coatings, as the steel is immersed in molten zinc at high temperature, Fe-Zn intermetallic phases are formed at the coating-substrate interface. These intermetallic phases are hard and brittle (Kumar and Ravi 2006). Hence, cracks are formed in the earlier stage of forming and as a result, the formability will be reduced. In contrast as the EG coating has a constant chemical composition over their whole thickness, small grain size, and lower hardness, the coating follows deformation of the substrate without cracking
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(Gronostajski 1995). Hence, the EG steel sheets have better formability (Jiang et al 2004) and surface nish, these sheets are much preferred as a substitute for uncoated cold-rolled steel sheets. Only a few studies are available on the springback behaviour of coated steel sheets during bending. Yuen (1996) derived a generalised solution of the springback of a multi-layer strip by examining the evolution of the stresses and strains involved in each layer during a stretch bending operation. By introducing mathematical approximations, simplified closed-form solutions have been developed for a three layer composite, which would find application in the steel industry.



Chan and Wang (2001) investigated the effect of nickel coating on springback for integrated circuit lead frames made of steel and copper alloys, using a special cantilever type forming jig with different die clearances. The major conclusion was that coating thickness and die clearance influence springback significantly. It was revealed that the springback is related to the mechanical and anisotropic properties of the bare lead frames. Further, when the experimental springback values were compared with the values obtained from Yuen’s model, a large discrepancy was observed between them. It is suggested that developing a new model to describe the bending process of coated steels in a better way would be most useful.



2.5



EFFECT OF LUBRICATION The lubrication and friction in a sheet metal forming process has been



studied by a number of researchers and important investigations are reviewed.
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Schey and Dalton (1990) studied the lubrication mechanisms in the forming of galvanised steel sheet by carrying out bead-drawing experiments with bare, hotdipped, electrogalvanised and galvannealed steel sheets using paraffinic base oils with various additives. It was found that variation in surface finish modifies the friction and the sub-microscopic features of electrogalvanised sheet and helped in the retention of lubricants.



Wang et al (1996) used testing and an analytical procedure to investigate the frictional behaviour of four types of sheet alloys. The coefficient of friction as a function of tool radius, punch speed, lubricant and material was measured and analysed.



Matuszak (2000) studied the influence of factors,



including: material orientation, lubricant, velocity, plastic strain and contact pressure, on friction, and developed a regression model for friction for steel sheet/steel tool interface.



The influence of various stamping parameters such as lubricant, pin radius and surface roughness on interfacial friction was examined by Lovell and Deng (2002) for electrogalvanised and lead coated sheet steels, with oil and grease lubricants. Lee et al (2002) developed a friction model based on experimental results considering lubricant viscosity and surface roughness and used it in the finite element analysis of sheet metal forming processes. The friction coefficients obtained from the model improved the accuracy of FEM prediction.
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Since the lubrication modifies the friction conditions, it may influence springback and bend force of EG steel sheets. From the literature, it is understood that the lubrication effect in sheet metal forming is determined by various process variables including type of lubricant, surface conditions of the sheet, tool geometry and forming velocity. But the effect of lubrication on springback and bend force is not studied by many researchers.



Narayanasamy and Padmanabhan (2010) studied the effect of lubrication on springback in air bending of interstitial free steel sheets and showed that the lubricant and lubrication technique influence the springback.



2.6



LITERATURE GAP



Studies found in the literature show the necessity of studying the air bending process and the importance of understanding the springback and bend force in a bending process. Various investigations on bending show that the parameters such as orientation, punch radius, die radius, die opening, punch velocity and lubrication, have considerable influence on springback and bend force.



The substitution of EG steel for uncoated steel presents challenges in understanding the springback behaviour. As the coating modifies the springback behaviour for EG steel, the understanding of springback behaviour is essential for controlling the process and in the design of dies. The springback behaviour of the



32



EG sheet in the air bending process has not been attempted by the previous researchers. On the basis of this, the present research has been carried out.



.



From the review, it is found that a large quantum of the research



concentrates on studying the springback and a very limited research focuses on the study of bend force. The lack of the literature available in this area motivated the researcher to study the bend force behavior in air bending.



Studies related to the effect of lubrication on springback and bend force during a bending process are limited and yet to be explored. The researcher has attempted to study the influence of lubrication related parameters on springback and bend force.



Many researchers have used RSM modelling for optimising springback in different bending processes. But the application of RSM in the prediction of springback and bend force has not been explored fully. In this direction an attempt has been made in the development of predictive models applying RSM, for correlating the relationship of various parameters on springback and bend force in air bending of EG steel sheet.



Most of the ANN models have been developed to predict the springback and few have been compared with other modelling techniques. The development of an ANN model for predicting both springback and bend force has not been attempted previously. An ANN model for predicting both springback and bend force has been attempted in this research and the model has been compared with RSM models.
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