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INFLUENCE OF BLANK HOLDER STIFFNESS ON PART SURFACE QUALITY IN DEEP DRAWING PROCESS
Ranko Radonjic1a, Mathias Liewald1b, Fei Han1c
Summary: Deep drawing of sheet metal components having complex geometry leads to increased tendency on cracks and wrinkle formation as well as large elastic recovery after unloading. Due to that, required part quality in many cases in industry does not reach given specifications originating from body shops of today. Objecting the goal of increasing part dimension and surface quality by adjusting the local blank holder stiffness, simulative and experimental investigations for a car fender geometry in this paper were accomplished. The blank holder in this case consists of a cover plate which is supported by numerous appropriate supporting cones made of steel. Components of the blank holder then were meshed by solid elements and considered as elastic bodies in FEA. Deep drawing process was simulated by using LS-Dyna code subsequently. Stiffness of the blank holder plate as well as pressure distribution during deep drawing was optimized by variation of compression elasticity and order of the supporting cones surrounding deep drawing out line of tool. Simulation and experimental results showed that wrinkles of the second order, crack tendency as well as elastic recovery in deep drawing process can be significantly reduced. Main key points of experience gained in this field are included in this paper.
Key words: deep drawing, wrinkles, cracks, springback, blank holder.
1. INTRODUCTION 
One possibility to decrease fuel consumption and carbon dioxide emissions of vehicles is to reduce weight of car body. Use of high strength steels (HSS) for manufacturing car body components offers exceptional opportunities to reduce weight of the vehicle as well as to increase crash performance [6]. Strategies to define the forming process considering successful production of components without cracks, wrinkles as well as within given range of spring back amount are significantly changed, if compared to forming of mild steels. Due to that, the use of high strength steels for forming complex part geometries is increasing problems in the manufacturing process which have been existing for a while such as quality control requirements and process robustness [1]. The high strength steels do have very high levels of tensile strength and relatively low values of elongation at fracture as well as relatively low Lankford parameters [5]. Considering previously mentioned parameters, the process window in deep drawing for this kind of materials will become smaller. Within this reduced size of process window, the parts regarding quality requirements with low scatter have to be manufactured [7]. The blank holder indeed has very important influence on cracks, wrinkle and spring back emergence in deep drawing process. Due to changeable sheet thickening during deep drawing, extreme pressure (pressure peaks) the contact on surface between blank holder and part can occur [8]. This occurrence will stop sheet metal draw-in in this area, and due to that cracks will arise (Fig. 1a). On the other hand, very low pressure values between blank holder and part will cause wrinkle formation and undesired spring back appearance (Fig. 1b and c). Due to that, it is necessary to optimize blank holder structure objecting proper reduction of the tendency towards wrinkles, cracks and spring back. 
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Fig. 1 Frequent failures in deep drawing process;                                                             (a)- cracks, (b)- wrinkles of second order, (c)- spring back
2. FEM-MODEL FOR DEEP DRAWING PROCESS
FEM simulations are useful tool for prediction of the wrinkle formation, crack tendency as well as possible part shape deviations in forming process. In case of FEM simulation of deep drawing process, the active tool surfaces are usually modelled as rigid body elements targeting reduction of calculation time. But in reality, the tool do have an elastic body. In this case elasticity of the tool and press machine can be adjusted approximately by appropriate contact definition. Due to this simplification difference between simulation and experimental results can occur. In order to increase simulation preciseness, tool and press should be modelled as an elastic acting bodies. Unfortunately this will result into a tremendously increased simulation time. 
Within this investigation, simulation of deep drawing process for one car fender geometry considering the elastic body for blank holder assembly was carried out. Dimension of the car fender geometry is approximately 644 mm and width was set to 385 mm. In the simulation for blank, material model *MAT_36 (3-Parameter Barlat Plasticity) was used. This material model enables implementation of Lankford parameters r0, r45 and r90 into FEM-Model and due to that include variety of material parameters depending on rolling direction [2]. Use of elastic blank holder allows to locally apply different surface pressures on the part. This can be realised by varying the blank holder stiffness by using the appropriate order and type of the supporting elements. The blank holder consists of one cover plate in this case which is supported by multiple elastic cones. In order to describe elastic behavior of the tool, blank holder plate and corresponding supporting elements were meshed with solid elements. For those tool parts one elastic material model *MAT_ELASTIC was assigned. Tool components were modeled by using CATIA V5 software. For modeling the deep drawing process the softwares Dynaform 5.8.1, LS Prepost 4.1 and Texteditor Notepad++ were used. Dynaform was used for position of the tool parts as well as for defining loads and tool motions. Appropriate contacts between tool surfaces and part were defined by using the software LS Prepost. Due to numerous simulative optimisations, small changes regarding friction coefficient, blank holder force and other influencing parameters were conducted by using Texteditor Notepad++. Tool surfaces of the punch die and adapter plate were meshed with shell elements (Belytschko-Tsay-Shell, ELFORM 2). Afterwards, one material model for rigid body *MAT_RIGID was assigned for the mentioned tool parts. For punch and die, the contact *FORMING_ONE_WAY_SURFACE_TO_SURFACE was defined. Between blank holder plate and blank, the contact type *AUTOMATIC_ONE_WAY_SURFACE_ TO_SURFACE was defined.  Contact type *AUTOMATIC_SURFACE_TO_SURFACE was used to describe the contact between blank holder plate with the supporting elements as well as between adapter plate and supporting elements. 
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Fig. 2 FEM-Model for deep drawing process using elastic blank holder
3. SIMULATION RESULTS

For analysis of the simulation results, different aspects were taken into account. Occurring stresses and strains in combination with the Forming Limit Diagram (FLD) as well as part shape deviations were evaluated. Compressive stresses were analysed in the sidewall of the parts in order to define start of the wrinkle formation regarding different forming conditions. Analysis of the wrinkle formation process on basis of the obtained simulation results was provided regarding to new criterion for wrinkle prediction which was developed at the Institute for Metal Forming Technology (IFU) Stuttgart. Regarding mentioned criterion, it can be assumed that the second principle stress is found in compression state. The second principal stress achieves its maximum value during the wrinkle initiation process [3]. After the wrinkle initiation process is finished, values of the compression stress will start to reduce and during the time will tend towards the value zero. After achieving the approximately values zero it is assumed, that  the wrinkle formation process is completely finished [3], [4]. Fig. 3 shows simulation results for deep drawing by using the rigid tool components. Applied blank holder force in this case was 900 kN and deep drawing depth was set to 60 mm. Here, two finite elements were selected in the critical area of the part regarding to occurrence of wrinkles (Fig. 3a). In order to analyse wrinkle formation process, a diagram which shows relationship between minimum principal stress (compressive stress) and deep drawing depth is presented in Fig. 3b. It can be seen, that the wrinkle is initiated at the deep drawing depth of approximately 17 mm. Wrinkle initiation process was observed until drawing depth of 40 mm for element "1" and up to depth of 35 mm for element "2". During these two defined points in the diagram, the compressive stress starts to reduce continuously. Having achieved drawing depth of approximately 57 mm the minimum principal stress is very close to value 0. Regarding the previously described assumption, at this deep drawing depth wrinkle is completely formed for finite element "2". The simulation results showed an increased tendency for wrinkle formation in this case. One possibility to reduce wrinkle tendency was to apply higher blank holder force. Here it should to be considered that a higher blank holder force increases risks of sheet thinning as well as of cracks.
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Fig. 3 Distribution of compressive stresses; (a) selected elements of the formed part shape, (b) relationship between minimum principal stress and deep drawing depth 
Afterwards, numerous simulations of the deep drawing process with the elastic considered blank holder structure were carried out. Blank holder was loaded in an optimized manner by means of arrangement and appropriate elasticity of the supporting elements. Main aim of these simulations was to optimise blank holder structure which allows appropriate blank holder plate deformation depending on caused sheet metal thickening during deep drawing process. Fig. 4 shows simulation results gained in case of load optimised blank holder structure. Applied blank holder force was 1000 kN and achievable deep drawing depth without cracks was 70 mm. Thus, it can be seen, that the blank holder plate is variable deformed although one point press cushion system is considered in simulation (Fig. 4a). This effect can be explained due to variable sheet thickening which occurs during deep drawing process as well as corresponding deformation of the blank holder plate. Fig. 4b shows a forming limit diagram of the formed part.                     
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Fig. 4 Simulation results with the load optimised blank holder structure; (a) displacement of the blank holder plate in z direction, (b) Forming Limit Diagram (FLD)

For optimised blank holder stiffness, wrinkle formation process was analysed as well (Fig. 5). In the most sensitive area of the part regarding wrinkle development, two finite elements were selected (Fig. 5a). It can be seen that the compressive stress achieved its maximum values at the deep drawing depth of approximately 44 mm for both finite elements. At this defined point of diagram (Fig. 5b) minimum principal stress starts to reduce its value, and further its amount does not tend to the value zero. After achieving the maximum, its value is changing cyclically. Considering obtained results, the deep drawing depth in this case significantly increased compared to deep drawing with rigid blank holder which has not been load optimised. Also, the tendency to wrinkle development was reduced noticeably.
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Fig. 5 Distribution of compressive stresses; (a) selected elements at the formed part shape, (b) relationship between minimum principal stress and drawing depth

Purpose of designing load optimised blank holder is to adapt the blank holder plate deformation regarding changeable sheet thicknesses which occurred in the flange area of the part as well as to adjust the sheet metal draw-in regarding part geometry. In area of expected high sheet thickening, blank holder structure has to be modelled softer. Fig. 6 shows influence of the blank holder stiffness on spring back amount. Simulations were carried out by applying a blank holder force of 1000 kN and deep drawing depth of 70 mm. For spring back analysis, sidewall and bottom area of the part were taken into account. Fig. 6a shows occurred spring back amount when calculating with the conventional blank holder structure. In this case the supporting elements with the same mechanical properties and same consisting features were positioned side to side surrounding the deep drawing outline of the tool. Simulation results in this case showed an increased amount of spring back. In part bottom area, maximal occurred shape deviation is +2.9 mm, while in sidewall area measured deviation reaches value of -2,7 mm. Fig. 6b shows simulation results for load optimised blank holder stiffness. It can be seen that the part shape deviation in sidewall of the part as well as in bottom area was significantly reduced (maximal shape deviation in sidewall area of part is -1.4 mm and in bottom area deviation was reduced down to 0.5 mm.
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Fig. 6 Calculated spring back; (a) conventional blank holder structure, (b) load optimised blank holder structure
4. EXPERIMENTAL WORK

Experiments have been done at the servo driven press AIDA. Selected press can provide the nominal force of 6300 kN and blank holder force of 1500 kN. Fig. 7 shows deep drawing tool assembled to the servo press as well as one of the parts which was deep drawn in experiment.
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Fig. 7 Experimental setup; (a) deep drawing tool assembled to the servo press AIDA, (b) deep drawn part

For the experimental determination of the part shape deflections occurred during the deep drawing process, selected parts were digitized by using the optical measurement system GOM ATOS. In order to avoid the reflection of sheet metal surface during the measurement process, considered parts were treated with a matt white colour. The thickness of colour coating had to be extremely thin in order to reduce measurement errors so far. After the parts have been digitized successfully, they were compared with the reference geometry of the part. For this purpose GOM Inspect software was used. Fig. 8a shows part shape deviations measured when using uniform blank holder stiffness. Deep drawing depth in this case was chosen to 60 mm and applied blank holder force was set to 900 kN. Experimental results showed that higher deviations have been detected on real part. These deviations consists of the wrinkles as well as spring back (sidewall curl and angle change). Highest deviation measured was +2.42 mm, and in this area of part, wrinkle of the second order is visible. Other deviations being found in the sidewall area of the part are a result of the elastic recovery or spring back after the part is relieved during deep drawing process.
Regarding simulative optimised blank holder structure for deep drawing depth of 70 mm, the appropriate blank holder was assembled. The blank holder consists of the blank holder plate and corresponding supporting elements with the appropriate modulus of elasticity and arrangement (in regard to simulation results presented in Fig. 4). Experimental results achieve drawing depth of 70 mm without cracks as well. Fig. 8 depicts experimental results for a part which was deep drawn with the optimised blank holder structure. The highest shape deviation here amounts around +1.25 mm. No visible wrinkles in the part sidewall area were detected. The deviations occurred in the part sidewall are a result of elastic recovery which occurs after the part is removed from the tool. When comparing the results obtained in this case with the evaluated results for parts which were deep drawn with uniform (rigid) blank holder, it can be recognized that shape deviations in general were significantly reduced. 
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Fig. 8 Comparison of the wrinkle height; (a) deep drawn part with uniform (rigid) blank holder structure, (b) part formed considering load optimised blank holder structure
5. CONCLUSION 

In this investigation, the blank holder structure was optimised. Taking a car fender shape as an example, investigation results showed, that it is possible to increase deep drawing depth significantly, when considering satisfying shape quality of the component. Maximal achievable deep drawing depth with uniform blank holder stiffness without occurrence of cracks and wrinkles was 60 mm. Simulation results showed that the wrinkle initiation process has already started during drawing depth of approximately 17 mm when considering uniform or "rigid" blank holder stiffness. It can be assumed that wrinkle is completely formed at the deep drawing depth of 57 mm. Using optimised blank holder stiffness, the deep drawing depth with regard to satisfying quality of part shape was increased up to 70 mm. Simulation results in this case showed that the wrinkle initiation process first starts at the drawing depth of 44 mm. After achieving maximal value at this depth, the compressive stress cyclically changes its value, but does not diminish entirely. Regarding these results it can be assumed that the wrinkle in the selected critical part area was initiated, but it was not formed considering unstable changes of minimum principal stress. Simulation results showed that the blank holder stiffness indeed reveal an important effect on spring back. In case of uniform blank holder stiffness, high part shape deviations were measured (2.9 mm from part bottom area). After deep drawing with the optimised blank holder stiffness, part shape deviation in sidewall and bottom area of the part were significantly reduced. The tool load optimisation is of great importance especially when forming high strength steels. Simulation and experimental results showed that it is feasible to predict wrinkle formation process as well as successfully optimising blank holder stiffness objecting increase of deep drawing depth. Results of this investigation showed that the part shape deflections (wrinkles and spring back) can be significantly reduced when forming with the load optimised blank holder.
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