Chapter 3

Advancements in Blank Holder Force Control

 

3.1 Introduction

In the previous chapter, the process fundamentals of deep drawing were discussed in detail. The various defects and their causes were also described. In section 2.6, it was concluded that the blank holder force plays a critical role in the process by defining the dominant mode of deformation, i.e. stretch forming or pure drawing. It was seen that excessive stretch forming leads to early tearing due to wall thinning and excessive pure drawing leads to wrinkling. Not only this, the mode of drawing also determines the springback. These facts, naturally leads one to the idea of blank holder force control for process improvement. This idea has been explored by different researchers in the past. In this chapter, the evolution of blank holder force control has been reviewed through literature survey. The primary purpose is to rationalize that what has been done and what needs to be done. This chapter first discusses the advancements in forming limit diagrams (FLD) and wrinkling limit curve (WLC). This is essential because the development of these diagrams have made it possible to fully understand the drawing process these also set the theoretical limits to the draw depths that can be achieved and the metal thinning or thickening that can be tolerated. In section 3.3, the progress in BHF control technology is explored in detail. The discussion follows more or less, chronological order. However, for the purpose of clarity and comparison different techniques of profiling that is increasing, decreasing, pulsating and closed loop BHF control systems have been discussed in separate sub sections (sections 3.3.1, 3.3.2, 3.3.3 and 3.3.5 respectively). In the same way development of modelling and simulation techniques for design of BHF profiles and the research on use of BHF profiles for control of springback has been discussed in separate subsections (3.3.4 and 3.3.6 respectively). Finally, flexible and segmented blank holders, which have allowed for spatial in addition to temporal profiling of BHF are discussed in detail in section 3.3.7. The chapter ends with conclusion in section 3.4. 

3.2 Developments in FLD and WLC

FLD was explained earlier in section 2.5.4. In this section, the historic development of FLD will be considered. The development of FLD can be traced back to experiments conducted by Keeler and Backofen [8]. The initial observations suggested that the increase in ratio of circumferential strains to the radial strains, from zero to one, results in a marked increase in fracture strains [20]. This indicated that biaxial strains could lead to strain levels much higher than that possible through conventional uni-axial tensile tests. However, it was not until Keeler used electrochemical methods to determine strain histories and distributions precisely, that it became possible to define critical strain level curve in terms of major and minor strain [21]. These experiments became the basis for establishing FLD. Later in 1967, the M-K theory was proposed by Marciniak and Kuczynski to explain analytically the limit strain values on the basis of material properties, strain histories and ratio of principal strains [23]. The Goodwin cup and tension tests of 1968, made it possible to obtain the forming limits also in positive quadrant, and hence provided the right hand side of the FLD in the same form as we know it today [24].
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Figure 3.1 Keeler -Goodwin forming limit diagram [24]

The FLD hence obtained accounts for all three possibilities of strain, (Figure 3.2) i.e. minor strain less than zero, equal to zero or greater than zero. The major strain in each case is positive. Further tests by Marciniak et al. revealed that the strain values obtained if the major strain is taken along the rolling direction are different then obtained by taking major strain along a different direction [26]. Hecker improved and simplified the process of obtaining the FLD by adopting a methodical approach that enabled him to obtain strain conditions ranging from uni-axial tension to balanced biaxial tension [27]. On the other hand Lee and Zaverl developed successful analytical techniques to determine forming limits, however these techniques could not account for the effect of strain history. [28]
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Figure 3.2 A schematic representation showing three different conditions of strains where major strain is always positive and minor strain can be negative, positive or zero. [25]

In the early phase of development of the FLD, it was assumed that the strain path is linear. However, shortly it was realized that the effect of these paths could be significant. Hence, the work of Hsu et al [29], Kobayashi et al [30], and Matsuko and Sudo [31] established the dependency of FLD on strain path. They showed that in general uniaxial pre-strain increases the forming limits and biaxial or plane-strain pre-deformation reduces it. Further work in this regard was carried out by laukonis and Ghosh [32], Lloyd and Sang [33, 34]. The work of Rasmussen [35] and Barata da Rocha and Jalinier [36] established the basis for analytical modelling of strain path effect. They concluded that it is the strain path in final stages of deformation that determine the onset of plastic instability. Graf and Hosford confirmed that minimum point of FLD always occurred for plane-strain conditions regardless of strain path followed during pre-straining [37]. 

Similarly efforts were made to include the wrinkling limit as curve on FLD. Initial success was claimed by Havranek [38], who obtained a WLC as shown in figure 3.3 for material tested in the range of 0.25 mm to 0.99 mm. However, it was later shown by Thomson and Szacinski that wrinkling limit cannot be included in a general form on a traditional FLD. According to them “The critical stress (strain) for initial plastic wrinkling, regardless of the mode of wrinkling, falls on an ellipse corresponding to the Mises yield criterion, as it must, but this does not provide a criterion for the initiation of wrinkling, as so do the stress states of all plastically deforming material at the same level of work-hardening” [39]. This meant that for different experimental conditions different WLC would be obtained. However, for similar conditions this finding does not contradict the concept of safe region described in section 2.6.1. 
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Figure 3.3 Forming limit diagram with wrinkling limit curve [38]

The idea of FLD was extended to develop another type of diagram called a Nomograph. The use of Nomograph was made popular by Keeler and is now widely used in industry. As shown in fig. 3.4 a Nomograph is a two dimensional map of three dimensional strain state [40]. Like the FLD, it has major strain on positive y-axis and minor strain on positive and negative x-axis. The lines of constant metal thinning i.e. the thickness strain are plotted on this graph. Basically, it is a quick way of obtaining the third strain if two are already known. Nomograph is used to obtain practical limits of major and minor strains based on metal thinning, which is the primary cause of failure. It creates a clear picture as to what state of stress may cause tearing or wrinkling. For example the point labelled “1” in figure 3.4 shows a +10% thickness strain this shows that this point of +30,-30 (major, minor strain) is at a high risk of wrinkling if it is unsupported by the appropriate BHF. Therefore, a Nomograph helps in predicting wrinkling as well as tearing.
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Figure 3.4 Nomograph showing the relationship of major and minor strains with the change in thickness strains [40]
3.3 BHF control strategies

The draw ratio achievable in a drawing press is more dependent on the operating parameters and method being used than on the intrinsic material properties. This can be explained by considering fig 3.5a and fig 3.5b. Here we see than hydro-forming produces much more strains than produced by a solid punch. The reasons for this are change of strain path and the sudden change in curvature due to friction. 
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Figure 3.5a Schematic of a hemispherical dome requiring an increase in length of line of 57 percent [41]
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Figure 3.5b Red line shows strain gradient developed by a solid punch when forming the hemispherical dome in A. Blue line is strain distribution developed by hydroforming with water [41]
Even when the comparison is between the same methods of forming, the operating parameter and die and tool design play a critical role. As explained earlier in section 2.2, 2.3 and 2.6 one of the important parameters defining the stress/strain path is BHF. As seen earlier in this chapter the strain path affect both the tearing and wrinkling limits of sheet metal. Hence, considerable effort has been expended on development of effective BHF control strategies. These strategies can be open loop or closed loop. One of the early strategies was that of Hardt and Lee. In one study, they designed the blank holder to maintain a constant blank holder displacement and kept the BHF to a minimum level necessary to avoid wrinkling or tearing [42]. While in another study, they controlled the volume of material entering the die cavity by varying BHF in response to thickness change [43]. With both the techniques, they were not able to increase the maximum cup height appreciably. Nevertheless, the consistency of the process did improve by this technique. 

3.3.1 Decreasing BHF profiles

Yossifon et al. concluded in his research that for successful draw BHF is to be maintained at a minimum value sufficient to avoid wrinkling on their BHF-punch stroke diagram [44]. However, Majlessi and Lee suggested the use of BHF trajectory, which closely follows the contour of fracture cure. They developed a diagram, which showed wrinkling and fracture points as a function of punch stroke. (Figure 3.6) [45]. Based on this work Kergen and Jodogne [5, 6] performed studies aimed at determining minimum BHF curve trajectories for various steels. They used a closed loop system to increase the draw depth effectively and noted that minimum of BHF corresponded roughly with the maximum of punch force. However, they also observed that the type and properties of steel being used strongly influenced the trajectories. 
Other researchers that reported success by using a decreasing BHF profile include Van der Hoven et al. [46], Kirii et al. [47], Blumel et al [48], and Gunnarson et al [49]. Gunnarson et al concluded that for axi-symmetric deep drawing, decreasing BHF from a constant value to zero produced superior results as compared with constant or increasing BHF profile in terms of achieving greater draw ratio without tearing.
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Figure 3.6 Diagram showing the onset of wrinkling, (o) and fracture, (-), along with the amplitude of the wrinkles, as a function of blank-holder force and punch displacement [45]

3.3.2 Increasing BHF profiles

On the contrary many authors claimed success using increasing BHF trajectories, these include, Thiruarudchelvan and Lewis [7], Hirose et al. [50, 51] and Jalkh et al [52] and Cao et al. [53]. The work of these authors showed that successful cups can be drawn by keeping the BHF at a minimum before wrinkling starts, and then upon detection of wrinkles just raising enough to suppress wrinkling. However, care must be exercised that BHF is not raised so high as to cause tearing. 
Hishida and Wagoner although achieved success using an increasing BHF profile for automotive fender panels; concluded that, relative effectiveness of increasing or decreasing BHF may be reversed depending on the geometries and strain histories involved [54]. 
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Figure 3.7 Profile of the body wrinkles resulting from two different BHF trajectories [50, 51]

3.3.3 Pulsating BHF profiles 

A new concept of pulsating BHF was introduced by Siegert and Ziegler [55]. The onset of wrinkling in a blank drawn with a pulsating BHF was observed to occur at a displacement similar to that obtained under a constant BHF equal to the maximum force of pulsation. However, the chances of tearing were reduced due to reduction in friction, which allows more material to flow when the pulse is approaching its minimum. The example in figure 3.8 shows increase in the working window for steel sheets coated with zinc and phosphate. The pulse frequency in this case is 3 Hz. It was shown that frequency does not have a lot of influence on this. This method can also lead to better part quality in terms of control of springback.
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Figure 3.8 Onset of tearing with the BHF pulsating at a frequency of 3 Hz for the static case (a =0 kN) and non-static amplitudes of 9, 13, and 20kN [55]

3.3.4 Modelling of BHF trajectories 

Several researchers used different approaches to find optimum BHF trajectories using computer modelling. In this regard, the work of Traversin et al. is noteworthy [56]. They used finite element analysis to simulate the onset of wrinkling. The authors were able to predict this with an accuracy of 95%. They et al. used a decreasing BHF profile to avoid wrinkling. Ahmetoglu et al used a different approach [57]. The authors made use of computer simulation in the drawing of a round cup. Blank Holder Force was controlled using the three variables of punch force, radial stress and thickness strain. They smoothed the results into a single decreasing BHF trajectory, which was then used to draw a cylindrical steel cup. This decreasing trajectory was used to increase the draw depth successfully, over the case of a constant binder force. The Work of Sim and Boyce [58] is also a significant contribution. The authors simulated tangential force and normalized average thickness trajectories. These yielded numerical results for BHF trajectories that were later employed to increase the draw depths. Cao and Boyce [6] carried this work further and developed a BHF trajectory having a combined upward and downward portion. This resulted in a 16% increase in forming height over the results obtained by the best constant binder force case. They achieved these results by performing finite element simulations with PI control of the blank holder force.

Hsu, Ulsoy and Demeri [59] proposed an approach for modelling sheet metal forming for process controller design. They developed a process model for U-channel forming, i.e., a mathematical relationship between the blank holder force and the punch force was determined and validated experimentally. Characterization of model uncertainty due to blank size, sheet thickness, material properties and tooling shape was also studied. The process model was shown to be effective in describing the forming process.

3.3.5 Feed back control systems for BHF profiling

Apart from the open loop, BHF profiles a number of closed loop, feed back control systems have also been attempted at to extract maximum benefit of BHF profiling. One of the successful attempts was made by Hsu et al [60]. The authors enhanced their previous work [59], developed a process controller, and found an optimal punch force trajectory. The blank holder force varied in response to maintain the optimum punch force trajectory. The process model they adopted was a single input single output (SISO) first order dynamic nonlinear model. 

A proportional plus integrator controller with feed forward action (PIF) was successfully implemented for this SISO model. The results of simulation and experiment with the proposed controller are shown in figure 3.9 and 3.10. In figure 3.10, we can see that different BHF profiles produce same punch force trajectory. This is an indication that controller is working fine. One important limitation of feed back systems based on proportional plus integrator (PI) controllers is the need for tuning. This can be often time consuming and the results can be affected adversely if proper tuning is not done. These limitations have been addressed in some recent researches by using controllers other than PI. These developments will be discussed further in section 3.3.7. However, the important conclusion from different researches on feed back systems is this that if cost and complexity justifies then a feed back system offers more consistent and better solution than open loop profiling. 
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Figure 3.9 Simulation results showing the results achieved by applying PIF controller [61]
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Fig. 3.10 Experimental verification of implementation of PIF controller [61]
3.3.6 Controlling springback through BHF profiling

As described in section 2.3.3 springback is also a major problem affecting the quality of drawn components. Researchers have demonstrated that profiling blank holder also plays a vital role in controlling springback [17]. This work was furthered by Cao et al. [14]. They used a neural network to determine a stepped binder force trajectory. This helped them in minimizing springback and obtaining consistent part quality. Their method was successfully incorporated material variations and different lubrication conditions. The basic concept employed was that of intermediate restraining to relieve the elastic stresses. The authors achieved an optimal punch trajectory by varying the BHF based on use of neural networks to avoid spring back. (Figure 3.11, 3.12) 
The approach was shown to be robust and applicable to a wide range of materials and process conditions. Similarly Liu et al. [62] in his study of forming of U-shaped parts also concluded that forming quality was improved when a variable BHF profile was used. Moreover, that spring back can be minimized effectively when appropriate BHF trajectory is used.
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Figure 3.11 The target and actual punch force profiles in closed-loop control [14]
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Figure 3.12 Resulting BHF profile for closed-loop control following punch force trajectory [14].
3.3.7 Flexible and segmented blank holders – Spatial and temporal profiling of BHF

So far, this chapter has mainly focused on variation of BHF with respect to time and its effects on drawing quality. In addition, the BHF can also be varied in terms of spatial coordinates. That is different blank holder force can be applied on different portions of the blank holder at the same time, using flexible or segmented blank holders (also called binders). This type of profiling becomes more important for non-circular parts. In this regard, Doege and Sommer conducted one of the earliest experiments [63]. They observed that a rigid blank holder could only come in contact with the thickest part of the sheet during drawing (i.e. with corners) hence the wrinkles in the flange area remain unsuppressed unless very high BHF is used. However, this can increase the risk of tearing substantially. Therefore, they proposed the use of flexible blank holder of an elastomeric sheet with series of pressure bars. They reported effective wrinkle suppression. This work was furthered by Doege and Stock who improved the design of flexible blank holder and reported improvement of part quality. [64]

The next step towards effective and accurate control spatial profiling was the use of segmented blank holders and the combination of spatial and temporal BHF profiles. The idea of segmented blank holders was studied using finite element modelling by Wang and Majlessi [65]. Their simulation predicted considerable improvement in draw depth as well as wrinkle reduction. Experimental verification of the effectiveness of segmented blank holders ensued by the work of Siegert et al. [66, 67] and Majlessi et al.[68]. The industry soon implemented these new developments. 
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Fig. 3.13 Comparison of achievable heights with different profiles possible through a segmented blank holder capable of controlling side and corner pressure independently [69]
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Figure 3.14 Three-region variable BHP trajectory scheme designed for a divided blank-holder plate in which one quadrant consists of twelve independent segments [70]

Murata and Matsui [69] compared the effect of temporal, spatial and combined temporal and spatial variation of BHF. They showed through experiments that the combined temporal and spatial variation of BHF resulted in the best quality and greatest draw depths. The authors first determined a fracture limit curve (Lb) and wrinkle limit curve (Lw). Then they performed experiments on a press with segmented blank holder where pressure on corner and side segments could be maintained independent of each other. They experimented with constant (in space and time), divided constant (time constant but different in corners and centre), and divided controlled (variation in time and space) BHF profiles. (Figure 3.13) The results showed an increase of 1.7 times for mild steel and 1.3 times for aluminium alloy when compared with the case of rigid blank holders subjected to constant BHF.
Further work, in terms of refinement of process and increasing the number of segments to control the blank holder force distribution more effectively, was carried out by many researchers. Manbe et al. employed his research using a blank holder in which each quadrant was divided into twelve segments allowing him to use different BHF profile for corners sides and centre. 

While the segmented blank holder technology was being improved, efforts were also made to use different time profiles with flexible blank holders. In this regard, Neugebauer et al. [71] performed important experiments using a flexible blank holder and twelve draw pins. The draw pins distributed uniformly along the periphery of blank holder allowed for application of different values of binder force. They compared the draw depths using constant and non-uniform pin force on rigid and flexible blank holders. Marked increase in draw depth (almost 58%) was recorded for non-uniform pin force over the flexible blank holder. 

Efforts were also made to model the drawing process with flexible and segmented blank holders in an attempt to determine optimal BHF profile in these cases. The work of Wang and Majlessi [72] in this regard provided the foundations on which Wang et al. [73] established that an increasing BHF profile results in a higher actual forming limit curve than obtained by constant or decreasing BHF profiles. Research by different authors using finite element (FE) modelling and experimental verification continued to improve the process. The novel technique by Doege et al. [74] established that safe working area for a part is larger with a flexible blank holder and it moves towards higher blank holder force values.

Research is continuing to determine a systematic way of obtaining Optimal BHF profile. In this regard, one of the latest and successful techniques is proposed by Krishna and Cao [10]. The authors have used an Auto-Regressive Moving-Average model to identify and update the system parameters continuously. For this model, they have treated the blank holder force as an input to the system and displacement of blank holder as an output. This is because displacement of blank holder can be used as a measure of flange wrinkling. The objective of the ARMA model is to adjust the blank holder displacement to a prescribed value by varying the BHF (system input). The process is repeated for individual segments of a blank holder and hence the BHF profile for each segment can be found separately. The proposed strategy is verified by implementing it into a finite element simulation. The success of this strategy lies in the fact that BHF applied on the blank is always kept at a level, which is just sufficient to suppress the wrinkling tendency, and therefore, allows more material to be drawn into the forming area, which in turn, reduces the chances of tearing failure. 

3.4 Conclusion

Blank Holder Force profiling is a topic of continuing research. The technology has evolved considerably over the years. The progress has been gradual. The advancements in areas such as forming limit diagrams, FE Simulations and control models and the development of more sophisticated experimental equipment has enhanced the research considerably. The current research is mainly focused on use of segmented blank holder technology, with varying BHF profiles for different segments. There is a need for developing a systematic technique for determination of BHF profiles for individual cases effectively and efficiently. Most recent research is being carried out in this direction.  

However, with the advancement in technology the question of justifying the cost of technology with the application always needs to be addressed. Industries with old presses where the cost does not justify the fitting of new blank holder technologies and sophisticated feed back control systems; need to know how to make use of the new findings with minimum of changes to existing system. Answer to questions about the choice of best BHF profile without active feed back still needs to be answered. There is a need for certain rules or guidelines that can enable people in industry to make use of their old machines in the best possible way. Hence, the current research work is utilizing an old press with only modest changes in its design. The next chapter will explain these changes and fully describe the experimental setup. The use of old system with minimum changes will enable the researcher to apply his findings in similar situations where use of breakthrough technologies is not possible. 
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