Chapter 2

Deep Drawing Process Fundamentals
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2.1 Introduction
Today, deep drawing presses in industry vary considerably with respect to size and technology. On one hand are the most modern machines with flexible blank holders and automatic feed back systems, on the other hand, old and very simple machines are still being extensively used. However, irrespective of the type of press being used, the process fundamentals are essentially the same. The various important parameters can be explained by considering a simple setup. 
In this chapter, the process of deep drawing is examined in detail. In section, 2.2 the process of deep drawing is explained in terms of machine operation and stress state of the blank. In section 2.3, the different defects of produced components are discussed. Moreover, the relationship of these defects with stress state and process parameters is also discussed. In section 2.4 analytical methods for estimation of key parameters are discussed. After this in section 2.5, the concept of formability of sheet metals is explained with particular reference to deep drawing. Various tests that can be used to determine the formability are explained. Effect of Blank holder force and the inclusion of wrinkling limit curve (WLC) in a forming limit diagram (FLD) is the topic of section 2.6. The last section, section 2.7 concludes this chapter.
2.2 The process description
Deep Drawing is a widely used industrial sheet metal forming process. The process is described schematically in the figure 2.1. The important variables that influence the part quality are shown in this diagram. These parameters include punch force ‘F’, punch and die corner radius ‘R’, draw ratio i.e. the ratio of blank diameter to punch diameter ‘D0/Dp’, blank thickness, ‘t0’, and the blank holding force ‘BHF’. In this diagram, the only dependent variable is the punch force. The rest of variables are independent. The properties of the metal used in the process also influence the process strongly.

In this process, a blank of sheet metal is placed on the die. The blank may be round or some other geometry such as square. Usually a hydraulic system is used to force the punch towards blank. However, in the press being used for this research, the punch is stationary and the die with blank holder moves downwards during drawing. This does not make any difference to the process in terms of any of the equations being used, because it is the relative motion of the punch and the die that matters. 


Figure 2.1 Schematic representation of deep drawing [3]
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The blank is held in place using blank holder. For very thin sheet and shallow depth, drawing can take place without the use of blank holders. However, for thicker parts drawn to greater depths a blank holder is essential. The blank holder stops the metal from freely flowing into the die cavity. Blank holder force plays an important role in the process control and can be adjusted to avoid two major defects, wrinkling and tearing. These will be explained in next section.

The state of stress for an element in the cup and the wall is shown in figure 2.2a and 2.2b respectively. The element in the blank (figure 2.2a) is under radial tension due to the blank being pulled into the die cavity. The compressive stress normal to the element is due to the blank holding force. The radial tensile stress causes the blank to contract in the hoop direction. These compressive hoop (circumferential) stresses cause the blank to thicken.

When it draws into the cavity the cup wall, which is already formed, is subjected to longitudinal tensile stress as shown in figure 2.2b. The punch transmits the drawing force, F, through the walls of the cup to flange that is being drawn into the die cavity. The tensile hoop stress on element in figure 2.2b is caused by the cup being held tightly on the punch because of its contraction under tensile stresses in the cup wall. The state is similar as that of a thin-walled tube, which when subjected to longitudinal tension, becomes smaller in its diameter. Thus element in figure 2.2b tends to elongate in longitudinal (axial) direction with no change in its width. 

The deep-drawing process in industry is mostly automated nowadays. The press pulls sheet metal from a reel using an index head. A tool of required size comes forward and punches a blank from the sheet. This blank is automatically transferred to the second position on the deep-drawing press as the metal sheet is indexed forward to punch the next blank. The process is different from stamping where the part is not removed from the sheet until the final operation. At the second position on the drawing press, the blank is held in place using a blank holder, and a punch forces the blank a specified distance into a die cavity. The metal blank first bends, and then straightens as it enters the die. 

The blank is transferred automatically to successive stations on the press, each time held in place by blank holder on its edges, and pushed a little deeper into a new die at each station, until the final part shape and depth are achieved. The part is not completed with one push into a die because the metal can only withstand certain limits of deformation at each position without being damaged. Although that limit will vary based on the material and thickness, it is often in the 50 percent range [11]. Consequently, the number of positions depends on the type of material, along with the complexity of the part's design. The more slender a part design (greater length to diameter ratio), the more operations that are required to produce it. The control of different factors shown in figure 2.1 and especially the blank holding force can result in significant improvement in draw depth achievable in any given stage. Greater draw depth implies lesser number of intermediate stages and lesser stages mean faster and cheaper process.

2.3 Exploring defects

The deep drawing process suffers from five major defects; these will be explored in detail in this section.

2.3.1 Tearing
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Figure 2.3 Tearing

Tearing is the fracture of the deep drawn components, from the cup walls, during the process of drawing. It occurs under the action of axial (longitudinal) tension and is aggravated by localized thinning of the cup wall. The material for deep drawing should be such that it can undergo reduction in width (diameter) but at the same time resist thinning. Thus, the ratio of diametric (width) strain to thickness strain plays a critical role in determining the tearing limit. This is ratio is called the normal anisotropy of the material, and is given by,                                              
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Figure 2.4 Defining normal anisotropy [3].
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The ratio of blank diameter to punch diameter has a significant impact on tearing. The larger this ratio is the higher will be the punch force required to draw the cup. If this force become more than the ultimate tensile strength (UTS), tearing will occur. Sharp radii on the die and punch increase the radial and bending tensile stresses in the walls and cause the drawn component to rupture. The point of rupture corresponds with the upper forming limit on a forming limit diagram. When a high blank holding pressure is applied on the blank, it changes the state of metal being drawn from pure drawing to stretching by restricting the flow of metal as shown in figure 2.5. 
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Figure 2.5 Two different configurations in Deep Drawing [12].
The deformation of the sheet metal takes place mainly under the punch, and the sheet begins to stretch, eventually resulting in necking and tearing. Whether necking is localized or diffused depends on the strain rate sensitivity, geometry (corner radii) and lubrication on punch.
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2.3.2 Wrinkling

Figure 2.6 Wrinkling

Buckling of the sheet under circumferential compression is called Wrinkling. It can also be described as the state of the non-uniform thickening of flange and cup wall due to excessive hoop stresses in the flange. If no or very less BHF is applied to the blank, it leads to a situation of pure drawing. In this case, the metal flows freely in the die cavity under the effect of radial tensile stresses. These radial stresses lead to compressive hoop stresses in the flange, which causes the flange to thicken while reducing it in diameter at the same time. This state of stress leads to wrinkling.

Another cause of wrinkling is the presence of unsupported region of sheet metal between the die and the tool. Hence as shown in figure 2.7 the extent of wrinkling also depends on the length of unsupported. The element A in the sheet is being pulled into the die cavity as the punch descends. The blank is becoming smaller in diameter the circumference at the element is becoming smaller as the element moves to position A’. Thus at this position the element is being subjected to circumferential compressive strains and is unsupported by any tooling, unlike an element between the blank holder and die surface. Because the sheet is thin and cannot support circumferential strains to any significant extent, it tends to wrinkle in the unsupported region. In pure drawing, the chances of tearing are minimal and the chances of wrinkling are much greater. Wrinkling is represented by the wrinkling limit curve on the forming limit diagram. Although this curve will not be valid for all test conditions as wrinkling also depends on factors such as sheet thickness and tooling. 
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The amount of blank holder force required to prevent wrinkling, in general depends on the R-value (Anisotropy) of material [13]. R-value is the ratio of width-to-thickness strain in the tensile test. If R-value is greater than 1, (e.g. drawing quality steel) than the chances of wrinkling are less and consequently lesser BHF can be applied. This will also increase the tearing limit. Material like aluminium have R-value lesser than 1, and hence wrinkling problem is more severe with aluminium.

2.3.3 Elastic Springback
Whenever a material is subjected to plastic deformation after the removal of force, the deformation is followed by elastic recovery due to the finite modulus of elasticity of the material. This recovery is called as elastic springback. The final bend angle after spring back is smaller and the final radius is larger.
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Figure 2.8 Elastic Spring Back

Dimensional accuracy is hard to achieve due to spring back. Provision has to be made in die and tool design to allow for spring back, especially in high precision applications. Recent researches have established that the blank holder force can play an important role in the control of springback [14, 15, 16 and 17]. It was demonstrated that the spring back angle increases if a higher constant binder force is used. The important thing to note is this that the condition of high BHF to control spring back poses a conflicting requirement in terms of BHF force profiling to avoid wrinkling. This will be discussed further in coming sections.

2.3.4 Earing

Due to planar anisotropy of the drawn material, a wavy edge is formed at the ends of the drawn cup. This effect is called Earing (figure 2.10.) The planar anisotropy of material is defined in terms of directional values of R, the normal anisotropy. It is given by
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Figure 2.9 Earing photograph (experiment 14)

Planar anisotropy and hence earring is a material microstructure dependent property. Grain size plays an important role in changing the R-value. Earing is an undesirable phenomenon as it results in material wastage and increases the number of finishing operations required. 
2.3.5 Ironing
If the thickness of the sheet as it enters the die cavity is more than the clearance between the punch and the die, the thickness will have to be reduced; this effect is known as ironing. It produces a cup with constant wall thickness. Thus smaller is the clearance, the greater is ironing. Obviously, because of volume constancy, an ironed cup will be longer than a cup produced with a large clearance. Ironing can also be a desirable phenomenon, depending on the application of drawn component. For example, the two piece aluminium beverage cans made by deep drawing are always drawn and ironed [1].
2.4 Analytical calculations

In this section first of all the concept of limiting draw ratio will be explored in detail. After that an approximate theory to calculate the basic parameters associated with deep drawing will be presented. 

2.4.1 Limiting draw ratio

Increase in blank diameter increase the punch load and hence the tendency of tearing. The limiting draw ratio is defined as the maximum ratio of blank diameter to punch diameter that can be drawn without failure i.e. D​​0/Dp. In order to relate this ratio with the mechanical properties of the material several attempts have been made. One way to relate the limiting draw ratio with the material properties is to relate average planar anisotropy of the material with the limiting draw ratio [3]. The average planar anisotropy can be defined in terms of normal anisotropy values (defined in section 2.3.1) in three directions, i.e. 00, 450 and 900 directions. It is given by the formula. 
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Figure 2.10 shows the relationship of planar anisotropy with limiting draw ratio. Hence, if we know the value of planar anisotropy we can approximate the maximum limiting draw ratio of the particular material in question. Figure 2.11 defines the relationship of planar anisotropy with increasing modulus of elasticity, ‘E’. It can be seen from the graph that increase of ‘E’ also increases the R-value. Hence, we see that it is difficult to draw aluminium as compared with drawing steel, because aluminium has a low modulus of elasticity and lower R-value. This explains the increased tendency of aluminium to wrinkle and tear.
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Figure 2.10 LDR vs. average R-value for various metals [3]
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Figure 2.11 Average R-value vs. modulus of elasticity [3]

2.4.2 Calculation of basic parameters

The basic parameters that will be considered in this section are cup height, maximum punch force (MPF), plastic work, plane strain and the work done per unit volume. In deep drawing several processes occur in parallel, these are, [18]

1. Pure radial drawing between die and blank holder

2. Bending and sliding over the die profile

3. Stretching between the die and punch

4. Bending and stretching over the punch profile radius.

5. Stretching and sliding over the punch head.

With the exception of radial drawing, all the other processes thin the metal. 

2.4.2.1 Cup height

Determination of cup height is straightforward and follows from the law of volume constancy. Here the thickness is assumed constant through out the process. Following the nomenclature as defined in figure 2.12 and equating the volume of the blank before and after drawing yields,

 EMBED Equation.3  
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where, 



a0 = radius of blank before drawing


b = radius of the punch (used to approximate the radius of cup) 
Hence considering the draw ratio 
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 and substituting in equation (a) we get

The cup height, 
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2.4.2.2 Maximum punch force (MPF)
The work required to draw the blank into a cup is supplied by the punch force. The force exerted by the punch is hence a dependent parameter. The work required is a combination of pure deformation work; frictional work and ironing (if present) work. The deformation work also depends on the fact that the forming mechanism is pure stretch forming, pure drawing or combination of both. Hence, a great many parameters are involved in determination of work and consequently the punch force. Certain simplifying assumptions have to be made in order to determine an expression for maximum punch force. [3]. One very simple and useful empirical relation to approximate punch force is,
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where, Do, Dp, and to  are defined in figure 2.1. And UTS is the ultimate tensile strength of the material.

Although this relation ship does not account directly for many important parameters like punch and die radii and the blank holder force and the friction, but it implicitly accounts for them approximately. This formula can give a quick and approximate value for the punch force. 

In order to obtain an approximate analytical relation for MPF certain assumptions have to be made, these include, [19]

1. The work-piece thickness t0 remains constant throughout the operation. 

2. The punch load variation with stroke is approximated by a sine curve

3. Average work done/unit-volume for entire blank remains constant.
Consider figure 2.12, the work done in forming the blank into cup is given by 
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Figure 2.13 calculation of 
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The work done by the punch from the load vs. displacement curve is given by,
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using the value of wp from equation (ii) we get,
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which is The desired expression for MPF
2.5 Formability

The formability of a sheet metal is defined as its ability to undergo desired shape change without necking, tearing or splitting. It is essentially a material property. And is strongly affected by external factors such as lubrication, punch and die corner radius and die clearance. Formability of sheet metals can be improved significantly by improving the microstructure and by modifying the crystallographic texture [3]. Studies concerning formability started nearly half a century ago when strain defined failure limit curves or the forming limit diagram (FLD) was proposed [8]. Keeler and Backofen are considered poiners in this regard [20 and 21]. FLD will be discussed in further detail in the next section. However, before that we will discuss in general the different tests to determine formability. 

2.5.1 Tensile test

The tensile test is the simplest and most commonly used formability test. Test is done in different directions with respect to the rolling direction. This test is helpful in measuring properties such as the total elongation before fracture, strain-hardening exponent, normal and planar anisotropy

2.5.2 Cupping tests

The cupping test is one of the earliest tests used to determine the biaxial stress behaviour of sheet metal. However, it is mostly useful for situations where the stretching is axially symmetric. In this test a sheet metal specimen clamped over a circular flat die is pressed using a steel ball of specified diameter. The clamping load is also kept constant and is typically 1000 kg. The typical ball diameter is 20 mm. The ball is pressed until fracture or ball-punch force reaching a designated maximum value. In practice, this test has limited use for deep drawing because the deformation process in deep drawing is not axially symmetric.

2.5.3 Bulge test

The bulge test uses hydraulic pressure to stretch form a sheet metal specimen. The test simulates conditions of balanced biaxial tension, pure stretch forming and zero friction. It is used to obtain effective stress and effective strain curves for biaxial loading. The depth of draw also called the biaxial bulge limit is a measure of sheet cleanliness. Bulge test is used quite extensively and is easier to perform. The improved methods of this test are used to obtain the forming limit diagram. 

2.5.4 Forming limit diagram (FLD)
The forming limit diagram is compact and accurate method of describing forming limits under varying kind of loads. The various dotted straight lines on the figure 2.14a represent the different strain paths, such as pure shear, equal biaxial tension or plane strain. The major and minor strain is plotted on x and y-axis respectively, and is defined as shown in figure 2.14b. The major strain is always positive. 
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Figure 2.14 Forming Limit Diagram [3]

In an FLD, the area above the curve is fail zone and hence the state of strain in forming must be such that it falls below the curve. The R in the diagram represents the normal anisotropy. In order to obtain FLD of a sheet metal, the specimen is marked with a grid pattern of circles, using chemical etching. The blank is then stretched over a punch and deformation of circles is observed in areas the area of failure. The effect of different strain paths is recorded by making specimens of varying widths. For example, the centre of a square specimen will attain balanced biaxial stretching, but the other specimen with a small width will attain simple tension. Forming limits Diagrams have been developed and advanced extensively over the years.

2.6 Blank holder force

As explained in section 2.2 in order to suppress wrinkling and promote stretch forming a blank holder is used. This blank holder can be used in several configurations, which will result in different state of stress. It can be used with beads in the blank or without beads. It can be used as a pressure blank holder or a clearance blank holder. The clearance blank holder normally has a clearance of 5% initially. [18]. More recently, tapered as well as flexible blank holders have also been used. These and other developments will be discussed in detail in the subsequent chapters. Blank holder force affects the process in several ways, and a lot of research is still required to understand the exact mechanism through which the BHF affects the draw limit. One obvious effect is the reduction of punch load. But this reduction is not linearly related with the applied BHF, other parameter like die and punch curvature, lubrication and sheet metal properties can also effect this reduction tremendously. Wrinkling as explained in section 2.3.2 can be avoided by application of BHF but as this changes the process to stretch forming, hence it increases the chances of tearing. In addition, it was shown in section 2.3.3 that high constant BHF is good for avoiding spring back. At the same time, it has been observed in the course of experiments in this dissertation that high BHF leads to increased earing if the material is more anisotropic. All these factors pose a set of conflicting requirements, which are hard to satisfy using a single constant BHF value. 
In industry, the normal practise is to keep the BHF at a minimum value required to avoid wrinkling for a particular diameter and gauge thickness. This is a beneficial approach, but more advantages can be sought by carefully profiling the BHF. Several feed back systems are also in use but the important point is this that a successful feed back system should aim to minimize process variations rather than to drive the process in entirety. Hence, the need for extensive data on profiling increases with the increased attempts for effective feed back systems. In addition, the advantages of feed back systems have to be justified against the cost and difficulty of implementation.

2.6.1 Inclusion of wrinkling limits

Attempts were made by different researchers to include wrinkling limit line in the same way as tearing limit on a FLD. However, it was later shown that such a line is not strictly valid as wrinkling depends on many other factors such as blank thickness, and hence cannot be included in a general diagram. When tearing limit and wrinkling limit are superimposed on a graph of draw depth they give the process window as shown in figure 2.16 Parts that fall within the white region will be successfully drawn.


[image: image24]
Figure 2.16 Qualitative illustration of process window [22]
This process window has been attained using constant BHF profiles. Now the question arises that can this window be widened. If it cannot be widened then what is the best way of navigating through it? The answer to these questions will be explored in the remainder of this dissertation.
2.7 Conclusions
Deep drawing is a widely used industrial process. In order to achieve better part quality, better dimensional accuracy and greater draw depths in drawing, all the factors affecting the drawn components should be controlled properly. Blank holder force is one of the most important parameters that can be controlled relatively easily to avoid process defects such as tearing, wrinkling and springback. It has been shown that different values of constant BHF have different effects on the process and no single value is optimum for all cases. Varying blank holder force during the process can play an important role in improving the process. This statement will be analysed to the fullest detail in the next chapter using literature review. The historical development and the advances in BHF control technology will also be discussed. The next chapter will also show that despite the advent of new blank holding technologies, there is a case for using the existing technologies more profitably.
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Figure 2.2 The stress state of an element [3].
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Figure 2.7 Wrinkling in the unsupported region [3]
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Figure 2.12 Important process parameters in deep drawing [19]
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