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Abstract. Although elastic springback makes a great challenge in sheet metal forming, it is also a value that is considered in the area of coining. It is a parameter that can often make many difficulties when coin should obtain the etching of the die. That can happen because on small coin height in which leading part takes material composition, its grain size and microstructure. It classifies coining process to a group of microforming processes. Therefore, an experiment has been carried out whose task was to provide data about percentage of elastic springback in total deformation during coining process of Al 99.5%. This has been carried out for three different grain sizes of the same material. An experiment has also included microscopic observation of gravure filling for mentioned grain sizes and also for different tool forces. The final result is a correlation between grain size and elastic springback in coining process, and also a correlation between grain size and gravure filling for different tool forces.
Introduction

Coining is a deformation processing of metallic materials. It is usually closed die forging where only the surface topography of a blank is modified without significant bulk metal flow in a large scale. In this sence, coining is widely used for giving a functional and decorative surface geometry. The main characteristic of coining process is threedimensional traceabillity of surface microgeometry.

Apparently, the process of coining is very simple: it is nothing but geometrical matching of die and workpiece by plastic deformation. Even at atomic scale precision it seems possible to complete the process. However, the following factors hinder even micrometer scale precision: surface damage, insufficient filling, foreign substance, excess lubricant,  deformation during unloading and large elastic springback. 

Coining can be divided into two categories, i.e. (a) producing cavities and (b) producing projections. More problems and difficulties are found in category of producing projections. This is because cavities are produced by indentation of surface micro projections of tools, and therefore, the close contact between workpiece and tool can usually be attained.

This work is going to deal with the last mentioned problem: elastic springback of the material and also with forming force that is needed for correct filling. 

Microforming approach to the problem is going to be used. This approach takes into consideration grain size influence on the process parameters. 

The goal of performed experimental research is to solve some of the most common problems that occur in coining process: 

· Insufficient filling of very small parts of the die.

· Significant changes of forming force and elastic springback for different grain sizes.

Hypothesis of performed research is that blank material, because of the size influence, acts according to microforming postulates. Furthermore, it is assumed that material is going to show significantly different behavior in open and closed die coining processes and will also demand significantly different forming force for different grain sizes.

It is expected to optimize grain size according to forming force and best die filling. Enlarged coin surface is given on Fig.1.
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Fig. 1.  Photography of an experimental coin made by stereomicroscope.
Initial physical basis 

While external forces influence a working part, dimension and shape changes occur. These changes are consisted of elastic and plastic deformations. If external forces overrate elastic limit, atoms are moved to a new positions where cohesive forces try to place them in a new steady state. Once atoms reach a new steady state, the deformation becomes permanent – plastic deformation.

The real monocrystal incorporates discontinuities that can be places with missing atom, with inserted atom in inter atomic space, or edge discontinuities. Surface discontinuities appear on crystal boundaries. All these discontinuities are called dislocations. Dislocation makes a low strength area because of irregular inter atomic distance. This irregular distance disturb inter atomic forces. In a case of loading, even lower force can be enough to make dislocation move through the crystal. Consequently: plastic deformation is moving of dislocations through the crystal induced by shear stresses.
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Fig. 2.  Dislocations: (a) edge dislocation, (b) missing atom.

Gradually dislocation moving, because of shear stress activity, takes effect until dislocation comes in the crystal surface. Dislocations move through the crystal and pile up on its surfaces. Inhibited dislocation moving and need to “break away” from the obstacle of any kind demand increasing of shear stress. Plastic deformation progress requires constant increase of shear stress which means that crystal more and more resists to dislocation moving. After a large number of dislocations pile up on the crystal boundaries, material ductility is considerably reduced. When force works on polycrystalline material and reaches its critical value, sliding occurs in the most favorable oriented planes until deformation reaches critical level. Rotation of other crystals that follows this process settles them into a good position for further deformation. 

Once when crystal boundaries become the places of dislocation concentration, under the same force, deformation on the crystal boundaries will became lower then deformation inside crystal body. The consequence is that real polycrystalline material resists plastic deformation more than real monocrystal. That is the reason for enlargement of shear stresses needed to provide plastic deformation; hence the result is increased flow stress. An influence on the flow stress has also the grain size of polycrystalline material. The smaller the grain size is, the larger is the flow stress, consequently, and formability is lower.
Microforming approach to the grain size influence

The surface grains are less restricted than volume grains. Dislocations moving through the grains during deformation pile up at grain boundaries but not at the free surface. This leads to less hardening and lower resistance against deformation of the surface grains. Additionally to the decrease of yield stress the scattering is rising, which can be explained by the decrease of the number of grains over the cross-section. The specific conditions of orientation and size of every single grain are now reflected in the forming result as it is no longer averaged by a huge number of grains. For example, the micro size tensile tests at room temperature have shown that the yield strength and the tensile strength decrease with scale decreasing, as well as with grain size increasing.
In a closed die, grains would not have free surfaces (they are going to be surrounded by the die) and influence of the part size will go off because there will be no free material flow. That is why there is no reduction of forming force. In those cases, even enlargement of forming force occurs, caused in the first place by larger friction coefficient. 
Experimental research and the achieved results

Because we are dealing with a part with relatively small dimensions (1-2mm high, and 0.06mm - the smallest die parts), it is assumed that this forming technology completely turns into microforming technology. Working part is observed as a group of crystal grains with defined shape and dimensions.

Because of that, it is expected that blank material is going to follow microforming assumptions in a way that amounts of elastic springback are going to have the opposite values weather the coining process is performed in open or closed die. This way of material behavior would confirm the assumption that coining in complete belongs to the group of microforming processes, and should be treated like one of them. In such way many problems could be avoided.

An experiment should prove all these assumptions. Blanks made of Al 99.5, initial high 2mm, initial diameter 20mm are going to be deformed with different reduction coefficient in open and closed die. The results of annealing are three different grain sizes: 76µm, 47µm and 39µm. Measured values will be: forming force, total deformation, elastic springback and die filling.
The First Part of the Experiment. Blanks of a three different grain sizes have been coined in an open die. This means they have been pressured between two plane parallel parts of a tool. The regulated variable was forming force. It was changed from 50 kN to 400 kN in a step of 50 kN. The measured values were total deformation and elastic springback. Strain rate was 0.1mm/s. Tool position was measured by linear variable differential transformer and tracked by a computer. Obtained results are presented on the following diagrams. 
[image: image4.png]Forming force, kN

Relation between forming force and total displacement

300

200 400 600 800 1000

Total displacement, pm

—e—76um
47um
——39um





Fig. 3.  Diagram shows a relation between forming force and total displacement for blank forging in an open die.
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Fig. 4.  Diagram shows a relation between elastic springback and forming force for blank forging in an open die.
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Fig. 5.  Diagram shows a relation between elastic springback and total deformation for blank forging in an open die.

It is noticeable that there exists a significant difference between relevant variables for different grain sizes. Total displacement grows up along with the grain size. On the opposite, elastic springback rises as the grain size declines. 

Using measured experimental values, flow curves have been calculated for each grain size. Flow stress can be calculated as it follows:
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where kf presents flow stress, F is a momentary forming force, and A is a momentary pressurized surface.

True strain hides in the following expression:
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where φ is a true strain, h0 is an initial blank high; Δh is a total tool displacement for the specific forming force. Calculated flow curves are presented on fig. 6.
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Fig. 6.  Diagram shows flow curves for different grain sizes.

Although there are some irregularities in the shape of the curves, the tendency of flow curve decreasing as the grain size grows up is obvious.

It is important to notice the reason of certain imperfections in curve shapes on presented diagrams. Each point that defines certain diagram is calculated from the experimental results. It presents an average of numerous measurements. Because of great dissipation of measured values, the calculated average cannot form a perfect shape of diagrams.

The Second Part of the Experiment. This step leads to exploration of closed die coining of identical blanks as they were in the first step of the experiment. Because of die influence, the metal flow has been restricted and steered to die filling. Material behavior in such changed conditions has been examined. In this case ´material behavior´ means elastic springback after action of forming force. Greater elastic springback can cause insufficient die filling. Furthermore, the quality of coined surface after influence of different forming forces and for three different grain sizes is going to be considered. 

Results of measurements are given on figure 7 and figure 8. Figure 7 shows the relation of forming force and total deformation for two sizes of total deformation - 800µm and 850µm. Measurements have been made on five samples (blanks) for each size of total deformation and also for each grain size. Figure 8 shows the relation between total deformation and elastic springback for two sizes of total deformation - 800µm and 850µm. It can be noticed that forming force rises with greater total deformation and also at coarse grain. Elastic springback also rises together with grain size.
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Fig. 7.  Diagram shows relation of total deformation and forming forces for three different grain sizes in closed die coining.
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Fig. 8.  Diagram shows relation of total deformation and elastic springback for three different grain sizes in closed die coining.
The influence of grain size on die filling has also been monitored during the second part of the experiment. Specimens of different grain sizes with total deformation of 800µm have been shoot microscope. Lower total deformation has been chosen because it demands lower forming force and lower forming force is always more acceptable in industrial conditions. Difference in die filling is very obvious. Specimens with grain size of 76µm have much worse die filling than those whose grain size is 39µm. the most obvious parts are marked at figure 9.
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Fig. 9.  Photos of coin surface, specimens with two grain sizes, (a) 76µm and (b) 39µm produced with the same total deformation.

Conclusion

Experimental results very clearly put the coining process into a microforming category. As it is presented, an open die coining designates that finer grains cause greater elastic springback and greater forming force. Also enlargement of the grain size causes decrease in flow stress. All these differences in process variables are significant and reach even 20% between specimens of two different grain sizes (39µm and 76µm). Such behavior is typical for microforming processes. On the contrary, when coining process is performed in the closed die, and material flow is restricted and steered to die filling, the process variables show the opposite behavior. Now, coarse grains demand greater forming force, and cause larger elastic springback. Also, coarse grains cause poor die filling. Such behavior is also typical for microforming processes. So, the conclusion of this research can be that coining process belongs to the group of microforming processes. To avoid some specific problems that occur during coining process, it must be treated as a microforming process. This means that grain size takes a leading part in controlling of process parameters. If coining process is preformed in a way that material flow is free, or mostly free, coarse grains are recommended. On the other hand, if material flow is restricted in a closed die, and exact die filling is important, finer grains should take a part. 
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