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Abstract
Technology of metal shaping by deforming has very significant role in production technology, in manufacturing and processing technology. Processing of metal by deforming is also important because it allows us to manufacture massive and heavily loaded parts of different machines in a very economical way, as well as to produce other parts for wide use. Future of technology of metal shaping by deforming is assured thanks to contemporary researches, which for the main goal have significant decrease of production related costs, manufacturing of complex, not only simple shapes, obtaining of specific and special mechanical properties of material by proces of deforming, and doing all of this by consuming as less as possible energy and taking care of ecology. Diagrams of borderline deformability were, primariliy, developed as a tool for analysis of accuracy and precautions of metallic sheet parts. Curve of borderline deformability is grafical representation of combination of two main surface deformations (main and side one), above which instability and reduction of cross section appear. Both can be determined experimetally and theoretically. 
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1. 
2. INTROUCTION

Deformability or machinability of material by deforming is defined as a possibility of permanent change in shape in certain conditions, without cracks occurrence, or other damages of the structure inside and outside of processed part. Size of total effective deformation, which was obtained on the most adverse place of the processed part, i.e. on the place where material damages appeared, is taken as a measure of deformability. Graphical interpretation of borderline deformability dependence on stress state indicators represents diagram of borderline deformability (DBD). Future of technology of metal shaping by deforming is assured thanks to contemporary researches, which for the main goal have significant decrease of production related costs, manufacturing of complex, not only simple shapes, obtaining of specific and special mechanical properties of material by process of deforming, and doing all of this by consuming as less as possible energy and taking care of ecology. Processing of metal by deforming is a modern way of metal shaping, which is applied in almost all contemporary plants during material processing and manufacturing. In relation to other processing methods, an advantage is reflected in series of technical and economic benefits.

3. BORDERLINE DEFORMABILITY DIAGRAMS (DBD)





Borderline deformability diagram is constructive concept for defining of characteristics of metallic sheet shaping. It has been proved as a main tool for selection of material, design (construction) and testing of tool for deep extraction operations. Considering the fact that experimental determination of DBD requires wide range of sheet shaping tests, great number of expensive equipment was used and huge efforts were made for indication of DBD appearance, taking into account theory of plasticity, material parameters and instable circumstances. Shaping of elongation is an important component in production processes of metallic sheets. Simultaneously, with progressive thinning of sheet, two ways of plastic instability are possible, diffuse decrease of cross section followed by local reduction of cross section. Keeler’s and Backofen’s studying of errors (1963) during two-axis elongation (deformation) of sheets showed existence of borderline deformability diagram. The greatest finding was that the biggest, main deformations (prior to any local thinning of sheet) were increasing while the level of biaxial bending was also increasing. After that, Keeler discovered (1965) that the material properties had great influence on distribution of deformation in two-axis elongation of metallic sheet. He indicated that distribution of deformation for some bigger exponent (n) of material processing by quenching will be relatively homogenous. On the opposite, materials with smaller values of exponent n, developed sharp gradient deformation and deformation was concentrated in a very small area causing early fracture (damage). Map in principled deformation gap            (,) separates sates of safe deformations, which material can produce, from the states of sharp deformations which lead to fractures. According to definition  is the main principled deformation, while  is side principled deformation. Therefore, DBD shows combination of main and side principled deformation in a plane (matrix) beyond which fracture appears. 

								Figure 2. Keeler-Goodwin’s diagram of deformability limit.

Figure 1.Typical diagram of deformability limit (DGD).



During the shaping process, deformation is generally moved toward the CBD. When deformation reaches CBD, it is possible that reduction of cross section will happen or that fractures will appear. Comparing deformations measured in shaped part with CBD, accuracy and type of deformation may be graded and process parameters, such as lubricants and deep extraction of edges, may be reconstructed in accordance with that in order to improve shaping operations.  
4. METOD FOR DETERMINATION OF DEFORMABILITY DIAGRAM  

Although the concept of DBD is simple, its experimental determination is not realy trivial and it requires wide spectrum of sheet procesing tests, from one-axis stress to multi-axis elongation. Elongation of deformed sample is generally measured by circular method. In this method, circle nets (grids) are electro-chemically applied to initial gap. The most represented tests for experimental measuring of borderline deformability are the folowing: Jovignot (1930), Fukui (1939) one-axis stress (tension, presure), Nakazima (1968), Swift (1952), Marciniak (1973). Experimental determination of deformability limits for all metallic sheet shaping processes is not only tiresome and expensive process, but it is also almost impossible, because deformatin trajectories of material points are pretty unlinear and different. Thus, the greatest efforts and special attention was given to development of mathematical methods which are able to accurately predict direction for finding of plastcity during the prcess of metallic sheet processing. Many different theoretical approaches were proposed in order to explain local reduction of cross section in two-axis strained fields and can be distinguished through the two wide theoretical frameworks. Therefore, we have linear method (Hill, 1952; Storen and Rice, 1975) and non-linear method (Marciniak and Kuczynski, 1967). 
5. EXAMPLES OF DEFORMABILITY DIAGRAMS FOR STEEL 
Materials used in mentioned research study are gven in Table 1 together with its mechanical prperties, thickness and curve course of parameters applied in theoretical calculations of DBD. 


  	Table 1. Mechanical properties, thickness and curve of parameters flow for steel
	Steel
	Thicknes
/ mm
	(Re)
YS
/MPa
	(Rm)
UTS
/MPa
	Ago
/%
	R
	n
	Ag

	DX54D
	0,8
	172
	305
	41,8
	2,385
	0,215
	22,0

	DX53D
	1,0
	232
	324
	36,7
	1,515
	0,154
	15,0

	ZStE220P
	0,8
	234
	380
	34,2
	1,676
	0,197
	20,4

	ZStE 340
	1,25
	386
	483
	25,6
	1,076
	0,165
	




Figures 3-6 show comparison between theoretical predictions, which were based on  different models mentioned in he text above, and experimental DBD, for all studied steel types.











Figure 4. Theoretical and practical DBD for DX53D


Figure 3. Theoretical and practical DBD for DX54D



Experiments which determine DBD for all types of steel were conducted in Erichsen 145-60 on samples of dfferent width and shape using machine for testing of universal materials. Samples were deformed by fixed punching tool of hemispheric shape. Borderline deformations were determied based on circular, reticle emplate. Curve courses were determined based on stadard streching resistace tests. 











Figure 6. Theoretical and practical BDB for ZstE 340
340
Figure 5. Theoretical and practical BDB for ZstE 220P
220P



The main difference betwen the models lies in appliance of deformabile quenching for the material.It is obvious that the theoretical BDB differs from the model of deformabile quenching, and predicted accuracy value varies for the same model and different types of material.


Table 2. Mechanical properties, thickness and curve of parameters flow for steel 
	
	Direction
	n
	r
	n×r
	rm
	Δr

	ST 12
	L
	0,217
	1,73
	0,375
	1,67
	-0,245

	
	T
	0,209
	1,88
	0,392
	
	

	
	D
	0,201
	1,54
	0,309
	
	

	ST 14
	L
	0,233
	1,87
	0,435
	1,82
	-0,515

	
	T
	0,232
	2,14
	0,496
	
	

	
	D
	0,221
	1,65
	0,364
	
	

	IF
	L
	0,240
	2,10
	0,504
	2,03
	-0,423

	
	T
	O,246
	2,30
	0,568
	
	

	
	D
	0,231
	1,86
	0,433
	
	





Measurement system for optical deformations has an option for measuring of deformaton directly on the deformed sample and using multi-phases method. 

















Figure 7. Experimental DBD for  ST12, ST14 and IF sheets of 0,9mm thickness




6. CONCLUION

Core explanation of the influence of deformability process dynamics on the position of borderline deformability curves in variable tribo-conditions lies in complex processes at micro-level, which happen in metallic grid of the sheet. From the engineering point of view, phenomenological approach is more important because it enables us realize validity and influential factors at macro-level. Correct determination of those relations enables us high quality resolution of the problems in technological practice of processing by deforming method. Generally speaking, there is no model which can be used for every type of material. Borderline diagram of deformability is becoming very succesful and widely used tool which is applied and which enables achieving of optimal and rational production concepts.
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DIJAGRAMI DEFORMABILNOSTI ČELIKA

Sažetak:
Tehnologija oblikovanja metala deformisanjem ima veoma važnu ulogu u tehnologiji proizvodnje, u skupini tehnologije obrade i prerade metala. Obrada metala deformisanjem važna je i zbog toga što na osnovu nje  ekonomično proizvodimo masivne i teško opterećene dijelove različitih mašina, kao i druge dijelove za široku upotrebu. Budućnost tehnologije oblikovanja metala deformisanjem je osigurana zahvaljujući suvremenim istraživanjima, kojima je glavni cilj bitno smanjenje proizvodnih troškova, izrada kompleksnih, a ne samo jednostavih oblika izradaka, postizanje specifičnih i posebnih mehaničkih svojstava materijala deformacijskim postupkom te obavljanje ovoga sa što manjim utroškom energije uz stalnu brigu o ekologiji. Dijagrami granične deformabilnosti su prvenstveno razvijeni kao alat za analizu tačnosti i predostrožnosti dijelova metalnih limova. Krivulja granične deformabilnosti je grafičko predstavljanje kombinacije dvije glavne površinske deformacije (glavna i sporedna) iznad čega se pojavljuje nestabilnost ili smanjenje porečnog presjeka. Oboje može biti određeno eksperimentalno i teorijski.
Ključne riječi: deformabilnost materijala, dijagram granične deformabilnosti, materijal
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