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COMPARATION OF THEORETICAL, EXPERIMENTAL AND NUMERICAL METHODS FOR PROCESS ANALYSIS FOR DEEP DRAWING WITH REDUCTION OF WALL THICKNESS
Mirna Nožić
, Himzo Đukić
, Darko Šunjić

Summary: For analysis of deep drawing with reduction of wall thickness it is necessary to analyse loads on multi-step tools, which are used in process.
Theoretical expressions for deformation force allows us to pre-determine the maximum force in drawing process based on known dimensions of workpiece, blank, number of rings in multiple tool and his geometry.
Experimental research gave drawing force values on five-step tools for two groups of workpiece in laboratory and industrial environment. FEM analysis of deep drawing process gave values of stress and deformations in referent sections studied five-step tool.
Key words: deep drawing with reduction of wall thicknes, multi-step tools, theoretical, experimental and numerical methods
INTRODUCTION
Theoretical research method of deep drawing with reduction of wall thickness define mathematical expressions to determine deformation force on multi-step tools based on the known approximate methods of the theory of plasticity. The actual image of total load on multi-step tool in deep drawing process can be obtained only by experimental method in industrial environment, while individual load on rings in multi-step tools can be obtained only in laboratory conditions. Numerical methods, which recently found extensive application in engineering practice, allows foreknowledge the expected state of the process and the system during operation. 
1. ANALYTICAL EXPRESSIONS FOR CALCULATION OF DEFORMATION FORCE IN DEEP DRAWING ON MULTI-STEP TOOLS
Theoretical expressions allows to determine maximum force in drawing process, even before starting this process based on known dimensions and geometry of workpiece, blank and tool. If process analysis is done for deep drawing on multi-stape tool then using an expression we can obtain deformation force by the method of integration of approximate differential equations balance and plasticity in drawing on multi-step tool with »n« numbers of rings [1]:
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                         (2.1)
where:

A0 – the cross section of the blank; Ai – cross-sectional of the workpiece after passing through the i-th ring of the tool ; An – cross-sectional of the workpiece after passing through the n-th ring of the tool ; di  (i=1, 2, ....n) -  diameter of rings in multistep tool; d- diameter of drawing puch; d0– diameter of blank ; 
[image: image4.wmf]i

a

- angles of the cone rings in multi-step tool; li - height zone ironing rings in multi-step tool; Hi -  distance between deformation zone rings in multi-step tool; si – wall thickness of the workpiece after passing through the rings in a multi-step tool; kisr - the mean value of specific deformation resistance after drawing trough rings in multi-step tool ; 
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 - coefficient of friction.
Coefficients bi  and ni  (for i=1, …, 5)  are calculated by the expressions given in [1].
By analogy with the expression for the drawing force on the two-step tools by the method of work of plastic deformation [4], expression for deep drawing forming force on multi-step tools with „n“ numbers of rings has the form:
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 (2.2)

All tags in expression (2.2)  are the same like in expression (2.1).

Analyzing the existing expressions, it was noted that the workipece cross-sectional area  (area of last ring in tool) has a significant influence on drawing forming force in multi-step tool, so it expression is given in form:  
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(2.3)




where:

An – workpiece cross section area as it passes the n-th ring in tool;
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s

- operating stress on i-th ring on tool (calculated by expression 2.4) and
FTRi- friction force on i-th ring (calculated by expression 2.5).

[image: image10.wmf]ï

þ

ï

ý

ü

ï

î

ï

í

ì

ú

ú

û

ù

ê

ê

ë

é

÷

÷

ø

ö

ç

ç

è

æ

-

-

-

+

ú

ú

û

ù

ê

ê

ë

é

÷

÷

ø

ö

ç

ç

è

æ

-

-

=

-

-

-

-

1

1

1

1

1

1

15

,

1

1

1

1

15

,

1

i

i

b

i

i

i

i

sri

i

i

i

b

i

i

i

i

sri

i

A

A

b

b

k

A

l

D

A

A

b

b

k

mp

s

(2.4)


[image: image11.wmf]1

2

+

=

i

sri

i

TRi

H

k

s

F

mp








  (2.5)

3. EXPERIMENTAL LOAD RESEARCH ON MULTI-STEP TOOL IN LABORATORY AND INDUSTRIAL CONDITIONS
To experimentaly define load on multi-step tools in laboratory conditions, drawing process is performed on “hydraulic testing machine” with tool, on which execution parts are transferred from industry (punch and drawing rings).
Experimental load research for five-step tools is performed for two groups of workpieces and three different „ways“ of dimensioning. The differences in tool dimensioning significantly affect on: loading, lifetime and stability of drawing process. Therefore, experimentaly are researched tools used in production and tools whose dimensions are determined by theoretical models: equal loading on all the ring sin multi-step tool (Model 2) and deformation separation (Model 2).
Figure 1.a shows dependence diagram of forming force from step during drawing on five-step tools (industrial – experiment E15, by Model 1 – experiment A1 and by Model 2 – experiment B15) with all specific spots.
Spots 1, 2, 3, 4, 5 presents maximal forces generated during bottom workpiece deforming  at passing through first, second, third, fourth and fifth ring in five-step tool. Maximal force generated during workpiece botoom deforming, when passing through last ring in five-step tool, is maximal force on diagram. Spots 6 and 7 presents values of forming force  at deforming workpiece shell. 

Table 1. presents average values of forming force in specific spots obtained by drawing in five-step tools (for industrial tool – experiment E15, tool dimensioned by Model 1 – experiment A15, tool dimensioned by Model 2 – experiment B15) for group 1 wokpieces.
Table 1. presents average values of forming force in specific spots obtained by drawing in five-step tools (for industrial tool – experiment D15, tool dimensioned by Model 1 – experiment F15, tool dimensioned by Model 2 – experiment G15) for group 1 wokpieces.
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a.                                                             b.

Figure 1.  Dependence drawing diagram (F-h) on five-step tools in laboratory (a) and industrial (b) condition.
Table 1. Forming force values in specific spots in research on five-step tools for group 1 workpieces
	Forming force values F (kN) 

	Exp.
number
	Exp.
mark
	While deforming the bottom of workpiece
	Shell deforming

	
	
	Measuring spots

	
	
	1
	2
	3
	4
	5
	6
	7

	1
	E15
	1.94
	8.39
	16.61
	21.13
	24.47
	14.84
	6.77

	2
	A15
	6.23
	11.95
	18.05
	22.59
	24
	14.04
	7.18

	3
	B15
	4.11
	13.12
	18.49
	22.72
	24.05
	15.24
	10.33


Table 2. Forming force values in specif spots in research on five-step tools for group 2 workpieces
	Forming force values F (kN)

	Exp.
number
	Exp.
mark
	While deforming the bottom of workpiece
	Shell deforming

	
	
	Measuring spots

	
	
	1
	2
	3
	4
	5
	6
	7

	1
	D15
	7.31
	9.24
	11.58
	16.08
	16.87
	10.65
	5.97

	2
	F15
	7.93
	12.1
	14.49
	17.69
	18.93
	10.81
	5.65

	3
	G15
	6.67
	11.88
	15.59
	18.71
	20.13
	11.45
	6.13


Real load image on multi-step tool can be obtained only with experimental research in industrial condition. To register forming force in drawing process special sensor is designed, on which 4 strain gauge type LY 11 6 /120 are affixed, connected in full bridge. Connection between sensor and measuring device Spider 8 is achived with cables which are pulled through the hole, drilled in the punch carrier. Figure 1.b shows a diagram of drawing on industrial tool for group 1 workpieces.
4. COMPARATION OF EXPERIMENTAL AND THEORETICAL VALUES OF DRAWING FORCE ON FIVE-STEP TOOLS
Results of loading on multi-step tools in laboratory experiments and given values of forming force (Table 1.) for group 1 workpieces, have served for comparation with calculated drawing forming force values on multi-step tools with theoretical expressions (2.1, 2.2 and 2.3).
Table 3. gives  values of forming force obtained experimentaly and analytically (expressions 2.1, 2.2 and 2.3) on five-step tools for group 1 workpiece and their percentage differences. Experimental force values correspond the moment when bottom of workpiece exit multi-step tool, ie. when the process of bottom deformation is finished.
Table 3. Experimental and analytical values of forming force for five-step tools
	Forming force values

	Exp.
number
	Number of rings
N
	Experimental values
FE (kN)
	Analytical values
FR (kN)
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	expression (2.1)

	E15
	5
	22.764
	20.68
	9.15

	A15
	5
	22.2
	22.09
	0.5

	B15
	5
	20.93
	21.35
	2.01

	
	
	
	expression (2.2)

	E15
	5
	22.764
	23.31
	2.4

	A15
	5
	22.2
	24.75
	11.49

	B15
	5
	20.93
	24.02
	12.86

	
	
	
	expression (2.3)

	E15
	5
	24.47
	24.36
	0.45

	A15
	5
	24
	25.57
	6.14

	B15
	5
	24.05
	25.08
	4.28


5. ANALYSIS OF DRAWING PROCESS ON FIVE-STEP TOOLS BY FEM
Stress – deformation analysis with FEM is done for industrial tool for workpiece of group 1. To compare experimental results with FEM results certain values of stress and deformation in referent cross-section on five-step tool are calculated [1]. Adopted for reference sections are those in which the bottom of the workpiece exits out of every ring of the tool.
Stress analysis results are given in moment when deformation of botom of workpiece is starting on fourth ring ( cross-section 3 ) and in moment when deformation of botom of workpiece is starting on fiftg ring ( cross-section 3 ) ( Picture 2 and 3 ) (3(.
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	Figure 2. Stress image in moment when workpiece comes on foruth ring 
	Figure 3. Stress image in moment when workpiece i sin contact with all rings


6. CONCLUSION
Analytical expressions (2.1.) and (2.3) for calculating deformation drawing force on multistep-tool, obtained by the method of integration of approximate differential equations balance and plasticity give satisfactory results for a five-point tools. Force calculation by the analytical expression (2.2) with the method of work of plastic deformation does not give satisfactory results for the five-step tools because the difference with the experimental values of forces is bigger than 10% The smallest error compared with the experimental values of the drawing force on the five-step tools is achieved by using the expression (2.3). Stress images of simultaneously load on all the rings in the multi-step tool in the process of deep drawing with reduction of wall thickness can be obtained by FEM. The results obtained by FEM are a good match with the experimental values in the last drawing phase.
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