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Stage 1 Stage 2 Stage J 

Figure 3.1 : The Three Stages of Simple Two dimensional forming 

3.3 Initial state 

The initial state Is characterised by the initial positions of the various 

components necessary for a numerical simulation. It may be necessary to 

-apply velocities to the components to move them into the desired positions. 

necessary for the simulation. It is also during this state that boundary 

conditions are applied to the tooling. Typical boundary conditions allow for 

translation in only one direction and possibly also symmetry of the 

workpiece. 

3.4 Contact 

Contact is declared between the various surfaces necessary to simulate the 

physical process. Friction properties for the contact condition are typically 

assumed values unless accurate friction data is available. 

3.5 Movement of tooling 

The tools are moved by applying velocity boundary conditions. If the 

boundary conditions are applied as displacements. then the energy necessary 

to move the tooling may be applied by the FEA code in a discontinuous 
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manner. This is evident as acceleration spikes applied to the tooling. If the 

purpose of the simulation is to acquire punch loading data, then the 

acceleration spikes will be manifest in this data too, possibly to the exclusion 

. of any useful punch force load information. 

3.6 Forming limit diagrams 

Once the forming simulation is complete, the results can be examined. 

Often however, the most important criteria for the designer are the finished 

part quality and manufacturability. While quality can be measured direcdy 

from the simulation, In terms of areas of wrinkling, or thinning, the Issue of 

manufacturability is not so easily measured. It Is difficult to tell if a part will 

tear during the forming process, since finite element failure models are not 

built into the simulation. In practice, an experimentally determined failure 

diagram (Forming Umit Oiagram or FLO) is created using principle strains 

until failure, and the theoretical results are overlaid onto this diagram~ An 

example diagram Is seen In Figure 3.2. 

Major Strain 

Failure Limit line 

Necking Limit line 

Numerically predicted 
strain path 

o Minor Strain 

Figure 3.2 : Example Forming Limit Diagram with strain path overlay 
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" If the theoretical results are within the failure area on the diagram, then the 

part is assumed to fail during manufacture, and the designer must attempt 

some other method of producing the part, possibly by modifying the tooling 

geometry. 
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Michigan Experimental Facilities 

4.1 Introduction 

r:. A calibrated flywheel press was made available at the University of Michigan's 
~ 

Stamping Laboratory by Professor Jack Hu. The press allows for binder 

force control via a hydraulic pressure monitoring and feedback system. The 

press operates in one of two speed modes, namely either 12 or 18 strokes 

per minute. A picture .of the press prior to Instrumentation is shown below 

in Figure 4.1. 

Instrumentation 

It is important to note that the experiments were performed in the United 

States of America and all results were obtained in imperial units. These, 

together with the SI equivalent are reflected in this document. 
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4.2 Press 

The press is shown in Its fully instrumented state in Figure 4.2. The 

Instrumentation is capable of recording binder pressure, punch force and 

displacement and the forces on the press frame. 

Control of the binder pressure Is provided via a feedback mechanism which 

allows binder pressure control in increments of 500 psi (3.45 MPa). The 

binder pressure is supplied via 8 hydraulic cylinders each equipped with a 

load cell to enable the feedback force to be monitored. 

The tooling is placed inside the press, and secured via a bolted arrangement, 

with the die attached to the lower half of the Press. 

4.3 Press safety 

The Press :s Instrumented with a laser curtain around It. This prevents the 

press from operating if anyone is too close to the press during operation. 
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The time scale in Figure 4.5 is measured from when timing 

commenced, and thus the start of timing is arbitrary relative to the 

point when the forming stroke commences. Data is sampled 100 

times per second, and a lot of scatter can be seen prior to the stroke 

commencement. 

D Experimentaldata Old data -Displacement curve fit 

y = 0.0181x' - 0.4723'( + 4.70431 - 22 .241x' + 50.701x'-51.504x+ 24.353 

9.-----------,-------,-------------------~ 

8~~~------~------+---------------~~n 

7+---~~----~------,-------------~ 

6+-----~~--4-------+-----------~~----~ 

'iii 
.! 
~5+-------~~4-------+---------~~------~ 
1: • E 
~4+---------~rl-------~------~~--------~ 
Q. 
.!II 

c3+===========~==~--+_------~----------~ 

2+_----------rl_~----+_----#_------------~ 

O+_------~--~~----~~------~------~~ 

1.80 2.80 3.80 4.80 

TIme (sec) 

5.80 6.80 

Figure 4.5 : Displacement vs. Time Data for Experiments 

At a time point of approximately 3 seconds (corresponding to 

roughly 3 inches [75 mm] punch travel), the transducer used to 

measure the stroke stops functioning correctly. From this point on, 
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5.7 Scan blank shape 

The blanks were laser cut steel sheet, either 0.6 or 0.8 mm thick and are 

shown in Figure 5.3. After the blank's were laser cut, a grid pattern was acid 

etched onto the steel to enable strain measurements to be taken after 

forming. The shape of the blank was determined by a prior PhD student 

using LS-DYNA in an attempt at creating a perfect shaped blank. 

The spacing of the rectangular pattern is approximately 9 mm, and the 

thickness of the lines is approximately I mm. This implies that a resolution 

of the line thickness corresponds to approximately I I % strain. 

Figure 5.3 : Laser cut blank with acid etched rectangular pattern 

For a deep drawn part, with strain's up to 20%, the possible measured results 

using the resolution of the line thickness are 0%, 10% and 20% strain. This is 
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not a large variation, and correlation with theoretical results is dubious. For 

example, a region of the part with theoretical strains of 20 to 25% would 

correspond to a measured strain of 20%. Indeed, If the maJority of the part 

showed variations in strain of only 10%, the measured strains would be one 

of two values which bracketed the actual strain value. Although there may 

be a correlation between experimental and theoretical results on a macro 

scale, the resolution is too . low to draw meaningful conclusions. 

5.8 SolidWorks solid model 

The final SolidWorks solid geometry for the die tool is shown In Figure 5.4. 

The inner radius is shown in red. The edge shown in green is the edge used 

to create the inner limit of the binder geometry. This edge marks the limit 

of the Inside surface of the binder which comes into contact with the blank. 

Figure 5.4 : Final solid geometry for the Die Tool 
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6.3.4 Punch acceleration vs. time profile 

Given that the punch velocity vs. time profile is linear, the 

deceleration of the punch will be constant. 

6.4 Experimental groupings 

The experiments are broken up into natural grouping by material thickness, 

and then by binder pressure. This is illustrated in the table below by colour 

groupings. 

Table 6.1 : Experimental groupings colour coded 

The experiments shown In Table 6.1 correspond to a broad variation of 

parameters along with repetition of various experiments for experimental 

result repeatability. 

For example; from the table above; it can be seen that Experiments 4, 5 and 

6 are all at 1000 psi (6.9 MPa) binder pressure with a 0.8 mm thick blank, 
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while experiment 3 is a 0.6 mm thick blank at 1000 psi (6.9 MPa) binder 

pressure. 

6.5 Punch force 

With the absence of displacement information to point to the start and end 

of the forming stroke, one must rely on the sUdden increase in the reaction 

force on the punch as an indication of the start of the forming operation. 

This is not completely correct, as there Is a slight delay from the moment of 

contact, until the reaction force on the punch rises. However, this delay 

results in a small shift in the data on the horizontal (time) axis, and does not 

affect the peak punch force, which Is normally the object of interest within a 

simulation. 

There is a tendency within the literature to measure punch force vs. 

displacement, since this measure is then devoid of time, and both 

experimental and simulation data may be presented on the same set of axes. 

This approach has been following in this work. 

6.5.1 Experimental repeatability 

In order to compare the experimental results with simulation, the 

first concern is that the experimental results are repeatable. In light 

of this, various experiments were repeated. 

Experiments 3, 4, 5 and 6 were compared to each other. This is 

shown in Figure 6.5 below. As can be seen from the figure, the 

experimental results are almost exacdy the same, even though 

Correlation of Simulation with Experiments 52 



Univ
ers

ity
 of

 C
ap

e T
ow

n

experiment 3 was conducted at a press speed of 12 strokes per 

minute (SPM), and experiments 4, 5, and 6 were conducted at 18 

SPM. This indicates that the material is not rate-sensitive over the 

limited forming speeds available on the Press. 

70 

60 

Z 50 
~ 

8 o 40 
IL 
C 
0 .. 
() 30 

= D:: 
s:. 
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§ 20 
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10 ;4 
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0.01 0.02 0.03 

Displacement (m) 

0.04 0.05 

• Exp 3 

• Exp4 
Il.Exp 5 

• Exp 6 

Figure 6.5: Exgerimental Repeatability - 1000 psi BHF and 0.6 mm THK 

This process was repeated for the 0.6 mm thick blank material, In 

order to ascertain that the Press could cope with both the thick 

material, as well as the thinner material In a consistent manner. This 

is shown in Figure 6.6. 
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Figure 6.6 : Experimental Repeatability - 2000 psi BHF and 0.8 mm THK 

As can be seen from the figures, the experimental results are 

repeatable with differences in the order of less than 5% in the area of 

peak punch force. 

Once the experimental results have been verified reproducible, the 

next objective is to determine the friction coefficient. 
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6.5.2 Variations in friction coefficient 

The friction model Is a simple Coulomb law, and the friction 

coefficient was varied between 0.001 (0.1 %) and 30 percent. This Is 

seen below in Figure 6.7. 

80~------------------------------~ 

60 

• 0.1 

! 50 • 1.0 
• 2.5 e 
0 
IL ;( 5.0 
j 40 

• 7.5 0 • • + 10.0 It: 
.c 
0 30 - 12.5 c 
:J 
Q.. - Experimental 

20 

10 +-~~------------------------~ 

o 0.01 0.02 0.03 0.04 0.05 
Displacement (m) 

Figure 6.7: Variations in friction percentage for Exgeriment 9 

A search of the available literature indicated that a well lubricated 

steel forming process has a friction value of less than 15%. This Is 

evidenced in the above figure, as the friction value appears to lie 

between 5.0 and 7.5 percent. 
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