Chapter 4

Experimental Set-up and Methodology

 

4.1 Introduction

It was shown in the last chapter that blank holder force profiling could increase the draw depth. However, the cost of implementation increases with the sophistication of technology. An important objective of this chapter is to describe a practical and cost effective method of achieving precise BHF control using a conventional drawing press with some modifications. This chapter first describes the design and implementation of the experimental set-up used in this study and then it discusses the methodology adopted for experimentation. The chapter in section 4.2 begins with a description of the existing deep drawing press that is used for the tests. Then in section, 4.3 all the changes made for the set-up are discussed. This section explains the criteria for selection of a particular BHF control strategy. Moreover, describes fully that how it was implemented. It also describes the key parameters to be recorded during tests and explains how to record them. After this in section 4.4, the tests performed to ascertain the accuracy of set-up are described. It also explains how a potential problem was averted due to these tests. The methodology followed in experiments is discussed in section 4.5 and the conclusions are given in section 4.6.

4.2 The Drawing Press

Stamping equipment can vary considerably in terms of operational capabilities; however these can be categorized in terms of operating principal i.e. mechanical or hydraulic [75]. A mechanical Press uses a flywheel as the energy storage element. The force is transferred via punch to the work-piece. The size can range from 20 tons up to 6000 tons. Achievable stroke varies from 5 mm to 500 mm (0.2 to 20 in) and speeds from 20 to 1500 strokes per minute. These are well suited for high-speed blanking, shallow drawing and for making precision parts. On the other hand, a hydraulic press uses hydraulics pressure to deliver a controlled force. They have higher load capacity and the tonnage can vary from 20 tons to 10,000 tons. Stroke can also be often greater than that of its mechanical counterpart. It ranges from 10 mm to 800 mm (0.4 to 32 in). The principal advantages are ability to deliver full power at any point in the stroke; variable tonnage with overload protection; and adjustable stroke and speed. Hydraulic presses are suitable for deep-drawing, compound die action as in blanking with forming or coining, low speed high tonnage blanking, and force type of forming rather than displacement type of forming [75]. The press used for this study is a hydraulic press with a static punch and moving die arrangement. Separate hydraulic circuits control the blank holder and the die. Some of the important specifications of tooling with respect to the current study are;

	Punch Diameter
	2  in
	50.8 mm

	Punch Area (PA)
	3 in2
	1965 mm2 

	Blank Holder Ram Area
	20 in2
	12916 mm2

	Piston Area of Punch
	50 in2
	32428 mm2

	Maximum Stroke
	70 mm

	Blank Holder Die Clearance
	0.4 mm

	Useable range of BHF
	6 kN – 29 kN

	Speed Range
	0.3 mms-1 – 6 mms-1

	Corner Radius Punch A
	1 mm

	Corner Radius Punch B
	50 mm

	Corner Radius Die A
	1 mm

	Corner Radius Die B
	51 mm


Table 4.1 Important specifications of press
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Figure 4.1 Deep drawing press being used for this research
The drawing press in the original configuration allows drawing at a constant BHF value in the range of approximately 7 kN to 30 kN. The constant BHF force is maintained by keeping a constant hydraulic pressure under the ram of blank holder. This constant value of BHF was set manually opening and closing a gate valve. 

4.3 Changes in the existing set-up

It was not possible to carry out the experiments without certain modifications to the press. These modifications relate either with the profiling of BHF, or with the measurement of process variables. The changes were kept at a minimum to insure that the cost is low and the implementation is as simple as possible. The next section explains these changes.

4.3.1 Criteria for selection of strategy to control BHF

Several possibilities were investigated to determine the best strategy for variation of BHF during drawing. Following points were considered when selecting the strategy,

· Responsiveness – This meant that the response time should be low enough to enable an accurate BHF control in terms of attaining the desired level of BHF in the required time and then maintaining that level for the desired duration.

· Minimum changes to the basic design of press – This implies that the process selected, should require minimum alterations in the press. Therefore, a strategy, which requires changes in the basic hydraulic circuit, oil level, or blank holder design, should be discarded. This requirement also insures that the cost remains low.

·  Accuracy – This means that the strategy chosen should produce correct results. Therefore, addition of any components that contribute towards increasing the inaccuracy should be avoided. 

· Repeatability – This meant that the results obtained were consistently achievable within reasonable limits of experimental error. 

· Safety – This means that the strategy employed should not pose any major hazards in terms of equipment or human loss. Any safety concerns must be addressed by the selected strategy.

The strategy, which satisfied all these requirements, involved the use of a DC stepper motor, controlled from a computer to drive the gate valve, which was used to set the level of constant BHF in the original configuration. This valve was previously operated manually. In the next section, the implementation of this strategy is discussed in detail. It will also be shown that the design considerations mentioned in the current section are not ignored during implementation. 
4.3.2 Implementation of strategy to control BHF
The first requirement to implement this strategy was to find basic specifications that the selected motor must be able to achieve. The most important specification in this regard is the amount of torque the motor is required to supply at a designated speed. This torque is equal to the torque required to rotate the valve. This was determined by conducting a simple experiment. In this experiment, the valve was rotated using a spring balance attached to the end of a lever connected with the valve. The schematic representation of the set-up is shown in figure 4.2. 

[image: image2]
Figure 4.2 Schematic representation of arrangement to measure required torque

The results of this experiment are shown in figure 4.3, which shows the variation of driving torque with each revolution of the valve. The maximum of these observations is the minimum amount of torque that the motor must be able to deliver at a designated maximum operating speed. Hence, the second step was to determine the designated maximum operating speed. This speed was to be determined, based on the desired level of responsiveness. The desired level of responsiveness was obtained by comparing the limits of BHF vs. valve rotation and MPF vs. BHF.
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Figure 4.3 Motor torque requirements with each rotation of valve
Two separate experiments were conducted for this purpose. In the first experiment, BHF values were recorded for each quarter revolution (45 degrees) of valve rotation. These values are shown in figure 4.4. In the second experiment, MPF was recorded for drawing tests, conducted at different constant values of BHF (shown in figure 4.5). The BHF was varied for the entire range of valve operation. From figure 4.5, it can be observed that the punch force can be reduced by approximately 50% of its possible variation by varying the BHF from approximately 6 kN to 15 kN. Looking at the graph in figure 4.4 it can be seen that this variation in BHF is possible by rotating the valve by almost one revolution. Hence, for a drawing speed of 1 mm/s the minimum desired responsiveness level was required to be the variation in BHF, which would change the MPF by 50%. Therefore, it was desired that the selected motor should be able to provide the maximum torque (figure 4.2) at a speed of at least 1 rev/s. 

[image: image4]
Figure 4.4 BHF vs. valve rotation


[image: image5]
Figure 4.5 Maximum punch force (MPF) vs. BHF 

Torque and speed were the basic criteria for the selection of motor. Another criterion was the number of steps for one revolution. The larger this number is the greater will be the resolution of motor. A step is a minimum possible rotation that the motor can take. In this case, the resolution of selected motor was 200 steps per revolution. 

After the selection of required motor, the next step was to design a mechanism, which would be used to couple the valve with the motor spindle. Several strategies could have been used but the selection was again dictated by the criteria mentioned in the section 4.3.1. 


[image: image6]
Figure 4.6 Cross sectional view for motor valve coupling (not to scale)

The most important criterion in this regard was the selection of a mechanism, which would not degrade the accuracy, and repeatability of the system. These attributes can be adversely affected if backlash, slippage or vibration is present in the coupling. The schematic of the coupling designed for this purpose is shown in figure 4.6. As can be seen from the figure the design was simple yet effective at the same time. Since the motor speed was controlled precisely using computer, hence there was no need for gears. The important aspect of the design of this coupling was this that accuracy of the system was not degraded.

The next step was to device a technique, to determine the exact rotary position of valve at every instant. This information was basic input to the controller. Based on the current position the controller could calculate the number of steps and direction required to reach the final position. This information was also necessary to automatically, synchronise the valve to starting position at the beginning of each experiment. In this case too several options were available. The use of expensive shaft encoders that could measure even up to tenth of a degree was point less as neither, this level of accuracy was required, nor the cost justified such misadventures. The solution adopted in this case was simple yet effective. A rotary type variable potentiometer was coupled to the shaft using a pulley and belt arrangement as shown in the figure 4.7. Although the force required for moving the potentiometer pulley was very small, still it was ensured that sufficient friction existed to avoid slippage of belt. When the valve rotated, the potentiometer rotated along it. Hence, the change in voltage due to change in resistance of the potentiometer signalled the change in valve position. 

[image: image7.jpg]



Figure 4.7 Set-up for instantaneous measurement of valve position


[image: image8]
Figure 4.8 Calibration of valve in terms of voltage across potentiometer 
The calibration chart of valve rotation against the voltage readings is shown in figure 4.8. The potentiometer also ensured the safety of motor against stall due to over run, as the limits of voltage were defined in the software. If the voltage reached these limiting values, the motor was turned off automatically. The final stage of implementation required the writing of code to control the motor position, which in turn will control the BHF values. This code was written using LabView7. LabView7 is software developed by Virtual Instruments Inc. The LabView7 software makes working with the hardware much easier than normal computer languages. An attractive and easier to use graphical user interface (GUI) was also created, so that it was easier to give inputs and that tests were conducted easily and rapidly. The user was required to input the BHF profile. This profile was created simply in the form of table of values of required BHF and the corresponding draw depth. Based on the calibration chart shown in figure 4.9 the required values of BHF were translated into the required motor position in terms of number of steps. This information combined with the information on depth at which this BHF was to be applied determined the speed at which the valve was to be rotated to achieve desired pressure. 


[image: image9]
Figure 4.9 Calibration chart for BHF and motor position(steps)
This completes the discussion on implementation of BHF control strategy. Tests were conducted to ascertain that whole set-up is working correctly. These tests will be discussed in section 4.4. The block diagram of entire set-up including the data acquisition system is shown in figure 4.18.
4.3.3 Recording data

4.3.3.1 Key parameters
Based on the literature review, four parameters were identified as critical for assuring the quality of a drawn component. These parameters were recorded for each experiment. The parameters are,

a. Punch force
b. Blank holder force

c. Draw depth

d. Die opening

The importance and relationship of punch force, blank holder force and draw depth with the deep drawing process has been discussed in detail in chapter 2 and 3. However, the last mentioned parameter; “Die opening” needs some elucidation.

Die opening is defined as the distance between the die and the blank holder. This distance does not remain constant during drawing operation. It changes with the changing thickness of the blank being drawn. As discussed in section 2.3.2 if the compression is excessive and the length of unsupported region of blank is long enough to cause buckling under the effect of these compressive stresses, then this situation leads to wrinkling. Hence, larger die opening relates directly to increase in thickness of blank and consequently to increase in length of unsupported region. It was suggested by Kergen and Jodogne [5, 6] that the increase of die opening beyond a particular value can be used as an indicator of onset of wrinkling. This study also uses the same approach for detection of wrinkling. In the next section, set-up required for recording these parameters will be described in detail.

4.3.3.2 Set-up for data acquisition

In this section, the set-up for measurement of each of the key parameter is described.

a. Punch force

The punch force was measured indirectly using a pressure transducer (PT). The block diagram of set-up for force measurement is shown in figure 4.10. The PT being used is as strain type transducer. Pressure change in the manifold causes a strain change in the sensing element of PT. This changes the resistance and hence a voltage change is detected at the terminals of PT. This voltage signal is amplified using an amplifier and fed to the data acquisition card (DAC) in a computer. The software registers this voltage and compares its value with a calibration chart that can be calibrated in terms of pressure directly or in terms of force indirectly. The corresponding value of pressure or force is then recorded on a disk file. This process can be repeated at every clock pulse generated by the processor. The number of samples per second can be selected by the user through the software. 


[image: image10]
Figure 4.10 Block diagram representation of set-up for measurement of punch force

The PT is first calibrated in terms of voltage vs. pressure graph by applying known pressure to the transducer on a test rig and recording the corresponding voltage (after it passes through amplifier) using a voltmeter. Then this pressure reading is converted to force reading by simply multiplying the pressure with the area at which this pressure acts during experiment. In order to measure punch force, this area will be the ram area of punch. The calibration chart for the PT used for punch force measurement is shown in figure 4.11. No modification in the press was necessary to fit the pressure transducer, as a pressure tapping was already available in the press for this purpose.
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Figure 4.11 Calibration of PT used for PF measurement
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Figure 4.12 Calibration of PT used for BHF measurement

b. Blank holder force

The blank holder force was measured in a manner very similar to the punch force. The only difference between the two pressure transducers being used was in terms of pressure range. The PT measuring BHF had a maximum pressure rating of 100 bars, while the one measuring PF had maximum pressure rating 30 bars. These ratings were selected by considering the maximum pressures possible for blank holder and punch respectively. The calibration chart for PT used for the measurement of BHF is shown in figure 4.12. The values of BHF were obtained from the pressure readings by multiplying the pressure with ram area of blank holder.

c. Draw depth

The draw depth was measured using a Linear Variable Displacement Transducer (LVDT). The output was fed to the to the data acquisition card through an amplifier. DAC converted the voltage reading to displacement based on calibration constant of 10 mm/volt. A negative displacement value signifies that punch is not in contact with the blank. Moreover, a zero value represents the instance when the contact is just made.
d. Die opening

Die opening was also measured using LVDT. There was no previous arrangement to measure this parameter; therefore, slight modification was required to fit the LVDT. A strip was welded to the die head. This strip was kept exactly parallel to die head and the blank holder. The LVDT was attached to the ram of blank holder, with the probe end touching the metal strip. Any change in thickness moved the blank holder (with the ram) up or down and this could be detected through the LVDT. Here again the voltage signal from LVDT was fed to the DAC where it was translated into displacement using a conversion constant of 1 mm/volt. A negative value of displacement represents metal thickening due to compression and a positive value shows metal thinning. Figure 4.13 shows the LVDT fitted in the press head to determine the die opening. 
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Figure 4.13 LVDT used to measure die opening

This completes the description of set-up, which was required for recording the key parameters. The software for data acquisition was also written in LabView7. The completed block diagram of completed set-up is shown in figure 4.14.

[image: image14]
Figure 4.14 Block diagram of completed set-up

4.4 Verifying the Set-up

The final step of equipment set-up was to perform tests to verify the set-up and to detect any problem. Therefore, a number of tests were conducted to verify that each component was working fine. After testing each component, the whole system was tested by conducting some real tests. In this section, some representative results, dealing with shortcomings of the system, will be discussed. 
The graphs in figure 4.15a, b and c present a comparison of targeted and achieved values of BHF. Figure 4.15a and 4.15c gives this comparison in terms of draw depth. On the other hand, figure 4.15b and c show the comparison in terms of variation over time. As can be seen from these graphs the achieved BHF lagged the targeted BHF in each case. In other words, the system was not achieving the responsiveness level as designed. The graph in figure 4.15c gives additional insight into system by superimposing the motor response. This gives a very valuable piece of information that neither the motor controlling the BHF start at the right instance, nor the slope of
 response is equal to desired slope. This problem was pointed out and analyzed in detail. Further tests were also carried out to ascertain the cause of problem. 
As a result of these tests it was determined that, the problem had arisen due to inadequacy of processor speed to cope with data acquisition and motor control (BHF control) simultaneously. Due to time sharing of each process in Windows 98 the motor control software was not getting priority over data acquisition at the right instance. A simple solution to address this problem was devised. Instead of performing data acquisition and BHF control from a single processor, two separate computers were used. The BHF control software on one computer started its operation after receiving on signal from the data acquisition system on the other computer. This strategy worked very well as shown by sample results in figure 4.16 a, b. The desired responsiveness and accuracy was achieved within reasonable limits. Figure 4.16a shows a sudden drop in BHF towards the end. Due to this drop, there is a slight variation of achieved BHF from the target. This blip at the end has been observed consistently in all the tests where the specimen had drawn successfully. In addition, it always occurred at the instance when the blank was fully drawn.
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Figure 4.15a Verification of set-up - Test 30_01
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Figure 4.15c Verification of set-up - Test 30_03
Looking at the response of motor (superimposed in red) on the same graph it shows that this time the control system has responded successfully but due to a sudden change in the process, the hydraulic system has not been successful in maintaining the same force. In order to understand the reason for this the graph shown in figure 4.17 has to be considered. In this figure, the graph of die opening has been superimposed to show that the blip exactly corresponds with the instance when blank is drawn completely. By analyzing, the results of all tests and paying attention to the values of die opening. It was deduced that this is the state when the cup has fully drawn and due to an absence of material between the die and blank holder, the blank holder will suddenly move with a jerk towards the die. Consequently, this results in sudden drop in the reaction force, which is being measured in this case. As expected the drop continues until the blank holder again meets the die surface. 
Hence, the set-up was verified, all the instrumentation was working correctly and obtaining satisfactory results. This completes the description of entire set-up process. Figure 4.18a shows the block diagram of the modified system after changes had been done to correct the problems identified in the initial tests. Figure 4.18b shows the completed set-up.
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Figure 4.16a Results of corrected set-up. Test 05_00
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Figure 4.16b Results of corrected set-up. Test 05_01
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Figure 4.17 Explanation of sudden force drop at the end of draw stroke. Test 05_00
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Figure 4.18a Block diagram of modified final set-up
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Figure 4.18b Completed set-up of experiments

4.5 Methodology
The methodology followed in the experimental phase is as follows. First of all several test will be performed for the selection of appropriate punch and die radius and blank diameter on which further tests will be performed. These tests will be performed at constant blank holding force. The objective is to find a blank radius, which, with the same tooling, fails at a higher BHF value and draws successfully at a lower BHF value. Once this combination of draw ratio and tooling is selected, it is kept constant.
The next step is to draw a tearing limit curve and a wrinkling limit curve based on the selected draw ratio. In order to obtain these curves, several tests will be conducted at different values of BHF. In each test, the value of BHF will be reduced and the draw depth will be recorded. These points will be plotted to obtain the WLC and tearing limit curve (TLC). The data of these tests will be analyzed to decide the direction of further tests. The current plan is to perform tests using different BHF trajectories. These trajectories are classified as;

1. Linear ramping upwards (increasing)

2. Linear ramping downwards (decreasing) 

3. Linear stepped upwards (piece wise increase)

4. Linear stepped downwards (piece wise decrease)

5. Mixed ramped and Stepped 
For each class at least four tests will be performed. Further tests will be carried out, in all cases of interest. In order to demonstrate repeatability of the experimental results, 10% to 15% of the tests will be selected at random and these tests will then be repeated under the same conditions. The data obtained will be analyzed to ascertain repeatability. After collection of experimental data, data analysis will be done and conclusions will be deduced.

The number of experiments that can be performed is strongly influenced by time and material constrains. These factors have been taken in account before deciding on the above methodology. 
4.6 Conclusion
This chapter describes in detail the experimental set-up. It can serve as a practical guide to someone who seeks to implement BHF profiling in a cost effective manner. It highlights the logical sequence of actions that must be performed to implement a strategy successfully and emphasizes the importance of careful planning. In the next chapter, results are presented and a comprehensive discussion of these results is included. Apart from certain exceptions, the results are described in the order in which the experiments were performed. The next chapter will take us to a stage where a meaningful conclusion can be drawn from this study.
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Figure 4.15a Verification of set-up Test 30_03
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BHFvsRev 4.4
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BHF

Revolutions

BHF (N)

Calibration of Gate valve controling the BHP
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		Degrees		Degrees		Revolutions		Pressure (PSI)		Pressure (N/mm2)     Mpa		BHF (N) Pressure (Mpa) * Area (mm2)

		0		0		0		70		0.483		6234

		45		45		0.125		80		0.552		7124

		90		90		0.25		80		0.552		7124

		135		135		0.375		80		0.552		7124

		180		180		0.5		90		0.621		8015

		225		225		0.625		90		0.621		8015

		270		270		0.75		90		0.621		8015

		315		315		0.875		90		0.621		8015

		360		360		1		100		0.689		8905

		45		405		1.125		120		0.827		10686

		90		450		1.25		135		0.931		12022

		135		495		1.375		150		1.034		13358

		180		540		1.5		160		1.103		14249

		225		585		1.625		175		1.207		15584

		270		630		1.75		185		1.276		16475

		315		675		1.875		200		1.379		17811

		360		720		2		220		1.517		19592

		45		765		2.125		230		1.586		20482

		90		810		2.25		250		1.724		22263

		135		855		2.375		265		1.827		23599

		180		900		2.5		280		1.931		24935

		225		945		2.625		290		1.999		25825

		270		990		2.75		300		2.068		26716

		315		1035		2.875		320		2.206		28497

		360		1080		3		340		2.344		30278

		45		1125		3.125		345		2.379		30723

		90		1170		3.25		345		2.379		30723

		135		1215		3.375		350		2.413		31169

		180		1260		3.5		355		2.448		31614





MPPvsBHP

		0.5515806312

		0.689475789
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Max Punch Pressure (MPa)

BHP (MPa)

MPP (MPa)

Max Punch Pressure (MPa) vs BHP (Mpa)

1.1031612623
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req_motor_torque 4.3
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Motor Torque (Required)

Trend line for motor torque

Revolutions

Torque Required (N.m)

Required Average Motor Torque for Each Revolution

Equation for trendline: y = 0.0121e0.5851x

0.021

0.04375

0.06125

0.132



BHFvsMPL4.5

		7.1242723552

		8.905340444

		10.6864085328
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Blank Holder Force (kN)         (BHP * BHArea)

BHF (N)

MPL (N)

Blank Holder Force vs Max Punch Load

2.1685971894

1.9652912029

2.0330598651

2.1685971894

2.3041345138

2.1685971894

2.3719031759
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		Draw Ratio		Blank Holder Pressure (BHP) (PSI)		Blank Holder Pressure (BHP) (MPa)		Blank Holder Force (kN)         (BHP * BHArea)		Max Punch Pressure (PSI)		Max Punch Pressure (MPa)		Max Punch Load (kN)         (PP * PA)		Comments

		2.03		80		0.552		7.12		160		1.103		2.169		No wrinkle/ Tear

		2.03		100		0.689		8.91		145		1.000		1.965		No wrinkle/ Tear

		2.03		120		0.827		10.69		150		1.034		2.033		No wrinkle/ Tear

		2.03		140		0.965		12.47		160		1.103		2.169		No wrinkle/ Tear

		2.03		180		1.241		16.03		170		1.172		2.304		No wrinkle/ Tear

		2.03		200		1.379		17.81		160		1.103		2.169		No wrinkle/ Tear

		2.03		240		1.655		21.37		175		1.207		2.372		No wrinkle/ Tear

		2.03		260		1.793		23.15		170		1.172		2.304		No wrinkle/ Tear

		2.03		300		2.068		26.72		175		1.207		2.372		No wrinkle/ Tear

		2.03		340		2.344		30.28		175		1.207		2.372		No wrinkle/ Tear

		2.23		300		2.068		27		165		1.138		2.236		Tearing

		2.34		90		0.621		8		175		1.207		2.372		No wrinkle/ Tear

		Factor for Conversion from PSI to Mpa		0.0068947579		358.5274102548

		Punch Dia		1.97		in		50.038		mm

		Punch Area (PA)		3.047		in2		1965.80252		mm2				mm		inch

		Blank Holder Area		20.02		in2		12916.1032		mm2				25.4 mm		1

		Piston Area of Punch		50.265		in2		32428.9674		mm2				1 mm		0.0393700787

														0.7 mm		0.0066929134

		Revolution		Average Spring Balance Reading (m) -- (g)		Moment Arm (d) -- (m)		Torque= (mg) * d (N.m)

		1		0.06		0.035		0.021		20				1000

		2		0.125		0.035		0.04375		1		141.6

		3		0.175		0.035		0.06125		0.0070621469		1

		4		0.12		0.11		0.132		0.2824858757		40
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