Chapter 5

Results and Discussion of Results
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5.1 Introduction

The last chapter described the setting up of equipment. It described the changes that were necessary to enable BHF profiling on the existing press. It also explained how the set-up was checked for correctness in terms of responsiveness and accuracy. Moreover, the unexpected drop of BHF towards the end of punch stroke was also explained. After detailing the set-up, the methodology followed in the experimental phase was also explained. This chapter describes the results of these experiments along with a discussion of these results in terms of their significance and relation with the aim of the study. The presentation and discussion of results follow the natural order of experiments. Hence, section 5.1 describes the preliminary experiments required for selecting the key parameters, which would be kept constant for rest of the tests. Section 5.2 begins with the results of experiments aimed at determining the tearing limit diagram. After this in section 5.3, the results of tests with ramped BHF profile are presented and discussed. The next section, section 5.4 explains the results of stepped profiles and the results of mixed stepped and ramped BHF profiles. Section 5.6 details how the issue of repeatability was addressed, to make sure that any conclusions from these results are trustworthy. Finally, section 5.7 concludes the chapter.
5.2 Preliminary tests

The first step of the experimentation was to limit the number of variables. This was necessary because in the main experiments only the effect of different BHF profiles was to be studied. Another reason was the time limitation, which did not allow for extending the scope of study. The following parameters needed to be fixed.

a. Punch and die corner radii.
b. Blank diameter.
c. Material of blanks.
These parameters are interdependent. A non-judicious choice can result in biasing of the results of the main experiments. Hence, a methodological approach was adopted to determine these parameters with a minimum set of experiments. Two set of punch and die were available for tests. The corner radii of these are given is in section 4.2. Punch and die set A has a very small corner radius. On the other hand, punch and die set B has a comparatively larger corner radius. Tests with the following four combinations were performed

	Test No.
	Punch label
	Die label

	1.
	A
	A

	2.
	B
	B

	3.
	A
	B

	4.
	B
	A


Table 5.1 Possible combinations of punch and die for experiments

These tests were performed by keeping the BHF to its minimum achievable value at this machine (6 kN). Tests were conducted with aluminium and steel blanks. The diameter was varied from 85 mm to 120 mm, which is the maximum diameter accommodated by this press. Thickness could not be changed due to non-availability of samples. These results led to the selection of following parameters for main run of experiments.

a. Punch A and die B.
b. Blank diameter = 90 mm.
c. Material = Deep drawing quality steel, with thickness between 0.6 – 0.7 mm.
The blanks used, had a thickness of 0.8 mm due to concerns of availability in given time.

An important limitation of the equipment was pointed out due to these tests. It was that the wrinkling limit could not be determined because the minimum BHF (6 kN) achievable on this press was sufficient to suppress wrinkling in all the cases tested. In theory it was possible to lower the BHF further by modifications to the hydraulic circuit, or wrinkling might have been observed if punch and die clearance was increased. However, practically these changes were not feasible in the short time available. Hence, further experiments mainly concentrated towards determining the effect of BHF profiling on tearing. 
5.3 Determining the tearing limit diagram
After the initial tests, the first major task was to determine the tearing limit diagram. A number of tests with constant BHF profile were conducted to determine these limits. The figure 5.1 shows the resulting tearing limit diagram. The points in this graph show the depth at which tearing begins to occur for each case. It was seen, as anticipated, that with the increase in BHF in every case the draw depth reduced. The point (11.5 kN, 28.5 mm) corresponds with the highest value of BHF for which there was no tear. The point (12.25 kN, 14.7 mm) corresponds with the lowest value of BHF for which tearing depth was recorded. 
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Figure 5.1 Tearing limit diagram 
In figure 5.2a, the maximum punch force (MPF) has been superimposed on the tearing limit diagram to gain some insight on how the increase of BHF leads to a reduction in draw depth. It was expected that with increase of BHF, the MPF will rise steadily and this leads to tearing. However, the graph pointed out a slightly different situation. The
 MPF rose and reached a maximum value at a BHF value of around 15 kN, but then it dropped significantly. So much so that the MPF value for the test at maximum (30 kN) BHF was less than the MPF value for a test conducted at minimum BHF (6 kN). This seemed a little surprising at first.
	Test Number
	BHF (kN)
	MDD (mm) 
	MPF (kN)
	BT at MPF (mm)
	Min BT (mm)
	Remarks

	11
	6.25
	28.5 (cup height)
	33.86
	0.745
	0.747
	Success

	14
	11.5
	28.5 (cup height)
	34.65
	0.737
	0.742
	Highest BHF with no tear

	17
	12.25
	14.7
	34.70
	0.722
	0.723
	Lowest BHF with Tear

	16
	13
	14.4
	34.82
	0.721
	0.715
	Tear

	15
	14.75
	13.9
	35.31
	0.716
	0.708
	Tear

	13
	18
	13.59
	35.08
	0.698
	0.698
	Tear

	12
	30
	10.0
	33.02
	0.667
	0.664
	Tear

	BHF = Blank holder force
	MPF = Maximum punch force

	MDD = Maximum draw depth
	BT = Blank thickness


Table 5.2 Results of tests performed to determine tearing limit diagram

It was decided to compare the minimum thickness of blank in each case to see if an answer to this problem could be found. These values were calculated from the minimum values of die opening in each case. Figure 5.2b shows the minimum thickness of blank in each case. When figures 5.2a and 5.2b are compared side by side then the anomalous drop of MPF can be explained. It can be seen clearly that the due to such a high blank holder force the thickness reduces considerably. The thickness reduction is so severe that necking occurs much earlier and the material fails at much lower punch force value. This failure mode can be explained with reference to use of a nomograph to predict thickness strains, as given in section 3.2 (figure 3.4). 

Hence, it is concluded that the change in BHF affects the drawing process in at least two different ways. Firstly, the punch force changes due to change in mode of process from pure-drawing to stretch forming. Secondly, increased BHF leads to blank thinning which can lead to a condition of material instability much earlier than in absence of any such force. In the next section, the effect of increasing and decreasing BHF profiles on the drawing process will be examined.
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Figure 5.2a Effect of increase in BHF on draw depth and MPF
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Figure 5.2b Effect of BHF variations on blank thinning

As mentioned earlier the maximum BHF value at which the blank could have been drawn successfully was 11.5 kN. It can be seen clearly that after this value for a rise in BHF value between 12.25 kN and 18 kN (almost an increase of 32 %), the draw depth reduced from 14.7 mm to 13.6 mm (almost a reduction of 7%). However, a further increase of 40% (18 kN to 30 kN) reduced the draw depth by approximately 26%. This raised two very important questions, which are as follows.

· Is there a particular significance of draw depth between 13.6 mm and 14.7 mm? 
· What will be the effect on draw depth, if BHF in or near this depth during drawing is changed? 
These questions provided the basis for further investigations. The test mentioned in the next section, will help in answering these questions. 
5.4 Ramping tests
The effect of ramping was investigated extensively. The results of some representative tests are shown in Figure 5.4 a, b, c and d. Table 5.3 presents a summary of important features of these results. In table 5.4 the results of test done at 18 kN constant BHF are reproduced from table 5.2 for the ease of comparison with the values in table 5.3. 
The graph in figure 5.4a shows that the decreasing BHF profile (at an angle of -56 degrees) had a positive impact on drawing. Due to the ramping, it was possible to draw the cup without tearing. It should be noted that, due to this choice of ramp angle, the BHF at the end of the ramped portion (DD = 11.5 mm) falls below the level of maximum constant BHF that can be drawn without tearing. This choice of ramp angle was deliberate. It ensured that at the draw depth where punch force attained a maximum value, BHF was kept lower than the value, which could cause tearing. At the draw depth of 17 mm, BHF was again raised to 12.5 kN. In the case of a constant BHF profile, this value of BHF would have caused tearing. However, as can be seen from the graph, in this case the draw was successful. This issue will be discussed fully in section 5.6 when the results of mixed ramped and stepped profiles are also discussed. The graph in figure 5.4b shows that ramping at an angle of -53 degrees was not sufficient to prevent tearing. However, there was an improvement, in draw depth. An interesting fact that was revealed was that although in this case the MPF was slightly less than the previous case (test 20), tearing was observed in this case. This can be explained by noting that the blank’s minimum thickness value was 0.715 mm, which is considerably less than the previous case. 

The next case, shown in figure 5.4c, presents an interesting situation. Here the ramp angle is reduced considerably (ramp angle -34 degrees), however, the cup is still drawn successfully. In this case, the value of minimum thickness is 0.706 mm, which is less than the value in previous case. However, the final value of BHF (11 kN) is less than the final value of BHF (11.7 kN) for the last case. Here it must be remembered that the value of minimum thickness does not correspond with the maximum punch pressure. Due to ramping, the blank actually thickened to a value of approximately 0.723 at the instant when the punch force maximum. Also from table 5.3 and table 5.4, it follows that the value of maximum punch force was less than those in the previous cases. These points will be elaborated further in section 5.5. 

In figure 5.4d, a representative case for increasing BHF profile is shown. In this case tearing is observed for much lower draw depth (11.8mm) than rest of the cases. In general, it was observed that with increasing BHF profile draw depth is reduced. However, draws could be successful if the chosen ramp angle were such that for any depth the BHF value remains below the value at which tearing would occur if constant BHF were applied. 
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Figure 5.4a Ramped BHF profile from 18 kN to 11 kN at an angle of -56 degree (test 20)
Minimum blank thickness = 0.745 mm
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Figure 5.4b Ramped BHF profile from 18 kN to 11.7 kN at an angle of -53 degree (test 24)  

Minimum blank thickness = 0.715 mm
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Figure 5.4c Ramped BHF profile from 18 kN to 11 kN at an angle of -34 degree (test 21)
Minimum blank thickness = 0.706 mm
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Figure 5.4d Ramped BHF profile from 11.8 kN to 18 kN at an angle of 47 degree (test 19). 

Minimum blank thickness = 0.719 mm
Important observations from these results are summarized in the following table. The values of test conducted at constant BHF of 18 kN have been reproduced in table 5.4.

	Test Number
	Max BHF (kN)
	Depth at Max BHF  (mm)
	Min BHF (kN)
	Depth at Min BHF (mm)
	Ramp angle

	20
	18.0
	6.7
	10.8
	11.5
	-56

	24
	18.0
	6.7
	11.7
	11.5
	-53

	18
	18.0
	5.5
	12.5
	10
	-51

	21
	18.0
	7.0
	11.0
	17.5
	-34

	22
	18.0
	6.0
	13.6
	14.3
	-28

	19
	18.0
	11.9
	11.8
	6.1
	47

	Test Number
	MPF (kN)
	DD at MPF (mm)
	Min BT (mm)
	MDD (mm)
	Remarks

	20
	34.9
	19.1
	0.745
	28.5
	Success

	24
	34.1
	15.7
	0.715
	15.7
	Tear

	18
	35.0
	15.4
	0.723
	15.4
	Tear

	21
	34.0
	15.5
	0.706
	28.6
	Success

	22
	33.8
	14.3
	0.710
	14.3
	Tear

	19
	34.6
	11.8
	0.719
	11.9
	Tear


Table 5.3 Summary of tests done with ramped BHF profile
	Test Number
	BHF (kN)
	MDD (mm)
	MPF (kN) 
	Remark

	13
	18
	13.59
	35.08
	Tear


Table 5.4 Results of test at constant BHF of 18 kN
Based on the results of tests mentioned in section 5.3 and 5.4, a theory of critical draw depth range will be introduced in section 5.5. That theory will help in answering the two questions mentioned at the end of section 5.3. In addition, it will also help in answering the question concerning the choice of ramp angle.

5.5 Critical draw depth range 

The results of experiments with circular blanks for constant BHF profiles showed that the MPF is observed at approximately the middle of the punch stroke. Figure 6.1 presents a very interesting comparison in this regard. In this figure, several punch force profiles (PFP) have been plotted for different tests, which were conducted at constant BHF values. (Please refer to table 5.2 for detailed results). The graph shows that the value of punch force drops rapidly to zero after reaching a maximum value in the case of the PFP of tests conducted at BHF value greater than 11.5 kN. This abrupt drop represents the tearing of the product. The smooth PFP for the case of 11.5 kN BHF and 6 kN BHF represent a product without tearing. In this graph, the draw depth from 13.6 to 14.7 (as pointed out in section 5.3) has been labelled as critical draw depth range. As a 32% rise of BHF only cause a reduction of 7 % draw depth in this range. 
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Figure 5.5a Critical draw depth range.

Assuming that the maximum BHF value, which is required to suppress wrinkling, for this case is 18 kN. If a constant BHF of 18 kN were used then that would result in tearing at a draw depth of 13.6 mm. (Table 5.2). In order to visualize the effect of change in BHF profile on PFP consider figure 5.5b. In this figure, the punch force profiles of figure 5.4 and the PFP of test at constant BHF of 18 kN, are superimposed on each other along with the BHF profiles. This gives a clearer picture of the whole situation. As discussed earlier the PFP (-56 deg.) and PFP (-34 deg.) represent two cases where the draw was successful. 

[image: image9]
In these cases, the ramp angle was chosen such that in the critical draw depth range the BHF value was always less than the constant BHF causing tearing at that depth. On the contrary, for the remaining PFP (representing tearing) the ramp angle was not selected according to this requirement.

Hence, these graphs suggested that before the critical region BHF could be kept at a higher value or lower value according to the requirement of wrinkling. However, in the critical region the BHF has to be reduced in such a way that for each successive depth the MPF value, which causes tearing at that depth, is avoided. This strategy ensures that the draw is successful. This theory needed to be validated by further tests. Therefore, further tests were conducted with mixed ramped and stepped BHF profiles and stepped BHF profiles. The results of these tests are discussed in the next section. 

5.6 Stepped and ramped BHF profiles
The results in previous section show the importance of avoiding high BHF values in the critical range. This leads to the idea of stepping the BHF down to an acceptable level then raising it back to a higher level hence avoiding tearing and wrinkling. In this section, some representative results are shown. 
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Figure 5.6a Ramped and stepped BHF profile; importance of critical region (test 27)
As can be seen from this graph the punch force profile has been almost flattened out by a careful selection of ramp angle and steps. As mentioned in last section, the guideline for the choice of these steps came from the results of tests with constant BHF. For example in the above case, a second lower step starts at a depth of around 14.7 mm. Now recalling from table 5.2 and figure 5.1 this is the maximum draw depth, which could be achieved with a constant BHF of 12.25 kN. Hence, the second step moves the BHF to the safe region to a value of about 10.5 kN. This step is maintained until a draw depth of about 20 mm after which the BHF is ramped up to the level in start of stroke. The logic of upwards ramping can be seen only if the wrinkling tendency of the blank is known. As explained in section 5.2 it was not possible to detect wrinkling. Therefore, in this case an assumption has been made based on the literature review (chapter 3 section 3.3.1 and section 3.3.5) that the blank tends to wrinkle first at the start of punch stroke and then again at the end of punch stroke. Hence, the BHF value has to be increased to suppress this wrinkling at the end. 
The graph in figure 5.6b demonstrates the same principle as that explained in the last graph. However, there is an additional piece of information. As can be seen in this case, the MPF value is much higher than all the cases mentioned earlier. Still, the blank has been drawn successfully. This implies that the draw depth at which punch force achieves its maximum value is as important as the actual value of MPF. Hence, an effective wrinkle suppression strategy can make use of this information, raise the BHF, and thereby punch force at the desired location. 
As mentioned in section 5.4, a carefully selected increasing BHF profile can also be used for increasing the draw depth and effective wrinkle suppression. In contrast to the case shown in figure 5.4d, a successful draw was achieved using an increasing and then decreasing stepped BHF profile. This is because; in this case, the stepping was done with the principle of critical region in mind. Figure 5.6c and d represent the successful draws obtained by following the approach of avoiding excessive BHF values in critical region as explained in section 5.5. The graph in figure 5.6d shows a very interesting one-step profile. Here the BHF was kept at a minimum level until the end of the critical draw depth range and then raised suddenly to a peak value of 18 kN. This strategy can be effective for drawing components where wrinkling occurs at the end of draw stroke. 
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Figure 5.6b Ramped and stepped BHF profile; importance of critical region (test 23)
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Figure 5.6c Increasing stepped BHF profile; importance of critical region (test 39)
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Figure 5.6d Increasing stepped BHF profile; importance of critical region (test 48)
Hence, these results verify the concept of critical draw depth range mentioned in section 5.5. The BHF may be reduced in steps or at a constant ramp angle depending on the shape of the wrinkling limit curve. The following paragraph explains the method of developing a profile based on critical draw depth concept. 

In the case of a decreasing and then increasing BHF profile, the BHF at the start of stroke has to be maintained at the level required for wrinkle suppression. The draw depth, at which tearing would occur for this value of BHF, is the start of critical draw depth range. In this range, the BHF has to be reduced to the highest constant BHF for which draw is successful. The draw depth, at which MPF is observed for the case of, highest constant BHF test without tear, represents the end of critical draw depth range. The BHF can be raised again for wrinkle suppression beyond this depth. Similar strategy can be adopted for an increasing and then decreasing BHF profile. 
5.7 Issues of repeatability

One of the most important factors influencing the reliability of experimental results is the repeatability. In chapter 4, section 4.4 the issues of data accuracy were addressed. In this section, repeatability is considered. Several experiments were performed under ideal conditions to observe any possible variations in the outcome. The results were quite satisfactory. The only problem in terms of repeatability was observed in the case of lower values of BHF (Between 6 kN and 8 kN). At these values, the hydraulic system did not always yield the same value of BHF. However, it was observed that if the machine was allowed to run idle for some time (7 – 10 min) then a repeatable value was achievable. This is shown by the graphs in Figure 5.7a.
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Figure 5.7a Repeatability tests show excellent repeatability except for values below 10 kN at the start of experiment.
This problem was only a hindrance in terms of specifying starting values for increasing BHF profiles. Hence, in all such cases a procedure of synchronizing the motor to achieve the desired BHF values was adopted. This was done using a software code, which adjusted the motor rotation until it reached the level commanded by the user. The user could set this level based on data recorded by the data logger and also reading from the dial gauge on machine. 
Figure 5.7b shows the result of another representative test that demonstrates excellent repeatability. As can be seen, the achievement of repeatable lower BHF values was only a problem at the start of experiment. It was not a problem once the process starts from a higher value. Time did not allow for making any modifications to the press to correct this problem. However, using the strategy mentioned in last paragraph, repeatable results were obtained. 
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Figure 5.7b Repeatability test showing repeatability of BHF and PFP.
5.8 Conclusions

This chapter presents the major findings of the study. It explains the experimental results and highlights some key points that can be deduced from these results. It also points out some deficiencies of the developed system. This chapter achieves the important objective of testing and implementing a reliable BHF profiling system. In this chapter, it was demonstrated that BHF profiling could result in achieving greater draw depth. It was verified that thickness profile of blank, and the punch force profile, both could help in determining the occurrence of tearing. These profiles could be manipulated by using a suitable BHF profile. The results also pointed out that MPF value alone is not sufficient to determine when tearing will occur. The draw depth at which MPF is observed is at least as critical as the actual value of MPF for determining the onset of tearing. In case of constant BHF tests the MPF occurs near the centre of punch stroke. However, using an appropriate increasing or decreasing BHF profile this peak can be shifted on either side of the MPF value. This shift in MPF peak can result in increased draw depth. Based on this idea of shifting the MPF value, a new concept of critical draw depth range was introduced and validated. This concept makes the selection of appropriate BHF profiles a relatively simple task.
The next chapter will point out some guidelines for adopting a suitable BHF profile, based on the findings of this chapter. The next chapter will also point out direction for further research and will list the limitations of this study. 


































































































































































































































Results and Discussion of Results
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Figure 5.5b Variation in punch force profile due to variation in BHF profiles
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