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ABSTRACT
The paper deals with the analysis of earrings during the drawing of cylindrical cups with a flat bottom from high-
strength materials. The paper focuses on the comparison of the heights of cups of two high-strength steel sheets,
which will be compared with the heights of cups from deep-drawn sheet metal. The cups were drawn from blanks
of two diameters 63 and 66 mm with and without the use of lubricant. The evaluation methods and results from
the tensile test and cupping test are presented.
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I. INTRODUCTION

The deep drawing process transforms a flat blank into a three-dimensional hollow body. This process is
widely used in many industries. The entire process is influenced by many variables, e.g. the mechanical properties
of the formed material, the radius of curvature of the drawing edge of the die and bar, the shape of the blank, the
coefficient of friction, etc. Incorrect setting of these parameters can lead to various errors. [1-2].

Finding the optimal values of process parameters is crucial in minimizing production costs in the deep
drawing process. To determine the optimal values, it is necessary to know how the process parameters affect the
deformation behavior of the sheet metal. This method of sheet metal processing is most widely used in the
aerospace and automotive industries, or in the food industry in the production of cans, various packaging, etc. [2-
4].

One of the undesirable phenomena in cup drawing is the formation of ears and the related earring. The
earring of cups is defined as the curling of the cup at its open end. [3].

The paper evaluates the earring of the cups using a cupping test on two high-strength steel sheets, the
results of which were compared with the earring during drawing of deep-drawn steel. The cups were drawn in two
ways, without and with the use of a lubricant.

I1. MATERIAL USED IN THE EXPERIMENTS

The paper evaluates two high-strength steel sheets, which were compared with deep-drawing steel.
Microalloy galvanized steel HX420LAD (marked A) with a thickness of 0.70 mm. Double-sided hot-dip
galvanized steel with transformation-induced plasticity TRIP RAK40/70 Z100MBO (marked B) with a thickness
of 0.75 mm. The properties of these sheets were compared with deep-drawn steel DC0O6BZE75/75PHOL (marked
C) and with a thickness of 0.85 mm.

I11. EXPERIMENTAL METHODOLOGY
1. Uniaxial tensile test

The uniaxial tensile test was performed according to STN EN SO 6892-1:2020, the normal anisotropy
ratio according to STN EN ISO 10113:2020 and the strain hardening exponent according to STN EN 1SO
10275:2021. The test was performed using the electromechanical machine TIRAtest2300. To measure the
mechanical properties of the materials under study, five samples were produced and tested from each material in
the directions of 0°, 45° and 90° with respect to the rolling direction.
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The dimensions of the test samples for the uniaxial tensile test are shown in Fig. 1.
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Fig. 1 Dimensions of the tested samples for the uniaxial tensile test
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The average values of the mechanical properties of the tested materials obtained by uniaxial tensile testing are

shown in Table 1-3.

Tab. 1 Obtained values of mechanical properties of material A using uniaxial tensile test

Dir. Rpo.2 Rm Aso r n
() (MPa) (MPa) (MPa) () ()
0 4705 521.5 222 0.790 0.143
45 465.1 511.7 24.0 1.096 0.142
90 4535 522.0 188 0599 0.151

Tab. 2 Obtained values of mechanical properties of material B using uniaxial tensile test

Dir. RpO,Z Rm Aso r n
() (MPa) (MPa) (MPa) () @)
0 434.8 764.9 29.6 0.702 0.298
45 4428 763.0 29.6 0.884 0.294
90 449.0 764.0 31.0 0.867 0.279

Tab. 3 Obtained values of mechanical properties of material C using uniaxial tensile test

Dir.  Rpo2 Rm Aso r n
()  (MPa) (MPa) (%) () )
0 156.5 300.7 46.9 2.224 0.267
45 159.0 302.3 46.0 1.552 0.256
90 148.1 298.0 49.8 1.921 0.265

Chemical analysis was performed to determine the chemical composition of the investigated materials. Table
4 shows the determined chemical composition of the investigated materials.

Tab. 4 Chemical composition of the investigated materials (%)

Material C Mn Si Cr P S Al Nb Ti
A 0.05 0.71 0.26 0.05 <0.002 <0.002 0.03 0.032 <0.002
B 0.02 127 014 0.04 0.019 <0.002 256 0.016 0.005
C 0.002 0.06 0.02 0.02 <0.002 <0.002 0.04 0.006 0.006

2. Cupping test

The cupping test was performed using a ZD-40 hydraulic press (Fig. 2a). A special deep drawing tool was
developed to evaluate the anisotropy of the cups (Fig. 2b). The drawing tool has interchangeable functional parts

—a punch and a die for testing different sheet thicknesses.
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Fig. 2 a) Hydraulic press ZD40, b) drawing tool

The experiment used circular blanks with diameters of 63 mm and 66 mm, from which cylindrical cups
with a flat bottom were drawn during the test. 10 blanks were made for each tested material for a given diameter.

Since the thickness of the tested materials was different in the experiment, different sizes of the functional
parts of the drawing tool were used when drawing flat-bottomed cylindrical cups. Table 5 shows the dimensions
of the drawing tool used for blanks with a size of 63 mm and 66 mm for different types of tested materials.

Tab. 5 The dimensions of drawing tools for blank diameters of 63 mm and 66 mm

Part of the tool Dimensions of the tool parts (mm)
A B C
Punch diameter 31.71 31.81 31.00
Die diameter 33.80 33.80 33.46
Rounding of the drawing edge of punch 5.00 5.00 5.00
Rounding of the drawing edge of die 5.50 5.50 5.50
Drawing clearance 2.09 1.99 2.46

The changing parameters in the evaluation of the deep-drawing properties of the investigated materials
were friction and its influence on the evaluation of cup height in 8 measured directions and the earring parameter
of cup AH.

The earring of the cups is defined as the curl of the cup at its open end. Earring represents a significant
problem in the deep drawing process and is the subject of research with the aim of eliminating this deficiency as
much as possible.

On each evaluated cup, the height of the ears was measured in eight places, each 45° from the previous
place with a starting point of 0° with respect to the rolling direction. In this way, the values of the ear heights
(mm) were gradually obtained in individual directions (HO, H45, H90, H135, H180, H225, H270, H315) with
respect to the rolling direction.

The earring of the cups was evaluated by the difference between the maximum and minimum measured
height (AH). The AH values were calculated from the relationship:

AH = Hpax — Hpin (MM) @,
where:
e AH - the difference between the maximum and minimum measured cup height (mm),
Hmax - maximum measured cup height (mm),
e  Huin- minimum measured cup height (mm).

From the calculated value of AH according to (1), the arithmetic mean was calculated for each blank diameter
and friction condition according to the relationship:
L. Hi

AH = ==11 (mm) ),

n
where:

e AH — average value of the height difference for given conditions (mm),
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e n - total number of selection values.

The earring cups were expressed by the ear height in the 8 measured directions and by the parameter AH, which
was calculated according to (2).

The heights of the ear for material A with a blank diameter of 63 mm are given in Table 6.

Tab. 6 Ears heights of cups from material A for a blank diameter of 63 mm

Ho Has Hoo Hiss Haiso Hazs Hz7o Hais AH AH
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

Cup Lubricant

1 2345 2541 2325 25,73 2353 25.02 23.43 2524 2.48
2 ith 2340 2532 2312 2510 24.09 25.03 238 2450 2.20
3 vatl)ffig:rtt 24.02 2559 2386 26.01 23.89 2577 2343 2578 258 235
4 23.88 25.08 23.71 2554 2355 2523 24.00 2550 1.99
5 2414 2566 2359 26.03 24.02 25.66 2355 2590 2.48
6 23.67 2557 24.07 25.87 2401 2577 2359 2533 2.28

7 23.73 2580 2332 2576 239 2534 24.06 2593 261
8 with lubricant  24.06 25.71 23.66 25.80 23.97 25.61 2349 2574 231 231
9 24.07 2544 2420 2552 2392 2581 2412 2539 1.89
10 2355 2580 2394 26.04 2455 2590 23.78 2577 2.49

Table 7 shows the height values for a 66 mm cutting diameter of material A.

Tab. 7 Ears heights of cups from material A for a blank diameter of 66 mm

Cup Lubricant Ho Has Hoo Hiss  Hiso H2s  H2zo  Hais AH AH
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

1 26.73 2855 26.80 28.65 27.07 2853 27.01 28.83 210

2 without 26.56 28.40 26.86 28.93 26.93 28.97 26.65 28.65 241

3 lubricant 26.82 29.02 26.83 2856 27.01 28.85 27.01 2895 220 233

4 26.57 28.73 26,57 28.78 26.22 28.42 26.75 28.39 256

5 26.89 29.15 26.75 28.83 26.79 2855 26.83 28.77 240

6 26.94 2865 26.85 29.00 2755 2871 26.75 28.76 2.25

7 26.62 28.70 26.95 28.80 27.65 29.03 27.05 29.01 241

8 with lubricant  27.02 2837 27.22 29.16 2757 28.76 26.49 2886 2.67 2.43

9 27.12 2822 26.76 29.23 27.08 28.74 26.88 29.22 247

10 27.06 2855 27.23 28.26 26.89 28.62 2651 28.87 236

Table 8 shows the ear heights for material B with a blank diameter of 63 mm.

Tab. 8 Ears heights of cups from material B for a blank diameter of 63 mm

Cup Lubricant Ho Has Hoo Hiss  Hiso  H2s  H2zo  Hais AH AH

(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

1 25.23 26.22 25.04 26.12 2534 26.01 25.07 26.20 1.18

2 without 25.68 26.30 24.93 2559 247 26.10 25.07 26.26 1.60

3 lubricant 25.84 26.80 2581 26.43 2524 26.87 2538 2664 1.63 1.38

4 2555 26.31 25.73 2631 2542 26.37 2531 26.08 1.06

5 25.25 26.45 25.09 25.82 2582 26.12 25.04 26.23 141

6 25.11 26.27 25.00 2593 2517 25.83 2492 2561 1.35

7 25.02 2582 24.69 2555 2499 2577 2486 2565 1.13
8 with lubricant  24.98 25.91 25.05 25.89 2493 25.69 25.06 25.67 0.98 115
9 2510 26.04 2501 2593 2499 2598 25.05 26.00 1.05
10 2480 2553 2492 2578 2511 26.03 25.02 2585 1.23
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The values of the earring for a 66 mm blank diameter of material B are given in Table 9.

Tab. 9 Ears heights of cups from material B for a blank diameter of 66 mm

Ho Has Hoo Huss Haso Hozs Ho7o Hais AH AH

Cup Lubricant (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

1 28.84 29.83 28.79 29.53 28.6 29.71 28.87 29.55 1.23
2 without 28.79 30.04 28.66 29.79 29.02 29.66 28.98 29.63 1.38
3 lubricant 29.01 29.72 28.87 29.66 2899 30.11 28.74 2988 137 132
4 28.80 29.61 29.01 29.93 29.11 30.07 2898 29.96 1.27
5 28.86 29.73 28.94 29.77 29.00 29.55 28.87 30.19 1.33
6 28.35 29.13 28.10 29.05 28.2 29.24 2898 29.23 1.14
7 28.21 29.04 2811 29.12 28,58 2943 28.82 29.16 1.32
8 with lubricant  28.01 28.83 28.07 29.01 2821 29.44 28.76 29.56 155 141
9 28.87 2854 28.17 28.89 28.66 29.31 28.89 2945 1.28
10 28.11 28.67 28.05 29.18 28.73 29.79 29.00 29.58 1.74

Table 10 shows the ear height for material C when drawing cups from a blank diameter of 63 mm.

Tab. 1 Ears heights of cups from material C for a blank diameter of 63 mm

Cup Lubricant Ho Has Hoo Hiss Haiso Hazs Hz7o Hais AH AH
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

1 2487 2334 2509 2321 2535 2311 24.95 2336 2.24

2 h 25.14 2321 24.86 2288 24.92 2306 2478 2328 2.26

3 I‘ljvt;trié’;rft 2550 2391 24.63 2292 2489 2285 2499 2369 265 234

4 2520 2322 24.83 23.00 2455 2294 2483 2312 2.26

5 2494 2358 2453 2322 2543 2348 2501 2312 231

6 23.73 2255 24.65 2271 2412 2250 24.04 2282 215

7 - 2464 2289 2437 2326 2409 2271 2411 2277 1.93

8 Iu[‘)";'itcant 2440 2317 2440 2250 2452 2302 2422 2308 202 220

9 2463 2269 2498 2243 2500 2248 2473 2276 257

10 2429 2293 2431 2304 2489 2255 2462 2301 2.34

Table 11 shows the ear height for a 66 mm diameter blank made of material C.

Tab. 11 Ears heights of cups from material C for a blank diameter of 66 mm

Cup Lubricant Ho Has Hoo Hiss Haiso Hzzs Hz7o Hais AH AH
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

1 3054 2828 29.72 2894 30.04 2833 2066 2845 2.26

2 h 2068 27.84 29.85 27.99 2955 27.60 30.05 2822 2.45

3 Iuwk;trig::t 208 27.72 3001 27.8 3004 2755 2965 2749 255 240

4 30.02 28.05 20.88 2807 2087 27.82 2959 2817 22

5 30.07 2811 29.98 29.63 2093 2755 29.83 27.87 252

6 296 2812 2926 27.32 2843 2699 2893 27.23 261

7 2038 2728 2882 2696 28.78 2694 2899 27.14 2.44

8  withlubricant 29.18 2812 2926 27.32 2843 2664 2877 2707 262 277

9 2051 2722 2943 274 2921 2755 3006 26.87 3.19

10 2033 2745 29.00 2755 29.99 27.02 29.86 27.15 2.97

Fig. 3 shows cups from material C with a blank diameter of 66 mm.
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b)

Fig. 3 Cups from material C drawn from a blank diameter of 66 mm,
a) without the use of lubricant, b) with the use of lubricant

IV. RESULTS

The experimental part of the paper was focused on the evaluation of deep drawing of high-strength sheets,
which were compared with the common low-carbon deep drawing steel DC06. The values of the earring were
investigated using blanks with diameters of 63 and 66 mm. The influence of the coefficient of friction when
drawing the samples was monitored by cupping test.

The average value of the height difference (AH) when drawing cups from material A with a diameter of
63 mm reached a value of 2.35 mm when drawing without the use of lubricant. When using a lubricant, the value
of the parameter (AH) was equal to 2.31 mm. With a blank size of 66 mm, the earring parameter (AH) for material
A reached a value of 2.33 mm when drawing without lubricant and a value of 2.40 mm when drawing with
lubricant.

Material B showed earring parameter of 1.38 mm when drawn from a blank diameter of 63 mm without
the use of lubricant. When using lubricant (AH) = 1.15 mm. Material B, in the case of blanks with a size of 66
mm, achieved earring parameter AH of 1.32 mm when drawn without the use of lubricant and 1.41 mm when
drawn with the use of lubricant.

Material C showed earring evaluated by the parameter AH when drawing without lubricant with a value
of 2.34 mm. When using lubricant (AH) is 2.20 mm. Material C with blank diameter 66 mm - in this case, the
value (AH) reached = 2.40 mm when drawing without lubricant and 2.77 mm when drawing with lubricant.

V. CONCLUSION

High-strength steels HX420 LAD and TRIP RAK40/70 were tested and compared with deep-drawing
steel DCO6. Based on the results obtained from the cupping test, a significant influence of the friction coefficient
when drawing cups from high-strength sheets on the values of the earring was demonstrated.

The smallest differences in cup height of all the examined sheets were shown by high-strength steel
HX420 LAD at a blank diameter of 63 mm. When drawing with lubricant, the cup height was 0.04 mm lower than
when drawing without lubricant.

The largest measured height difference was achieved when drawing a cup from deep-drawing steel DC06
with a blank diameter of 66 mm. The height of the cup when drawing with lubricant was 0.37 mm higher than
when drawing without lubricant.
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