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Statistical investigation and analysis of the effects of pin diameter, polyurethane
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In this study, the forming limit diagram (FLD) of aluminum/copper bimetallic sheets in the multi-point
forming (MPF) process was obtained both experimentally and theoretically using the second derivative
method. The experimental results showed less than 10% deviation from the theoretical predictions. In the
numerical simulations, the effects of pin diameter, polyurethane layer hardness, and polyurethane layer
thickness on the forming limit of the MPF process were systematically analyzed. The simulation outputs
were subjected to statistical evaluation, and the results indicated a strong correlation among the studied
parameters, confirming the adequacy of the selected modeling approach. The findings showed that a pin
diameter of 12 mm provided the optimal configuration, yielding the highest forming limit under all
polyurethane layer conditions compared to other pin diameters. Furthermore, for all pin sizes, increasing
both the hardness and thickness of the polyurethane layer led to an improvement in the forming limit.
However, the influence of layer thickness was found to be more significant, particularly for pin diameters
of 8 mm and 15 mm.
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Fig. 3 Tensile test results of the polyurethane layer at harnesses levels
of 65, 75, and 85 SA
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Table 2 MPF parameters in ABAQUS
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Table 3 Simulation scenarios for pin sizes and polyurethane thickness
and hardness

Olosl ol a¥ cwls glel (b aY S b s,
(mm) (SA) (mm)

5 65 8 1

5 75 8 2

5 85 8 3

10 65 8 4
10 75 8 5

10 85 8 6
5 65 10 7

5 75 10 8

5 85 10 9
10 65 10 10
10 75 10 11
10 85 10 12
5 65 12 13
5 75 12 14
5 85 12 15
10 65 12 16
10 75 12 17
10 85 12 18
5 65 15 19
5 75 15 20
5 85 15 21
10 65 15 22
10 75 15 23
10 85 15 24
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Table 1 Mechanical properties of Al and Cu
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350
300
250
% 200
§ 150
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-=--- AA1100 CU10100

Fig. 2 Tensile test results of the Al and Cu
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Fig. 7 Experimental versus numerical forming limit in MPF
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Table 4. The area under the forming limit diagram for 28 different multi-
point forming Style

prooles  GhaYeabs  Jha¥ e ou o,
(mm?) ,l5g03 (mm) ;b ! (SA) ¢y 9! (mm)
0.17626 5 65 8 1
0.18075 5 75 8 2
0.18363 5 85 8 3
0.18414 10 65 8 4
0.22108 10 75 8 5
0.23023 10 85 8 6
0.20035 5 65 10 7
0.20280 5 75 10 8
0.20970 5 85 10 9
0.20429 10 65 10 10
0.20945 10 75 10 11
0.21115 10 85 10 12
0.21516 5 65 12 13
0.22778 5 75 12 14
0.23665 5 85 12 15
0.22856 10 65 12 16
0.23773 10 75 12 17
0.24154 10 85 12 18
0.19483 5 65 15 19
0.19776 5 75 15 20
0.20741 5 85 15 21
0.20033 10 65 15 22
0.21300 10 75 15 23
0.23427 10 85 15 24

PERPT.

Multi point forming process

Fig. 4 Schematic of the MPF process, die setup, and formed sheet
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Fig. 5 Bimetallic sheets in MPF Experimental and Numerical

oS bl sgazme 52l 38l 5 )0 00l (g3luaned wigei 5 JSB

S )920l8 (59U 9 pole Ay juiss



229405 59U 9 pgle &g ks

O 5 3LT3uze e 3o

- aV93 (59 (SRS A s ges o Yl Sh AV i 9 ol (g o8 Sl el 8 G)langJ:d,du))?

Sl 05,5 ool xdge Glo 5,5 5,9 (5l absS bl jo oS |,z cal aidly
Gy 2SS 0> 10 g oS o 00ld (39S 5,08 4 |, 2ulSs 0>

el @Bl 15 g @)

Probability Plot of Area
Normal - 95% CI

99
Mean 0.2104
o5 StDev  0.01900
N 24
%0 AD 0.277
80 P-Value 0.623
70
€
£ 60
g 50
a 40
30
20
10 e,
5
1 / ; / : : 1 |
0.150 0.175 0.200 0.225 0.250 0.275
Area

Fig. 8 Probability plot of area
SOUSE ax Jloges ) ol 4y by e Sl jloges 8 S

Process Capability Report for Area

LsL usL
Process Data 7~ Overall
sL 0.15 I - ——- Within
Target * i )
0.28 Y Overall Capability
Sample Mean  0.210369 Pp X
Sample N 24 PPL 106
StDev(Overall)  0.0190028 .
StDav(Whhin) 00121758 PPU 070
Ppk 070
Cpm *
Potential (Within) Capability
p 137
CPL 1.65
CPU  1.08
cpk  1.08

016 018 020 022 024

Performance
Observed Expected Overall Expected Within
PPM < LSL 0.00 744.47 0.36
PPM > USL 0.00 18509.95 567.14
PPM Total 0.00 19254.43 567.50

The actual process spread is represented by 6 sigma.
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