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1 stav problematiky 

 

 
. slitiny 

[4] 

 

 

 

 



2

ram, 
viz 1.1).

1.1

Diagram ukazuje 

je 

) [9], [10], 
[11], [12], [13], [14], [15], [16]
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[17], [18], 
[19], [20], [21], [22]

na

[23], [24], [25], [26]

v [23], [24]

objektu. [25], [26]
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2  

FLC p  
 

deformace.  
 

 
1) 

pro  
2) 

plechu 
3) Studium vlivu  
4)  
5) sku 
6)  
7)  

 

produ
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 viz 3.1. 

 
3.1  

 definuje 
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Poissonovy konstanty, meze pevnosti a meze kluzu. 

Sro Graf 3.1. 

 
Graf 3.1  

 

exte
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4
plechu

(patternu) 

dle Erichsena.

volba barvy

uvedeny v Tabulka 4.1    
a na 4.1.

Tabulka 4.1 -

Typ barvy Popis

barva

Belton PU Wasserlack RAL 9010

Motip Matt White RAL 9010

Belton Universal Primer White

barva

Motip Matt Black RAL 9005

Montana GRANIT

BeltonSpecial-GRANIT EFFECT

s
4.1
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nebyla nalezena podkladov barva

patternu:

Izopropylalkoholu

pomo
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5  

Rp0,2, Rm, A, Ag, r, 

Na 5.1 
 

 

 

 
5.1  
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CR4

Z
Tabulka 

5.1. Pr 5.2.

5.2
Tabulka 5.1 -100

40 39 1,9 1,6 0,20

Graf 5.1

rychlost deformace

2 mm/min        
0,000238 [s-1]
10 mm/min
0,0019 [s-1]
50 mm/min              
0,0059 [s-1]
100 mm/min               
0,0119 [s-1]
200 mm/min           
0,0238 [s-1]
500 mm/min         
0,0595 [s-1]
600 mm/min            
0,0714 [s-1]

CR4

A
B
C
D
E
F
G
H
CH
I
J
K

vzorku na svitku

Konec svitku

0
45
90
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Na Graf 5.1 
  

 

 
 oblasti 

 

 

 

Graf 5.2 

 

 
Graf 5.2 Pom  

 

 
Graf 5.3 
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n
r

 

 
orientaci vzorku v  

 
Graf 5.4 

mm/min [5A] 

 

 
 viz Graf 5.4 . Pro 

 
 

lasticity. 
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6

v
Praze. 

Nakajimy

k

k

nou oblast. 

6.1 [9A]

v

na 6.1 [3A], [4A], [6A].
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FLD. Na Graf 6.1
100 mm/
mm/s ~ SW 

Graf 6.1 vrubem pro 
, [15A]

Tabulka 6.1
e Nakajimy [13A]

[mm/min]

-1]

G1 G2 G3 G4 G5

120 0,40 0,354 0,34 0,56 0,30

600 2,23 1,79 1,57 2,13 1,85

900 3,43 1,99 1,83 2,40 2,16
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Tabulka 6.2
vrubem [14A]

Rychlost 

[mm/min]

Orientace -1]

R5 R10 R20

100 1,38 1,33 1,98

100 1,63 2,14 2,19

dle 
Nakajimy viz Graf 6.1. Z

rychlosti deformace viz Tabulka 6.1 a Tabulka 6.2 ahem 100 

Nakajima. Z
-

V

bu plasticity.

6.2

Rychlost 

2 mm/s
10 mm/s
14 mm/s  
17 mm/s

CR4

A
B
C
D
E

Poloha 

vzorku na svitku

Konec svitku
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6.2 
 

 
Graf 6.2  

Na Graf 6.2 
 ikly tak 

plasticity v  

lasticity. S  
  e. Na tento 

i parametr rychlosti deformace. Pro realizaci 

 
maziva a k 

 

 potaz.  

Graf 6.3. V praxi je 

Graf 6.4. 
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Graf 6.3  

Graf 6.3 

 je zde 

 
v 

  Graf 6.4. 

 
Graf 6.4 D,E)  pro 

rychlosti 2 a 17 mm/s [12A] 
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mat  

 

v   simulace budou 
Graf 

6.4 
 

Graf 6.5. 

 
Graf 6.5: Rozptyl polohy FLC  

byly jedno

v  

 

17 mm/s, av
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7  

V 
-Die. Zten

 
 

 
7.1. Cross-  

-die viz 
7.1 

(metoda FFF = Fused Filament Fabrication) z  
 Parametry tisku jsou zobrazeny 

v  

Tabulka 7.1. 
 

 
Tabulka 7.1 Parametry tisku 

 10 

 0,2 mm 

Infill 100 % 

  

Teplota trysky  
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ARGUS, ARAMIS

ARGUS - ARGUS -

7.2
[29A]
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Z 7.2 
 

 
zte  
v         

 
( ). 
Tabulka 7.2  

  Rychlost zdvihu [mm/s]  

ARAMIS 14,3 2 16,5 

ARAMIS 20 2 25,3 

ARAMIS 22,3 2 30,7 

ARAMIS 14,3 17 18,2 

ARAMIS 20 17 28,4 

ARAMIS 22,3 17 36 

 
Tabulka 7.3  

 
[mm] 

Rychlost zdvihu 
[mm/s] [%] 

ARGUS 15 2 13-15 

ARAMIS 15 2 13-16 

ARGUS 20 17 25 

ARAMIS 20 17 27 

 mm za 
tisku vyroben 

-  

 

 
pattern. Z 

 viz 
Tabulka 7.2 a Tabulka 7.3. K 

se   
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8  

5.1 a kapitola 6.3)  byla 
 byly 

pracovat, dokonce ani nelze do jed

 

 Na 
8.1 

rychlost 2 mm/s. 

 
8.1 

[21A] 

Z 
-1

-1 viz 
8.2

v Tabulka 8.1. 
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8.2 

 
 

Tabulka 8.1 karty 
 

 
Karta  

CDE 
Tata 
Steel 

VW AF 

Swift 

 [-] 0,00829 0,0125 - - 0,01 

m 0,273 0,261 - - 0,28 

C [MPa] 522,7 516,5 - - 585 

Hockett-
Sherby 

  141,6 154,8 - - 155 

  435,9 501,4 - - 415 

a 3,72 2,24 - - 6,75 

p 0,741 0,648 - - 0,85 

 0,3 0,15 - - 0,15 

Rychlost 
deformace 

m 0,03 0,03  Off Off 

static    
Jedna 

 
Jedna 

 

Pevnost

 141,3 163 161,3 165 160,2 

 280,5 283,5 296,8 301 310,3 

 0,235 0,21 0,213 0,228 0,235 
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Tabulka 8.2  

Model 
plasticity 

Karta 
AB 

Vegter 
2017 

CDE 

Vegter 
2017 

Tata Steel 

Vegter 

VW 

Hill 48 

AF 

Hil 48 

anizotropie 
r 

 1,996 2,346 2,219 1,8 1,7 

 1,581 1,603 1,702 1,5 1,4 

 2,238 2,132 2,496 2,4 2,1 

 1,849 1,921 2,030 1,8 1,65 

 0,892 1,1 0,889 0,75 0,81 

kluzu 

 1 1 1 1 1 

 1,0105 1,021 1,023 1,1314 1,1151 

 0,9853 0,9935 0,99 1,0479 1,0373 

tahem 

 28,6 24,6 - - - 

  27,8 23,8 - - - 

  26,4 24 - - - 

  280,7 281,3 - - - 

 283 287 - - - 

 272 278 - - - 

 

deformace 

 1,245 1,267 1,26 1,353 1,321 

 0,529 0,530 0,538 0,559 0,560 

 1,242 1,247 1,262 1,418 1,370 

 1,124 1,136 1,140 1,265 1,222 

FLC 

 2 mm/s 2 mm/s 

Model 
Abspoel 

Scholting 

r90=2,5 

2 
mm/s 

2 
mm/s 

 [-] 0,392 0,36 0,355 0,35 0,34 

 
17 

mm/s 
17 

mm/s 
A8090 = 

45% 
- - 

 [-] 0,359 0,33 
A80min = 

43% 
- - 
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8.2
Tabulka 8.1, Tabulka 8.2  kartami 
v 

-1 -1

(dodavate

8.1 
 

 

9  

V  
rychlosti 

 

 kapitoly 7 a 8 byly nastaveny simulace 
v SW AutoForm a Pamp- k o v kapitole 7) 

9.1
i 

i 

CR4 z kapitoly 8  

 
9.1  

Na 9.2, 9.3 a Tabulka 9.1 

software a  
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Tabulka 9.1 -Stamp pro  = 0,15 [21A] 

Karta 
FLC 

[mm/s] 

Rychlost 
 

[mm/s] 

Autoform,  = 0,15 Pam-Stamp,  = 0,15 

Max. 
Failure 

[-] 

 

[%] 

Max. 
Failure 

[-] 

 

[%] 

AB 2 mm/s 2 0,544 28,5 0,537 25,5 

AB 2 mm/s 17 0,521 27,1 0,524 25,1 

AB 17 mm/s 2 0,618 28,5 0,612 25,5 

AB 17 mm/s 17 0,593 27,1 0,594 25,1 

CDE 2 mm/s 2 0,606 29 0,605 26,7 

CDE 2 mm/s 17 0,573 27,9 0,582 26,3 

CDE 17 mm/s 2 0,656 29 0,653 26,7 

CDE 17 mm/s 17 0,620 27,9 0,629 26,3 
 

 

9.2 Hodnoty  
 

 



27 
 

 

9.3 Cross die  
FLC 2 a 17 mm/s) [21A] 

 rozporu s  kapitoly 7. 
V kapitole 7    25,3 % a pro 
rychlost 17 mm/s okolo 28,4 %. Tedy s 

ovalo (pro experiment v kapitole 7), ale 
n

 rozporu s 
ulace s 
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10  

 

u rychlosti deformace pro 
 

 
 

[27], [28], [29], [30], [31] 
, [19A], [20A] a 

 
   

V  kapitole 5Chyba! N
 

deformace. Z  
s Ag Rp0,2 a Rm. Tento 

  [16] V 
 

kapitole 4)

d
v [33], [34]. V [32] 
v 
deformace odborn [34]  

 
 

Z  5 a 6

-li proces 
[32], [35] a [36]

v 



29

kterou je kladen 
). [7A], [10A], [11A], [22A], [30A], 

[31A], [32A]

11

, 
a 

v provedena za 

-Stamp.

z

v

V

velik
s
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Problematika  

 

 

1. 
 

 optick

protokolu s 

 
 

 
2. 

plechu 

 4, se 

komplikaci v 
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3.  

rychlostech, o
 

 

plasticity.  

 
4. Studium polohy FLC   

 

etod 
6.1

 proved
 

s  

ahem a 120 

 
 Graf 6.1

 Tabulka 6.1 a Tabulka 6.2 

 
-li 
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,51 %.   V 

pod

 
 trendu 

 

  

 souladu s 

deformace 

parametrem byl vliv polohy ve svitku. 
  

 

 
5.  

-
tisku (Fused Filament Fabrication-
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6.   

8.2
 kartami v SW AutoForm, viz Tabulka 8.1               

a Tabulka 8.2
-1 -1

deformace
rychlostech (17 

 

 
7.  

 rozporu s 
z kapitoly 7. V kapitole 7 ro rychlost 2 mm/s okolo 25,3 
% a pro rychlost 17 mm/s okolo 28,4 %. Tedy s 

 kapitole 7), ale 
 

 rozporu s 
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CR5).

Byl 

(AutoForm, Pam-

s

V

v

100
linku PL(LL28), kde 

530
Z
201

V
v

630.

-drawing test.



 
 

  

[1] ZERBONI, Alessandra; ROSSI, Tommaso; BENGALLI, Rossella; 
CATELANI, Tiziano; RIZZI, Cristiana et al. Diesel exhaust particulate 
emissions and in vitro toxicity from Euro 3 and Euro 6 vehicles. Online. 
Environmental Pollution
https://doi.org/10.1016/j.envpol.2021.118767. [cit. 2023-12-19]. 

[2] KIM, Hyung Jun; JO, Seongin; KWON, Sangil; LEE, Jong-Tae a PARK, 
Suhan. NOX emission analysis according to after-treatment devices 
(SCR, LNT + SCR, SDPF), and control strategies in Euro-6 light-duty 
diesel vehicles. Online. Fuel
z: https://doi.org/10.1016/j.fuel.2021.122297. [cit. 2023-12-19]. 

[3] Autoforum
http://www.autoforum.cz/predstaveni/figl-kterym-automobilka-vyzrala-
na-emisni-limity-eu-se-dostal-do-prodeje/. [cit. 2023-12-20]. 

[4] 
. 

https://www.mmspektrum.com/clanek/svaritelnost-oceli-pro-
automobilove-karoserie. [cit. 2023-12-19]. 

[5] . 

https://www.mmspektrum.com/clanek/experimentalni-mereni-krivky-
meznich-deformaci. [cit. 2023-12-20]. 

[6] . 
Ostrava: - -7078-635-3. 

[7] BILLU, Eren. Digital Image Correlation for Creating FLCs. Online. 

https://www.metalformingmagazine.com/article/?/materials/high-
strength-steel/digital-image-correlation-for-creating-flcs. [cit. 2023-12-
20]. 

[8] -2, 
- 

- 
CEN-CENELEC: Rue de la Science 23, B-1040 Brusel, 2021. 



 
 

[9] MANOPULO, Niko; HORA, Pavel; PETERS, Philip; GORJI, Maysam a 

the prediction of localized necking under non-proportional loading. 
Online. International Journal of Plasticity -203. 

https://doi.org/10.1016/j.ijplas.2015.02.003. [cit. 2023-12-18]. 

[10] VOLK, Wolfram; HOFFMANN, Hartmut; SUH, Joungsik a KIM, 
Jaekun. Failure prediction for nonlinear strain paths in sheet metal 
forming. Online. CIRP Annals -262. ISSN 

https://doi.org/10.1016/j.cirp.2012.03.111. [cit. 
2023-12-18]. 

[11] VOLK, Wolfram a SUH, Joungsik. Prediction of formability for non-
linear deformation history using generalized forming limit concept 
(GFLC). Online. In: . S. 556-
https://doi.org/10.1063/1.4850035. [cit. 2023-12-18]. 

[12] VOLK, Wolfram a GABER, Christian. Investigation and Compensation 
of Biaxial Pre-strain During the Standard Nakajima- and Marciniak-test 
Using Generalized Forming Limit Concept. Online. Procedia 
Engineering -
https://doi.org/10.1016/j.proeng.2017.10.1022. [cit. 2023-12-18]. 

[13] ALLWOOD, Julian M. a SHOULER, Daniel R. Generalised forming 
limit diagrams showing increased forming limits with non-planar stress 
states. Online. International Journal of Plasticity
1207-
https://doi.org/10.1016/j.ijplas.2008.11.001. [cit. 2023-12-18]. 

[14] CARR, Alan R.; WALKER, Andy a COMBAZ, Etienne. Derivation of a 
forming limit stress diagram from an experimental FLC, and comparison 
of the two criteria when applied to FE simulation of a pressing using 
different yield functions. Online. International Journal of Material 
Forming -57. ISSN 1960-
https://doi.org/10.1007/s12289-013-1146-7. [cit. 2023-12-18]. 

 

 

 



 
 

[15] HIPPKE, H; BERISHA, B a HORA, P. A failure model for non-
proportional loading under plane stress condition based on GFLC in 
comparison to eMMFC and PEPS. Online. IOP Conference Series: 
Materials Science and Engineering -899X. 

https://doi.org/10.1088/1757-899X/418/1/012044. [cit. 
2023-12-18]. 

[16] STOUGHTON, Thomas B. a YOON, Jeong Whan. Path independent 
forming limits in strain and stress spaces. Online. International Journal 
of Solids and Structures -3625. ISSN 

https://doi.org/10.1016/j.ijsolstr.2012.08.004. 
[cit. 2023-12-18]. 

[17] . 
-01-00842-8. 

[18] ARGUS
https://www.mcae.cz/produkty/argus/. [cit. 2023-12-20]. 

[19] ARGUS. Online. High-
https://www.gom.com/en/products/3d-testing/argus. [cit. 2023-12-20]. 

[20] ARAMIS
https://www.mcae.cz/produkty/aramis/. [cit. 2023-12-20]. 

[21] ARAMIS 3D Camera
https://www.gom.com/en/products/3d-testing/aramis-3d-camera. [cit. 
2023-12-20]. 

[22] ARAMIS Adjustable
https://www.gom.com/en/products/3d-testing/aramis-adjustable. [cit. 
2023-12-20]. 

[23] 
The Process Of Aviation Drawpiece Forming Using Rigid And Rubber 
Punch With Various Properties. Online. Archives of Metallurgy and 
Materials. 2 -1928. ISSN 2300-
z: https://doi.org/10.1515/amm-2015-0327. [cit. 2024-01-05]. 

 

 



 
 

[24] GU, Jiahui; ZOLLER, Laura a KIM, Hyunok. A New Testing Method to 
Evaluate Edge Cracking with Considerations of the Shear Clearance and 
Press Speed. Online. SAE International Journal of Advances and Current 
Practices in Mobility -3325. ISSN 2641-9645. 

https://doi.org/10.4271/2020-01-0758. [cit. 2024-01-05]. 

[25] DUCHAC, Alfred a KEJZLAR, Pavel. Optimization of Raster Point 
Deposition Methodology for Deformation Analyses. Online. Materials 
Science Forum -160. ISSN 1662-
z: https://doi.org/10.4028/p-2d795t. [cit. 2024-01-05]. 

[26] -DONAIRE, A.J.; VALLELLANO, C.; 
-PALMETH, L.H.; MORALES, D. et al. Experimental 

Study on the Evaluation of Necking and Fracture Strains in Sheet Metal 
Forming Processes. Online. Procedia Engineering -

https://doi.org/10.1016/j.proeng.2013.08.204. [cit. 2024-01-05]. 

[27] KEELER, Stuart. The Enhanced FLC Effect. Online, Project Team 

https://www.a-sp.org/wp-content/uploads/2020/08/Technology-Report-
Final.pdf. [cit. 2023-12-18]. 

[28] HOFFMANN, H. a VOGL, C. Determination of True Stress-Strain-
Curves and Normal Anisotropy in Tensile Tests with Optical Strain 
Measurement. Online. CIRP Annals -220. ISSN 

https://doi.org/10.1016/S0007-8506(07)60569-1. 
[cit. 2023-12-18]. 

[29] BANABIC, D.; LAZARESCU, L.; PARAIANU, L.; CIOBANU, I.; 
NICODIM, I. et al. Development of a new procedure for the experimental 
determination of the Forming Limit Curves. Online. CIRP Annals. 2013, 

-258. 
https://doi.org/10.1016/j.cirp.2013.03.051. [cit. 2023-12-18]. 

[30] VEGTER, Henk; TEN HORN, Carel a ABSPOEL, Michael. The Vegter 
Lite material model: simplifying advanced material modelling. Online. 
International Journal of Material Forming -92. 
ISSN 1960- https://doi.org/10.1007/s12289-010-1006-
7. [cit. 2023-12-20]. 

 



 
 

[31] VEGTER, Henk; TEN HORN, Carel a ABSPOEL, Michael. The corus-
vegter lite material model: simplifying advanced material modelling. 
Online. International Journal of Material Forming
511-514. ISSN 1960- https://doi.org/10.1007/s12289-
009-0640-4. [cit. 2023-12-20]. 

[32] KIM, S.B.; HUH, H.; BOK, H.H. a MOON, M.B. Forming limit diagram 
of auto-body steel sheets for high-speed sheet metal forming. Online. 
Journal of Materials Processing Technology -

https://doi.org/10.1016/j.jmatprotec.2010.01.006. [cit. 2024-01-09]. 

[33] VERLEYSEN, Patricia; PEIRS, Jan; VAN SLYCKEN, Joost; FAES, 
Koen a DUCHENE, Laurent. Effect of strain rate on the forming 
behaviour of sheet metals. Online. Journal of Materials Processing 
Technology -1464. ISSN 09240136. 

https://doi.org/10.1016/j.jmatprotec.2011.03.018. [cit. 2024-
01-09]. 

[34] LI, Ming-Yao; ZHU, Xinhai a CHU, E. Effect of strain rate sensitivity on 
FLDs An instability approach. Online. International Journal of 
Mechanical Sciences -279. ISSN 00207403. 

https://doi.org/10.1016/j.ijmecsci.2012.05.013. [cit. 2024-
01-09]. 

[35] Vliv rychlosti p
-strength 

univerzita, 2009. ISBN 978-80-7372-442-9. 

[36] 
on the Mechanical Properties of Automotive Steel Sheets. Online. Acta 
Polytechnica -
https://doi.org/10.14311/1839. [cit. 2023-12-18]. 

 

 

 

 

 
 



 
 

  

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 
 
 



 
 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 



 
 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 
 



 
 

 

 
 

 

 
 

 
 

 
 

 
 

 

 
  



 
 

Anotace 

(rychlos

u 

 

 

Summary 
The present dissertation focuses on the description of the influence of the strain 
rate (speed of tool movement) on the position of the FLC curve, then the 
development of a methodology for the evaluation of the influence of the strain 
rate on the position of the FLC curve for use in numerical simulations. The 
influence of deformation rate on the position of FLC curves was verified in the 
dissertation. A series of tests were performed for selected materials commonly 
used in the automotive industry. The mechanical properties were evaluated by 
tensile testing and by other technological tests (formability verification, in 
particular the Nakajima test) at appropriate loading rates. The evaluation of the 
tests was performed using non-contact measuring systems ARGUS and 
ARAMIS. The results obtained by real experiments were also monitored by 
numerical simulations in AutoForm and PampStamp software. Understanding 
the effect of strain rate on the stability of the pressing process will lead to 
financial savings in the pre-production phase of the press tool manufacturing 
and eliminate the occurrence of mismatch between the real pressing process and 
numerical simulation. 
 


