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ARTICLE INFORMATION ABSTRACT

Original Research Paper Forming limit diagram (FLD) is one of the useful tools in the assessment of the sheet formability for
Received 20 July 2017 designing industrial products. Experimental methods have been developed to determine FLDs. Costly
Accepted 05 August 2017 and time-consuming experiments have led to several studies on the use of analytical methods and finite

Available Online 08 September 2017 element software for predicting FLDs. In the present study, the necking and fracture forming limit

curves of AA2024 aluminum alloy sheet were experimentally and numerically obtained through the
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Shé’:{formabimy hemispherical stretching test. Different geometries of the initial blank were considered to create
Forming Limit Diagram different strain paths. The commercial finite element code Abaqus/Explicit was utilized to simulate
Finite Element experimental tests. Using theoretical equations and experimental results, fracture properties of the

Damage Criterion aluminum sheet in terms of the equivalent plastic strain at fracture, the stress triaxiality and the Lode

angle parameter were captured and implemented in the Abaqus software. In order to capture necking
forming limit strains, a numerical criterion based on the major strain variation in the necking zone has
been considered. Comparison of the results shows that the numerical model can predict the forming and
fracture limit strains with the maximum error of about 6%.
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Table 1 Mechanical properties of 2024 aluminum alloy.
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Fig. 2 Prepared hemispherical punch test specimens.
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Fig. 3 Dimensional characteristics of hemispherical punch test
specimens (all dimensions are in mm).
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Fig. 1 The stress-strain curve of the 2024 Aluminum alloy.
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Fig. 6 Hemispherical punch test schematic (dimensions are in mm).
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fracture

Sham alasd 50 20MM ooe b diges 5o Jolee Stodly (25,5 moje 11 K0
o 3 o5l el

9 o pleibs 17 095 1396 ,3T (I3 SHlle (S


https://dorl.net/dor/20.1001.1.10275940.1396.17.9.36.2
https://mme.modares.ac.ir/article-15-9941-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-05-30 ]

[ DOR: 20.1001.1.10275940.1396.17.9.36.2 ]

Uled 9 538 e ST Hlano Sl 0 3Ll b 2024 094i009)T 5 caauusids 9 295 (B IJSb 33 GO0 I 9 HITT Ouss
0.45
04 F 7 ’
7
035 f 7
E 03 o ¢
g
a0 Bi-axial
.g 02 F Tension
2015 | % o
01} g LSs "o p=05
0.05 | ; 34 == =f
0 L

-0.25 -0.15 -0.05 0.05 0.15 025 035 045
Minor Strain
Fig. 18 Predicted strain paths up to necking point (for specimens with
width of 20 mm to 120 mm, from left to right respectively)

00e g3kt 3l Jol> osl8 abii b ool Caws s (25,5 (gl e 18 ST
(oo 120 520 (25 L ladigas (sl oo 5 4 ooy 0 o 5D

ol s 5 (5 ypms 355 o0 Alimdle 45 jobolon ] GRAS—RAS
5 ool (B=LO) (597090 (1S 5 (B7-0.5) (5 )97aST (1S 03g05xe )
el O 4 S35 o b g (as Sjg0 41 G155 Slo e () 55
2R gilel (nl jo ead a8 Ll o el S0 2 50
wlS 4l Glapldl a5 Sl jo aS ol 0ayd (pizmen a0
b e ool Cewdty (355 (gl s il bl elats S5 (0
ol ol lsae WS cl a4 Koy obdiged gl a5 0 walys

S5 s azgi bog l58le 5 a0l Byme ol Jlre jl eolail b
Jeds 51 ol oo 1y iulej] 8550 (sladiges canSl sla 25,5 ledl Ba
oyl slamio slaiyS pshie cnl gly 0yl Cews @ anld goue
ad F g cuSs 5,5 plaiedy el e Bl diged 5l S Sladl
Cows 4 (FFLC) cuuSls o0 s o Jowie Sjgo ol 4 098 o0
©d3e oo 5l odel Cews & FFLC § NFLC e "19 JS5" 5o
Gy57eeSS iS4y ol Sop b aS 0ed oo 00y el ool &Sl
laaiges 10 led CanSl g o (295 G iR SMST (gj97eg0 5
095 ke (iS4 Sl Glamae (1,5 Sl jo 5 o4l0 592y
)0

ONFLC OFFLC

(=}
h
T

Major Strain
<
W

<
o
T

@
=
T

-0.3 -0.2 -0.1 0 0.1 0.2 0.3 04
Minor Strain

Fig. 19 AA 2024 NFLC and FFLC derived from FE
09e il 5| Jol> 2024 _sgiiosll 5,5 FFLC g NFLC oo 19 JSCi

9 ol 17 095 1396 ,3T (e Sl (Swie

15 G5 Ess 5l alisd ) 120mm pe b amil USE ei aises 16 JSUE
7 sl

30

- = =FEM b
Experiment

W120

Force (kKN)
o

W20

0 5 10 15 20 25 30
Displacement (mum)

Fig. 17 Comparison of numerical and experimental force displacement
curve

slioleil 5 goue gilwacs 5l Jolbs olulr 5,0 cove dwlio 17 S5

e

gy s ,loged dlie cwl 43,8 13 o on e 31 SYL %25 sgu
Br5 Sk Oley o8 5 (BIUSD sy Sl ke oo oS wad e LA

&9 FFLC gNFLC Joio -1-5
UiyS Sl Fp sl eslainl b aneS g At ool e sla i )S
Wles Caws 4wl aBby ol 43 s 0 &5 S sed iy
515 4o 0B 5 A w53 55 S olyai 4 gyl SeSlad

ol oo ools oyles "7 S s ok
0oLzl L ladigas plos (512 (25,5 Sl yone olyon & (50> a5 S
Slamio slo i3S clad 10 b e (ol ol Cawd 4 goae (gLt
e Caoms 0 L Sl sl o0l gy coad a8 18 KA o a8
Jols gimie Gz G ol o2 5l Ogliie NFLC s ol

u)smd;wujbsoﬂ‘u‘ CA.M:‘) Comw JGH})Q w|)LM.‘3— ’.MMS’""

368


https://dorl.net/dor/20.1001.1.10275940.1396.17.9.36.2
https://mme.modares.ac.ir/article-15-9941-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-05-30 ]

[ DOR: 20.1001.1.10275940.1396.17.9.36.2 ]

Vbhled 9 532l Sle

ST Hlse 0 3Ll b 2024 0941090 (39 aasssids 9 (5395 (B IJSb 33 S0 i 9 HITS OusS

&lp goas giloard 5l snnl Cauday s B! 1) alal, 5l eolanl L

S5 g0 (axi FFLC s NFLC (slo sivive gm Gion
S—]EEM _ g—EXp

Error of & = x 100 21)

s‘}‘f"p
5 ogame ledl by, 3l sdel Cess 4 Jolbee i3S EF M akad, cpl o
Al 51 oslisal b ol 25 slotalej] Sl ol Jolao 235 80

NFLC slo soue @lp odal Cawd @ gl lade opyiis «21)

polie AW ail o %6.87 sae FFLC (sla jovis 1y 9 %6.32 sac
s Jaw opl 5l g 08 S goue Jae S Glp el Olos o I
ST R FFLC s NFLC sla i (55, 2 W yisll plo 51 g2 ol

5,5 ool oguivag)]

(S 5 4oxi-6
ool b 2024 soguicasll 5,9 FFLC 9 NFLC (slo soe 3ubos oyl j0
S @ wsSLT sgaze Ll ST L (gileand 55 5 228 slapsesl
wid b B bl 5 Gy slp oad @l Gl sladwas el
S Ole (155 A Ll Sl sl guzme 0 1) u slais S
Sl S (Kly izen B3 o0 Cewd A (G090 5 (S5 SS

0.6
ANFLC <FFLC

05 f

=
=
T

Major Strain
[
2

02
1
0.1 F !
1
1
0 L Il L L 1
-0.2 -0.1 0 0.1 0.2 0.3 0.4

Minor Strain
Fig. 21 Experimental NFLC and FFLC of AA 2024

5 edel Caws 4y 2024 egiegll 5,5 FFLC 5 NFLC  oie 21 JSCh

=27 slagiales]

0.7
XEXP +FEM
06 |
05 Plane Strain
= Uniaxial Biaxial
g 04 \ i- ' ”,
n \ + ! + .-
(= \ ] ’
S03 | WX ! % %
E by X+ ! -& /’
02 } ‘\ -§'x L
\ 7
\ ] i
01 } N
\ | 4
AT
0 1 L ' 73 L L 1 L

-03 02 -01 0 0.1 0.2 0.3 0.4
Minor Strain

Fig. 22 Comparison of experimental and numerical NFLC

75 9 693 NFLC (sl siovie dulie 22 JSCo

369

(52575 FFLC g NFLC _Joxio -2-5
s 4l 3 Bys 59, pond S slonls (B9 JSO i 5l o
3 oolaiul b adiged Sl (sa sbo i S g 0als bod pan 4 (JSS
2 Sl S v Glagi S 5l (eSle digh o0 drnlne (4) 5 B) Ly,
oo s 421 K" & g0 4 NFLC ixie 5 00 dlone diges
ey ) OlFes cwSl luly (20K 0> S pe S plaie 4
S oo slagiales] sladiges a5 clis)l [24] 5,5 colizul ugSas
5 oaliial b ol sud @)1 2 Jgaz 55 5 o (6 S o3l wilod Censs
5 Glaxas gl ii,S Olass wad )8 axs ¢ aisle goas Jow
IS o alise cess @ GilesT 090 diged B sl 4k 25> sk
ol 0o @8l yio Lo 90 5,0 b 5y9 slp Dl ol 5l (slaiges 20
Gl )S Ol s a5 0gh g0 oaaliv dwdin cpl (gl el JS5 4o
oS Gladiges sl Olnss Woy ol sl Lmli8l g Co S slasis
Br el GaS-sS Sge @ lag] o984l o sl
€9 o oS Ll o5 9b 0 (B8 rnl 0 mimes aBlise
el o sbastalesl o laT i b aslie oS

oy a5 jsblen ol oads @il 21 JSE" o suelcassd @l
S5 5o 58 ok ol sl S 31 SVl e sla S S55 e
1545 el ol oams L el ol &l 4o ool alisde Ll LS oyl
odlo (2lo CenSd @ (e, B 0B (99lS L0 §59 4S5l am iz 0l

Ao o lid 095 1 (g ity Sllaa]

& 9 600 gl aylin -3-5

s 90 (glp ad S sl 6!.@&,@ 5 e bl 5l ol gl
el o0 1)) "23 5 22 la USA" )3 o5 4 FFLC  NFLC

0.40 : .
—&— Major Strain

0.35F —5— Minor Strain !

0.30
0.25

0.20

Strain

I
z 1 1 1 1 I 1
0 5 10 15 20 25
Punch Stroke (mm)
Fig. 20 In-plane strains variation along punch stroke and fracture
strains by the inverse method for the W90 specimen

Ot g A bl b (Lol glasio glo 5,5 Gl poee 20 S5O
Sk 90 (e b iged slp usSae (B 4 CenSS 55

(MM:azlg) iolesT slaaiges 5l oo dwls (5L glas )| 2 Jgusr
Table 2 Limiting dome height measured from fractured specimens of
AA 2024 [unit: mm]

20 30 40 50 60 80 90 120 4igel by

19.03 20.00 19.80 19.03 17.77 18.36 21.21 25.01 <e.Ss gl

9 o pleibs 17 095 1396 ,3T (I3 SHlle (S


https://dorl.net/dor/20.1001.1.10275940.1396.17.9.36.2
https://mme.modares.ac.ir/article-15-9941-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-05-30 ]

[ DOR: 20.1001.1.10275940.1396.17.9.36.2 ]

Vbhled 9 532l Sle

ST Hlse 0 3Ll b 2024 0941090 (39 aasssids 9 (5395 (B IJSb 33 S0 i 9 HITS OusS

MM: C,w)gs -7
(MPa) g ,Lué Ssliwly a5 P
(MPa) ;50 Jolro is 4

Bl A5 pges joiials T
(MPa) i gz ;o lyoul ps i
Sy w2l
AieS & Ao (glamiio 5 Cond
weS @ Aty lambo (1S S
Jobs Szdly 5 &
| a0 hol lamio 155 &
G970 A 5
ol asl;
MPa) i >y Lol 25 O
&x'p-8

[1] S. P. Keeler, Circular Grid System—A Valuable Aid for Evaluating Sheet
Metal Formability, SAE Technical Paper, pp. 1-9, 1968.

[2] G. M. Goodwin, Application of Strain Analysis to Sheet Metal Forming
Problems in the Press Shop, SAE Technical Paper, pp. 10-18, 1968.

[3] Z.Marciniak, K. Kuczynski, Limit strains in the processes of stretch-forming
sheet metal, International Journal of Mechanical Sciences, Vol. 9, No. 9, pp.
609-620, 1967.

[4] Z.Marciniak, K. Kuczyniski, T. Pokora, Influence of the plastic properties of
a material on the forming limit diagram for sheet metal in tension,
International Journal of Mechanical Sciences, Vol. 15, No. 10, pp. 789-800,
1973.

[5] Q. Situ, M. K. Jain, M. Bruhis, A suitable criterion for precise determination
of incipient necking in sheet materials, material science forum, Vol. 519, pp.
111-116, 2006.

[6] C. Zhang, L. Leotoing, G. Zhao, D. Guines, E. Ragneau, A comparative
study of different necking criteria for numerical and experimental prediction
of FLCs, Journal of Materials Engineering and Performance, Vol. 20, No. 6,
pp. 1036-1042, 2011.

[7]1 H. Mamusi, A. Masoumi, R. Hashemi, R. Mahdavinejad, A novel approach
to the determination of forming limit diagrams for tailor-welded blanks,
Journal of Materials Engineering and Performance, Vol. 22, No. 11, pp.
3210-3221, 2013.

[8] A. Kami, B. M. Dariani, A. S. Vanini, D. S. Comsa, D. Banabic, Numerical
determination of the forming limit curves of anisotropic sheet metals using
GTN damage model, Journal of Materials Processing Technology, Vol. 216,
pp. 472-483, 2015.

[9] K. Kolasangiani, M. Shariati, K. Farhangdoost, Prediction of forming limit
curves (FLD, MSFLD and FLSD) and necking time for SS304L sheet using
finite element method and ductile fracture criteria, Journal of Computational
& Applied Research in Mechanical Engineering (JCARME), Vol. 4, No. 2,
pp. 121-132, 2015.

[10] M. Zohoor, S. Shahi, M. HoseinpourGollo, An experimental and theoretical
investigation for determination of advanced yield criteria parameters and
forming limit diagram of Aluminum alloy 2024, Modares Mechanical

Engineering, Vol. 16, No. 1, pp. 192-202, 2016. (in Persian .. ,18)

[11] E. Karajibani, R. Hashemi, M. Sedighi, Determination of forming limit curve
in two-layer metallic sheets using the finite element simulation, Proceedings
of the Institution of Mechanical Engineers, Part L: Journal of Materials:
Design and Applications, Vol. 230, No. 6, pp. 1018-1029, 2016.

[12] S. Bagherzadeh, M. J. Mirnia, B. Mollaei Dariani, Numerical and
experimental investigations of hydro-mechanical deep drawing process of
laminated aluminum/steel sheets, Journal of Manufacturing Processes, Vol.
18, pp. 131-140, 2015.

[13] M. Habibi, A. Ghazanfari, A. Assempour, R. Naghdabadi, R. Hashemi,
Determination of forming limit diagram using two modified finite element
models, Amirkabir Journal of Mechanical Engineering, VVol. 48, pp. 379-388,

2017. (in Persian o« ,8)

[14] Y. Li, M. Luo, J. Gerlach, T. Wierzbicki, Prediction of shear-induced
fracture in sheet metal forming, Journal of Materials Processing Technology,
Vol. 210, No. 14, pp. 1858-1869, 2010.

[15] Y. Lou, H. Huh, S. Lim, K. Pack, New ductile fracture criterion for
prediction of fracture forming limit diagrams of sheet metals, International
Journal of Solids and Structures, Vol. 49, No. 25, pp. 3605-3615, 2012.

[16] X. Ma, F. Li, J. Li, Q. Wang, Z. Yuan, Y. Fang, Analysis of forming limits
based on a new ductile damage criterion in St14 steel sheets, Materials &
Design, Vol. 68, pp. 134-145, 2015.

9 ol 17 095 1396 ,3T (e Sl (Swie

0.7
XEXP +FEM
Plane Strain
06 + |
\ X ]
05 F !
£ \\ * | +
£04 | \ | xt -
17 \ Xy 1 + X e
§~. 03 } \\ ﬂ- x 7’ ‘
S 77 | Uniaxial e
= \ :-)K -
02 | Y . _+ " Biaxial
AY 1 ’/
0.1 } N
- .
(e
O 1 L L3 1 1 L L

-0.3 0.2 -0.1 0 0.1 0.2 0.3 0.4
Minor Strain

Fig. 23 Comparison of experimental and numerical FFLC

75 9 e FFLC (sl s auglin 23 SO0

Gl L el Lol i o 0g) alyl g (697 A AT 4 oole Sl
el s @y o] olie sy O jao ds g a sols oyl

b 2024 oyl 39 ol oo 48 )S a5 o slaawais e
0,570 ST HidS 0dgdome ;0 (LU g (odid Lyl ) wLo.a
ol 00551 sy (5597090 B

SRS (@8 slaghle] (b s o5 sase gl @l e
Sgs)s 5l YL %277 ol 4 xSk jebay cunSCs
B g B sl

5 o> syt S i lp ool sl goae Joo mls e
slogtalesl @b b oLl 38l 3 50 (25,5 s 5 cnSs
Ol o addllas 950 (e 53 69y 2 Fhe sloyully ple S
2,5 oolaiwl dllas

boanin )5 5 ol S5 oo Glagis S st 0
(s 0y opl sl 48,3 alodl %06.32 S (s i
Al o labinl s 5l S o JSs adw glad o5 Sl o
g 8o 5l b iy, ple duslie jo g aid )3 )18 colaiwl 5 g0 i
ol S (1555 5 09) asly sl wojeme A (25
O b 2024 egiedl 5y cuSs slagis S
el 00l S (278 S b anlie jo %6.87 s
oMb 48,8 b o gdmi ) cwlin gt S0 o)

olis o = b ol aslie 5 gooe Jow 5l Jols mls e
Sreoydds (g3de Jaw ;0 S5 A e g CoexBge (DS o0

Hlsnn Sz Gl Olge @ Glgiee 0ad dnngs s30e Jo ]

&3 S laoal s aile 35 SN USE 635 2 5o slaally

SR s 0550 eilie (S, p0 o5 05 eolinul (g l8,L £5 s

370


https://dorl.net/dor/20.1001.1.10275940.1396.17.9.36.2
https://mme.modares.ac.ir/article-15-9941-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-05-30 ]

[ DOR: 20.1001.1.10275940.1396.17.9.36.2 ]

Vbhled 9 532l Sle

ST Hlse 0 3Ll b 2024 0941090 (39 aasssids 9 (5395 (B IJSb 33 S0 i 9 HITS OusS

[21] S. J. Hu, Z. Marciniak, J. L. Duncan, Mechanics of Sheet Metal Forming,
Second Edition, pp 2.20-2.26, London, Butterworth-Heinemann, 2002.

[22] A. J. Martinez-Donaire, F. J. Garcia-Lomas, C. Vallellano, New approaches
to detect the onset of localised necking in sheets under through-thickness
strain gradients, Materials & Design, Vol. 57, pp. 135-145, 2014.

[23] F. Ozturk, D. Lee, Experimental and numerical analysis of out-of-plane
formability test, Journal of Materials Processing Technology, Vol. 170, No.
1, pp. 247-253, 2005.

[24] Y. Bao, T. Wierzbicki, On fracture locus in the equivalent strain and stress
triaxiality space, International Journal of Mechanical Sciences, Vol. 46, No.
1, pp. 81-98, 2004.

371

[17] Y. Lou, L. Chen, T. Clausmeyer, A. E. Tekkaya, J. W. Yoon, Modeling of
ductile fracture from shear to balanced biaxial tension for sheet metals,
International Journal of Solids and Structures, Vol. 112, pp. 169-184, 2017.

[18] C. Cheng, B. Meng, J. Han, M. Wan, X. Wu, R. Zhao, A modified Lou-Huh
model for characterization of ductile fracture of DP590 sheet, Materials &
Design, Vol. 118, pp. 89-98, 2017.

[19] I. Barsoum, J. Faleskog, Rupture mechanisms in combined tension and
shear—Experiments, International Journal of Solids and Structures, Vol. 44,
No. 6, pp. 1768-1786, 2007.

[20] Y. Bai, T. Wierzbicki, A new model of metal plasticity and fracture with
pressure and Lode dependence, International Journal of Plasticity, Vol. 24,
No. 6, pp. 1071-1096, 2008.

9 o pleibs 17 095 1396 ,3T (I3 SHlle (S


https://dorl.net/dor/20.1001.1.10275940.1396.17.9.36.2
https://mme.modares.ac.ir/article-15-9941-fa.html
http://www.tcpdf.org

