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ABSTRACT: Forming limit diagram is a useful tool for investigation of sheet’s formability for designing  Review History:
industrial products. Experimentally extracting forming limit diagram requires exact experimental tests, Received: 11/17/2018

and is time consuming, and expensive. Therefore, several studies have been carried out on the usage of  Revised: 1/11/2019
theoretical methods and finite element software for determining these diagrams. In this study, forming  Accepted: 3/11/2019

limit diagram for AA3105 aluminum alloy sheet were obtained by simulating the Nakazima and modified ~ Available Online: 4/3/2019
Marciniak tests in ABAQUS software. In order to numerically determine forming limit diagram of
AA3105, Hill yield criterion, Hosford yield criterion and Gurson, Tvergaad and Needleman damage
model based on the Hosford criterion and Voce and power law hardening rules were investigated. Due
to the lack of the Hosford yield criterion and the Gurson, Tvergaad and Needleman damage model based
on Hosford criterion in the ABAQUS software, VUMAT subroutines has been developed and used to
determine the behavior of the AA3105 aluminum alloy. The results showed that the predicted forming
limit diagram based on the Hill criterion, shows large deviation from experimental results. The usage of ~ Tvergaad and Needleman damage
the Hosford criterion and Gurson, Tvergaad and Needleman damage model for aluminum alloys showed ~ model

a better correlation with experimental results. Also, due to the presence of voids in metals, the Gurson,
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Tvergaad and Needleman damage model which is based on the void volume fraction has a greater

physical justification than the other yield criterions. Furthermore, by comparing numerical forming limit
diagrams that obtained from Nakazima and modified Marciniak tests, it was concluded that the limit
strains in modified Marciniak test is lower than the Nakazima test.

Modified Marciniak test

1. Introduction

Metal forming is one of the most important production
methods in various industries. In the metal forming, the raw
material is plastically deformed by the tool into a complex
product with the desired engineering properties. The forming
limits in the sheets is mostly determined by the onset of
localization of the deformation and the formation of a neck.
The Forming Limit Diagram (FLD), indicates the formability
of a sheet in different strain states [1]. Killer and Backofen
in 1964, for the first time, experimentally examined the limit
strains of the sheet metal. They constructed the right hand
side of the FLD [2]. Subsequently, Goodwin in 1968, by
drawing sheets with different widths, obtained the left hand
side of the FLD, and presented a complete forming limit
diagram [3]. There are many factors affecting the simulation
and predicting FLD, some of the most important of which are
the yield criteria and the hardening rules. Results of different
researches show that during the deformation of ductile
alloys porosity occurs during the plastic deformation due
to the presence of secondary phase particles and impurities
[4]. Nucleation of the voids and subsequent growth and
interconnection of them during plastic deformation can
cause fracture in the metal sheet. In this situation, the effect
of the hydrostatic stress and the void volume fraction should
be considered in the plastic deformation. With this in mind,
*Corresponding author’s email: maghaei@kntu.ac.ir

different models of void and defect are presented by the
researchers to predict the yield behavior of a ductile metal.
The most well-known void-based criterion is the Gurson
model that has been modified by Tvergaad and Needleman,
and is now known as the Gurson—Tvergaard—Needleman
(GTN) model [5]. Aluminum alloys are characterized by
good formability, high mechanical strength, low density,
high thermal and electrical conductivity, and relatively high
resistance to corrosion. These alloys are widely used in the
metal forming industry. formability of aluminum sheets is
important in product design and production process.

In this paper, sheet forming limit diagrams have been
predicted by numerical simulation of Nakazima and modified
Marciniak tests by GTN damage model based on the Hill 1948
and the Hosford yield criterions. Furthermore, a comparison
between these criteria have been made.

2. Methodology

In the present study, a GTN damage model based on
the Hosford criterion has been developed to determine the
numerical forming limit curve for AA3105 aluminum sheet
by simulating the Nakazima and modified Marciniak tests
in Abaqus software. This simulation used the VUMAT
subroutine in Abaqus software 2014. Also, the numerical
prediction of the forming limit curve was made using the
1948 Hill yield criterion and the Hosford yield criterion. The
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results obtained were compared with each other. In addition,
the effect of the Voce and power law hardening rules on the
FLD for the AA3105 aluminum sheet was investigated based
on the simulation results.

Details of the implementation of the GTN damage model
in Abaqus finite element software was based on the works of
Chen and Dong in reference [6].

3. Results and Discussion

Simulation results obtained by different yield criteria and
hardening rules are presented and discussed in this section.
The main results are as follows.

- Comparison of FLDs obtained based on the Voce and power
law hardening rules:

Comparison of predicted FLD based on power and voce
laws using the Hosford criterion with experimental results is
shown in Fig. 1. The results of this investigation show that
the flow curve resulting from the Voce relationship is more
consistent with experimental results. The application of the
Voce equation is superior than the power low equation in
predicting FLD, so the predicted data is very close to the
experimental data.

- Evaluation of the Nakazima test by the GTN model:

The GTN model was used to evaluate the limit strains
obtained in Nakazima test. Simulation results for maximum
strain contour of Nakazima test based on the GTN-Hosford
criterion for AA3105 sheets of 45 mm widths is shown in Fig.
2. It is evident that when a porous sheet is under tensile stress,
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Fig. 1. Comparison of predicted FLD based on power and Voce
laws using the Hosford criterion with experimental results.
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Fig. 2. Strain distribution at the necking time resulting from the
simulation of the Nakazima test for the AA3105 alloy using the
GTN model and Hosford criterion for 45 mm width sheet.
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Fig. 3. Comparison of the forming limit diagram obtained
from Hill’s 1948, Hosford yield criterion and GTN model with
experimental results.

the amount of the free volume or voids grows and increases.
Subsequently, with increasing tension stress and strain, the
voids join each other resulting in cracks, and finally cause
material rupture. According to the simulation results based
on the Hosford criterion, the void volume fraction reaches
to a critical volume fraction (fc =0.1) at the time of the neck
formation. Furthermore, the void volume fraction reaches to
the amount of, fc=0.15, at the time of rupture and failure in
the material. The results obtained are in good agreement with
the results of other reported investigations [6].

- Comparison of the forming limit curves based on the Hill

1948, Hosford criterions and GTN model:

Comparison of the forming limit diagram obtained from
Hill’s 1948, Hosford yield criterion and GTN model with
experimental results is shown in Fig. 3.

The simulation results indicate that the predicted FLD
based on the Hill criterion, shows large deviation from the
experimental results of Aghaie-Khafri and Mahmudi [7].
However, the usage of the Hosford criterion and GTN damage
model for aluminum alloys showed a better correlation with
experimental results. Furthermore, due to the presence of
voids in metals, the GTN damage model which is based on
the void volume fraction has a greater physical justification
than other yield criterions.

-Comparison of FLDs obtained from both the Nakazima and

Marciniak tests:

Both the Nakazima and Marciniak tests are used for
construction of FLD [1]. Simulation results indicate that the
FLD curve of AA3105 in Nakazima test is higher than the
Marciniak test. This result is in good agreement with the
experimental results of Moshksar and Mansourzadeh [8].

4. Conclusions
In this research, Hill 1948, the Hosford yield criterion and

the GTN model based on the Hosford criterion were used for

predicting forming limit curve of the sheet metal by finite
element simulation. The results obtained can be summarized
as follows:

- The Hosford and GTN model predictions of the FLD of
AA3105 alloy are more accurate and are close to the
experimental results.

- Comparison of the experimental FLD of the AA3105 alloy
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with the numerical FLD obtained from the hardening
relationships shows that the power law predicts the limit
strains above the experimental values, and the Voce
relationship is suitable for the aluminum alloys.

- Despite of the conventional hardening rules such as power
laws, by using the GTN model it is possible to detect
the softening of the material during the deformation and
necking.

- Based on the numerical FLDs that obtained from Nakazima
and modified Marciniak tests, it was concluded that the
limit strains in the modified Marciniak test is lower than
the Nakazima test.

References

[1] M. Aghaie-Khafri, Formability of Metals, K.N. Toosi University
of Technology 2015,(in Persion).

[2] S.P. Keeler, W.A. Backhofen, Plastic instability and fracture in
sheet stretched over rigid punches, ASM Transactions Quarterly,

56 (1964) 25-48. [3] G. Goodwin, Application of strain analysis
to sheet metal forming in the press shop, (1968) 1-12.

[4] J.Samei, D.E.Green, J.Cheng, M.Lima, Influence of strain path
on nucleation and growth of voids in dual phase steel sheets,
Materials and Design, 92 (2016) 1028-1037.

[5] V. .Tvergaard, A. Needleman, Analysis of the cupcone
fracture in a round tensile bar, Acta metallurgica, 32 (1984)
157-169.

[6] Z. Chen, X. Dong, The GTN damage model based on Hill’48
anisotropic yield criterion and its application in sheet metal
forming, Computational Materials Science, 44 (2009) 1013—
1021.

[7] M. Aghaie-Khafri, R. Mahmudi, Predicting of plastic instability
and forming limit diagrams, International Journal of Mechanical
Sciences 46 (2004) 1289-1306.

[8] M. Moshksar, S. Mansorzadeh, Determination of the forming
limit diagram for Al 3105 sheet, Journal of Materials Processing
Technology, 141 (2003) 138-142.

137






75 ool SlSo (owkigee g pul

DYY b OYY Slio ATAA Jlu o o)lad Y 0593 ¢S yual SKlSo suoigen & il
DOLI: 10.22060/mej.2019.15298.6087

Sl jlo 9 Loy JL slaysol goue (g lwdnis b b g (B ISl a0 903 Loy
O C)Lo‘

* i BT oS e i I all

u‘)" ‘Q‘)‘ef’ ‘LS“’?L’ u.h.\.”).ua.’ d.’>‘9:> W oKiils s.)‘}a N.LC 9 (eWIHR

18910 Az,
VYAV-+ A-YF bl o
IFAY-1 - 1o S50
PWAVAY-Y e bl

VWA= V-V E 30T il

oo Ngame (b jshaie 4 (6518 slagg s (BIUSE (o) 2 5o e bl 5l (23 S 0 Jlaged i
a3 5 Oley Bro 8 Slagiales] pikie s0 28 g 4y (23USE > sla foged gl sl 0,0 ot 4
Gl e sl Sgazme Sloll sl 5 5 Lk sla g 5l esliiul jo (goanie lagiaghy sycnl 5|zl oL
Gk 5TV 0 poetosll ST g sl (BoUSS s slasimie pRghy (il 53 Cel 48T S jg0 aloged
Ot sl 4y ol ol Cess &y ugSLT 3810 5 55 o 2ol Sitsylo (9051 5 Loa S (gl (g3l

(oS wlols i s
oS s fogal o] Joe g 0590l polid JLae VAFA Lo s JLxo 7Y 20 poicagd] 5LIT 20 JSs 0 sl Jloges (g00e
s Sl ol e T Jols 4ol aslio 5 (o) 2 ‘5—3193 5 9 S Vghidew Lals) (655 )lf_ wbojshule aly w8
S el Jie Al Ay Cuagrg (sss Jlgyses oS Ll 80 5 50 00kl sl 2 ) sl Joe 5 0500l ol jlons
Last5L Qg—o)'i il sl VAFA Lo jlaas wiols (lis gl .8 )3 1038 oolasuwl 5,90 YV 20 poaiegll SLIT LS, foes >

. C)Lal Sl e Qaﬂ}] IR PRYPY- N ﬂbbyf Q,..;)lf Wi Joe 95,500l Lo jloslaiul g ol 7S C;L..a L ok ; S ‘|°9-.:-‘-.:-‘°5ﬂ
Sz oylS el Joe Dl LSl )0 o jao S92y S @y Guizmes el 055 5 oy S L 295
Sl o 9031 Cmizmad 0l o Lo yolos 4y S (6 yidion (S 58 A9 o 2 coxa 1S ol yogy 1ls
L0 (03l 40 Comns Spmb gom slais,S o 1, SRS > Jloged Loy S 595 A Cammnd 00 Lol

doddo —)

Al wlio o o slo by, (o Fetes 51 Olls oo IS

3o IY] 08T s @ 1) mo JSCs 0> Jloges ey o

walizee slo oye b oo,y (2aS b AAPA Jlo jo Tngosd

S S ey g oo)ﬂ Cwd 1) (2SS B Jlogel G Coew
¥l o5 JelS 1) oo IS s jloges
@ 5 el (028 g, dw b (R0 SS am Jlogas (e
5 4 Spo pilivs (o2 slaghlel plasl el 23y
i 9 sy Jodo ay dgammae glizl (oae gy il ook olej
S gy N S (3l gy SO Glaie 4 Wl e oS
5B B S a> Jloged g0l Jalse 3,5 )5 soliul 500
Luls) 5 ke slere 4 lice o] (et aloz 5l a5 w5158

Ol oy sebaie 4 g ks Sldllas ogei o)lil | Saighcst

4 Goodwin

e 3l oolainl b g 1l Jawgi adgl oole «l3ld oo ISUS o ool
wglle widige (olg> g sz K b Jgame 4 Sixwdly S5
Rt M exSge 4 dax i b Lo s 50 (RSB w05l e fiod
> (2SS a6l loga 09 o el (295 SCES 5SSO
DT ates e lis 5,8 Gl glacdls o 1) &y (o IS
o @l S 5L sl 6l VAPY Lo o TodsSs gTLS

sl byl W0 ST w22 Oyse 4 538 Glag s sl

1 Forming Limit Diagram (FLD)
2 Killer
3 Backofen
maghaei@kntu.ac.ir :olsle jlsoage oo g ™

(Creative Commons License) ss,s  Soisy 31 juilud cod allie ol .ol 0ais 00ls 108 ol olSls il jLicil 4 150 358 g B oian g5 4 (uilpe oh>
Auley® oo hittps://www.creativecommons.org/licenses/by-nc/4.0/legalcode ol 5l uilacd cpl Slssa sly ol a8 5 18 ety o i 5o BY NG

oyy


https://www.creativecommons.org/licenses/by-nc/4.0/legalcode

BFY B OYY dotio YA Jlo & o5l BY 093 «pusS pual CSlSlo ties &y it

Dol oy 5 g (Sighicus Ly, o Yeor -¥d Vil
Ol g gl sy alin (28 (slasiomie b g (et w0
JB jsb 4 (20 JSE 5 v g (B SD v Joie wad o
8] siis Swigicss Joas 5 puked Jlae 13l cov oy
5 (SS 3 pos B gaas L 9 5l ol Sen 5T Sl S
o)y (BOUSE > (e (Gt Slp i (WS L
Sls oyl lagy ] Bz ol 03,5 soliiuwl 0¥ g pouiiegd] 4390
W 1093 5 (228 @l b (29 Bl jl goue lahs) oS
(g3 s, alizes sla Lo 1 oolinul b ol Sen 5 15 [0 ¢]
25351 ooty |y 3T pgeinsl] (25l (oSS v (slo i
b Jolee Sadly (2555 S jlone dw a5 w8 S A
GBS pss e 5 G ol s Sl ol glasl
LB alhil oasl cossay oy @l b e ool clies
S slasldT o a8 ams e ylas lidss [V ] w)ls Jous
O 53 o loeyax o pallal g 4l 5B B3 02y o @
o 3 oy Sl D] was o &) Sty S8 s
il oo Stadly JKb 5is ez 0 o] (g o8 4 5 A
G5 5B Wb s cnl 50 09d (63 Byg 50 CenSE carw
Llod Seitadly S8 jods )0 058> (po> puS 9 SSliulg e
by coe goyiz oni S n 0 ladus g3o90 pl Az 0o S
oad &lil o 18 S el 1) etme (St ln e
oads &l Jaw dwoya Sl e Jlare o Fead anslis .ol
50085 45 SMol b Jaw ol oy 45 sl s 5 Lansgs
Joe Olgie 4y 0390l 5 0 el wisls plowl ()T (g9, 527 el
olSen 5 oz Y] 0g o axslin 2! adais 8 )5 o S
e 35loal oeked e by 1y 3 lesals )5 Joe
B o oie o)) Ses 5 owbe [VF] isls 38 e
3l 1 qasyr 9550 (ilwdns 5 (225 Dyg0 4 | IF 0V
cwsy s 3 oS Ul l5dlass 5o eyl8 Joe Jlosl o (U]
L oohSes o Loyl [10] woges oolitul juce 5,Sleen Jlxe o

16 Barlat and Lian(Y1d)

17 Karajibani

18  Gurson

19 Tvergaard

20  Needleman

21 Gurson—Tvergaard—Needleman (GTN)
22 UMAT

5 95 el BT Sjso gum GRS Smpbe 2 s
S S Seobe 6l VAT T e eeled jlees ) Tolens
ke Jlire cwdin 1S wsly lad g wis S eolall s IS
A0 e [F] 038 o o sl 5 59, 2 555 5]
R 1705skle 5 Jop 50 4z s 18 (o 50 4z eled lajlne
olis b bt w8,S cwyp (RIS d>  sotie el Caow
65,5 lanls e ateie 69,5lonl o lade S gl Ol
el Hlero 4 (5 970 90 EES j0 (gu> sl ,ST p Sl
Sy5imls pales wly 1 oo Ken g 49 wole L0] conl anisly
A8 ,S Al g 0,8 gy 1y VooV LaS= Y- SOLL
OlF b 3 j9huls oo Sl Lawgi 00l (n i 59> SN SS
sWT Gl A Oole b o)saumle euded Lo g AK o¥4s ol #
SBTIEL o)l oyo0 ol b ogs cinllae B¢ ¢+ (6 a0 poainegl]
e by 1) (2o S8 v s Ao Ojga e g
9 «\6;‘53 ‘d‘.") ‘Au*‘ﬁ g;"‘ﬁ*“w 4']4.") drsf)lf b °)9’6'“L“’
Sty A VY 5TV 0 piagll slasll sl VSl L5 alad,
D St Sl g We S anlie o2 @l Loy ool
IV] wssls ylas SSl5-0,Ls g (g alasly 90 sl 1y (0> slajis S
pseiasl] ST (aa IS5 s Jlogas aalllas b o San 5!1 S
Ty g g g (S Mgt Hlere 53 (o 5l aS Wols LV - # e
loosls s (st Bl pgaiogll glasll it (6l oy slexe
G > g (23S > Jloges o Sen 5 Tl [A] o)l 2w
S 595 - Sl lo Joka sl ool L1 (313 (59 90 (om0 IS5
Y5k ke Jlme 5 VATA Lo e (5 ek slolns

Xu
Vinman
Hill
Friedman
Pan
Hosford
Banabic-Balan-Comsa (BBC)
Voce
Power-law
Tian—Zhang
Fang
Swift
Panich
Marciniak—Kuczynski (M—K)
Von Mises

00N N AW

Pt e \O
W\ h W — o

oYA



claz )5 )18 alie g gy 3590 TV 20 pouinasl]

VAFA Lo aubes @l -Y-1-)
DVAL 00,8 o lo (V) alaly 4 a>5 LVAFA Lo oules 206

O':\/(F(O'EZ*0'33)2+G(O'33f0'“)2+H(O'Hfo'22)2 o)

+2L0% +2M 62 +2N o) )

&S lasl yally a2 UNGM, L H, G, F glacols a5

le( 11 1] ™)

7+7
2R, R R
M1 1 1 v
Gzz(RﬁRz‘RzJ "
11 33 22
11 1 1 £
HZ[RRRJ "
11 22 33
_3 ©)
2R},
_3 *)
2R}
N = )
2R

g3l 5 eolaiwl b as sxiws (68,55l ol o L:aRij "y

Sl 0 6 Slueal o)l bl g Wilode! Cowdy S
(g oo dmlne (V) B (A) Laily, 3ol calisee

R, =R;=Ry=1 (/\)
R9O (RO +1)
2Ry (Ryy+1) @
2 - Ry (R, +1) )
» R,+Ry,
R - 3Ry (R, +1) ayv)
2\ (2R,; +1)(Ry +Ry)

s csg a Ry s R ROV L @) Ly, o

3,5 S A Cams 4,0 10 5 FO o0 Olgz 0 (69, Kl
L VAFA Lo old lne by cdo 5 (Solw o 4 axili e
S Sbenl 63Y9d slagsys L8, it lp slos S 5k
31 eogume slasi a4y 5L Ll om e peded b () 09 o oolai]
i a1 55 s s IS e sl (SlSe ol
e r I VATA Lo pds Jlaae 0,515 00,03 ool o

ova

ST (gl 5 (oS 9o ()5 ol Joo l oslia]
ot 1) YV 0 poieasll ST kg (b 1Y) -0 poaiey)]
d> sla e el jshite 4 o Ken 5 W5 1] o5
905 0 Sleaal £V TFsiadll ST )5 (a0 JSs
25018 drwgs [ VAFA Lo odes Lo b )5 Jow o
poeagll ST (a0 St v (Lo o Geizmen bag)]
oy Jlere g (SnijoS-Slitnylo sloJoe b | £V 2T
S Sl lis laT s ais gl caws @ Mol ol xSTlas
Sy Sl S e ags 0 i iy (23S 9>
DT o)l 6 y9m0 50 S aibaie jo (ogas 4 228 @ L

Sl plSisl w3 (6 2y S5 alansly 4 pgeiagll s3]
0 VU L Cenglin 5 Vb (S 2S5 (5 ) colan oS S8z Yl
GBS Cxio 3 az g 990 5 9,8 5 slasl] ats 5 (9,55
lgice (ograsll (SloB)s G rMISE Sl 5 el Bl oo
25l &ly e (sass Wl g g Jgame (b o

Sz 3,50l 4y 1 )5 ol oo Sy ol ragh 5o
Y10 poieaddl ()5 sl (BOUSE > gimie (5008 S
55 b ol Sl lo o305l 5 Loy (3051 (g5l L
Josrs ©rpe 4 Jse onl ol 0ad 0310 dngs wSLT l38l 5
Ok Oezen b 3)ly VO LusSUT J8le 5 0 Cuagg
VAFA Lo pded Lro 5l oolanl b oo SIS0 0 covie (go0s
S b ool Gy @l g 4T Oj50 950l melud L
5 oy SVsbics Ly, 5l auglio ol » ogdle W dunlie
YN0 poriesl 55 sly (2SS 9o Jfagai Sy ala

DAl (g (Sl G4k

GHbsle kulg; oy -Y

5o oolatuls a0 (g LSle Laly, g pedked milgs Ceond pl o
el 0oy &l sguzme yledl il

ot ol Y-
2 o8 Jae g0 5anle NAFA Lo o Siluenl pudes ailgs

ST B9 (20 JS ax piomie 00 (i sy 0)9imla 4l

1 VUMAT
2 Modified Maximum Force Criterion (MMFC)



BFY B OYY dotio YA Jlo & o5l BY 093 «pusS pual CSlSlo ties &y it

M5¢J4Lwo).0.> o> )—MSJA[&’BM)W‘W o alads

ol e slao 4 ‘53)’4.“9.?- g S5z g0 (oo wl il

:oo)f‘_,’.‘e ole (VF) daly & jse 4 Jow j0 0,8 o S

df =df, +df, )
Doy (fp) > Gialsz 5 (fg) S9zse slaoya> ol

df, =(1-f )ir(dz,) . df, =Adz, Y
S Stadly 5,5 g s 530l o 03 o 5 5

loo Cawd 4 (VA) alal, 54 lade 05,5 o

(1 E—ey (\A)
‘xl{ 2( S, )}

A = f‘N
Sy~N27

9 Sl LS')‘U‘P Sxlino 6L€bo).é.‘> (= ]“S;L‘-‘ f}’l as
ol Sl S Ep sl 0yio Gjailx ke iden

| )L.sm J‘)Ju‘ SN g 09g

S Ll ~Y-Y
Sl abaly -Y-Y-)
ol (VA) abaly & jg0 4 S5 alal
G-kE"E .
Aol co o i a aS wilesle glacsim gn ckoaS
itlor 5 5 & Combas cupe g ()5 Ol
—oRS L8, Sl alaly a5 Siles,ST 155 el I (S
WS (o3 Crog 93 4 1) parieedll a3l ) (S 858

IV] wsly soasleo

oy doles -Y-Y-Y
] (Y’) 4.]44‘) OHgo A ¥ aolses
;:Af(AfB)exp(fC;) )
‘,awﬂ asbe G518 5o il o 0obe slacols CgB A as

A3 oo 7y D Sz y glidlons sy § SB35 e s yhalS
sga wy alaily o Jg ol el onssy chuogs (el S5 ala,

I oS o wal 3 1) o gt onuas ciogs Sl o sles & )be

D el ol pon (MSa0 b pgaiagl Jio R <V L l3ls

3,52l 0 ,SKluol pudsd Lo -Y-V-Y
S S job @ bl j5b slo oy olel p 0500l
2,5 SLIAY) alaly Oyg0 |y o0 b mudd Jlro (oo

" =F(O'22_033)M +G (0'11_‘733)M +H(‘722_0'11)M ayv)

M gl )y sl S 51 5555 ol M ell «(0Y) bl o
o9y b (oS DS sl 9 pln S e oS SIS (ol
DAl o9 o a3 8§ Las 0 A ply o35 e

Slamio (60 Siluws g glaxan i a0 (1Y) dolse
139 oo ades (VV) abayl, S5 4
(1+R)6M Z(O'H)M +(0'22)M +R (o, —022)M QD)
iy ] Jowe -¥-1-Y

Lyyl] Sgd oo Gl (VF) alayl) & jgoay s )8 oo

n

s . 3
¢=[O_] +q.f (}‘)[Zcosh(—q22

Y

:j—qlf‘(f)]—l %

i o9l 36 el oSl 0y (Joles 5 O oS
gy 5oy oz oS Jl oxtb [ Sy e 5 O,
ad Ll 5o JE8s iledse Glp a5 wie olacil g,
g o0littesl fse Jlxo 51 O (6l iy 8 Jon 4 dzuliz ilons
oo aiile 0, Slennls (gla,Lns 1 5T 4 5,Slier )8 Joo
Sl 5 sl 5 Slanl ()8 ko 395 o0licil 0 5 5 gl
Sl 15 0 Siluanl olge L8, Carogs

Gl (Gilednnd Cqz el 9 95,5 Ly f* el
D] o By laojiz ) gles Jolpe 0 oSl g
e 4 o i pez S a8 Sloj iipelani=o,l8 )55 s 50
Sy (V0) akl; &j50 4 f* 2 el oy o0 S Sl
139 o0 4385
I i f<fc

=, +%(f 1) i’ f 2

()

)‘>°)é><5w)“5fF 5‘53|).7Lgo}&>(5o.>.r.>)w5fc caS

1 Void Volume Fraction (VVF)

oY«



e g ok byl o) -

).Hiu‘s ‘_%J_&bﬁ_i.';.a ‘&,....A)L UM_,)S ﬁbLs.a ‘531..,,) 39y 4 -0
Iy ] Seeodly ol

sgazme yladl 58l 5 50 p )8 ol Joe (y0ga5 8,5 LS p>
ol 413 5 590 [VE] g o b sillas oS

S ilwas =¥

ol Slhowle 5 L35 (yg03l 59 csoae Juloo jolaie @
&L«ﬂ 3,50 0ole .0l (gilwands VF.FP w}fb] S8l 5o euds
oS5 b wad JsT YV 0 5T pgiagtl 5,9 cidgi cpl y
el ¥V Jgor b gillae (S elgs 9 ) Jgoxr b Gillae (oleods

Pl 4 borye sl yiel)ly )5 Joe 59,500l Jlre sl

Jlosl gy Jlgy 25 50 ¥ ¥ Jghizr b il Y1 0 pgeiagl 5L

093 Sl (SNgbis by, 4 b pe sl el )l uizeen 0l
b and Sk 0 F Jgar b Gillas

Lo 350 95T (g3l )
Gl lo e b slaisas 25 32, 5 et 5T o3l 5
U ,S e (6o e (Slo plo LB 5 0 S a5l ool b
oo 3 bt ol i il o i st Jpr L
A g pdy UK s 3,9 SO Jold gl sl l381e 5 5l
A bl anil s 005 )lgSS 5 L yilo cains slapl 4 o I3l
IS S 5510 359 A Cond (6 el Sl aS el Lo
S ighge 48,5 50 o Sy g o)l agzg Wil o
2 39 ol e g 005 OLuSy o slizl sl o Jolos oles
53 el oy oIl 3 od Chnogi b, b Billae S s
O ol Sl By aiged == JBla= AYV-+F -¥ (Y--A)
Br9 Wged b (R (al 50 Sanl S (55 alise (sla e
WalS wiged Sy 5 yiodes 10 A VO FO closye b
@ b )S cwl a5 15 Ll g a5 3)90 Slogl
0331 G5 @l 5 (eSles H5b @ lacdle a5 S 50 4 by e
IS 0 eads (gjlwdncds (5,9 dwaid ol ool Cawd 4 Leu 35T

Db ca By9 Lo ye odmalis W el .l sus ols lis

oYy

oS e WYoleo goue youmwY g0, -

Wl e Sty gin¥l ool S L8, yog s e s @
20 0ls &5 (AT 4 0gl e > glal e 5 (S5ei 9o 4
iz ool s o0liiasl 3,90 w2651 5,8 58 oz |, kb, al> o
NN VI ST SR I L JIRN BT SN IS {DPSNK +
S o 8 ool 3,50 Sedly coiS ol Sles Sy
1o le 5L 050 dniodly (5,985 Sl

Seidly S 5 dE" SVl Ceand 4y 5T gl 455 -
de? .

JrsS 1y ol bl g ol 9,5 oS (0, q,) pedans Jlns -
el (LB slo e 3l Slacgae g, bles 0

Laogs Kbl 55 5m3 e 5 Stadly Mo J5 -
O (8

s ud,S alayly el o J3l sl st LeST Y oles -
Iv-]

o5l imgh (pl )8 eolitul 090 (1S Sl 59, 4 ;65
RECI P OA S ARG L <SPG J | SR V-SRCON BRI 5 FRCOW L&
P(E,,EL G, ) amle g 1 Lo 5 (8,87 ,q, ) Sledlbl

nd nd

2 el (65005 )- (6138 )L Ll 1 Lol e g o Slej o8
&S Sl g,y 9 kgl o sl (658 USRI b 90 Ll !
SleMb! 5l onig) sl (g5 JLREN (bg,y 50 w010 0929 Tons; e
ool s Ll oMbl gl s 1o 05 oo oolis] L alisd
i) Aol 31 0 e 6 o8 SR by, 50 i i L1 |
g oo odlaiwl amy

ogy e Sl (6 2 ISl Ghg)y 4 (SLaT5L Bl o5l
] 00l AN ) O g0 A

A8l g (1o piie 9 SGiadly (2555 adgl polie (Byee )
Sl e

e T dwlowe -Y

die ged g GRS g oSGl Ol JISul gas dpslone Y
EESN

1 Return mapping algorithm
2 Forward Euler integration
Backward Euler

w



IVT Y148 guinglT SLIT 59 tloonid Sl 57 ) Jguir
Table 1: Chemical composition of AA3105 alloy sheet [7]
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Table 2: Mechanical Properties of AA3105 alloy [7]

mm «Cewlsus g cm’. J5> GPa XL Jgoe Ogeoles S oole 45
\ YIv £ <IVY YV 0 pgaiayl]
DIFT YYD poniangdT 5LIT (gl com s 8 Joro s ol sl oY Jgu
Table 3: GTN model parameters for the alloy AA3105 [16]
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Table 4: Constitutive parameters of power law and Voce rules [7]
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Fig. 1: Sheet geometry used in the simulation of the Na-
kazima test [17]
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Table 5: Anisotropy parameter values for AA3105 alloy [7]
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Table 6: Anisotropy coefficients based on anisotropic Hill 1948 yield criterion
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Fig. 2: Modeling of the parts of the Nakazima test
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Fig. 3: Quarter sheet meshing with a width of 130 mm
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Fig. 5: Geometry of the sheet and washers samples [22]
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Fig. 4: The geometry of the modified Marciniak test
pieces: a) Punch and (b) quarter of washer
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Table 7: Dimensions of sheets and washers [22].
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Fig. 8: Comparison of stress-strain curve obtained from

simulating AA3105 alloy using the Hosford criterion

considering the power and voce rules with experimental

results
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Fig. 9: Comparison of predicted FLD based on
power and voce laws using the Hosford criterion with
experimental results
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Fig. 6: Boundary conditions applied to the Marciniak
test
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Fig. 7: Comparison of the true stress- strain curve
obtained from simulating AA3105 alloy with
experimental results
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Fig. 11: Strain distribution at the necking time resulting from the simulation of the Nakazima test for the AA3105 alloy
using the GTN model based on Hosford. A) width 45 mm, b) width 75 mm, c¢) width 90 mm, d) width 130 mm, e) width
150 mm, and) full sheet

soue

(Avg: 75%)
+8.7400-02

I +8.074e-0
+7.A09¢-0%

+1.420¢-02
+7.541¢-03

Fiosken PO 558 s diged (5l b i gomor yan yils Y JSCi
Fig. 12: Void volume fraction contour for specimen with
a width of 45 mm
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Fig. 13: Growth of voids in the Nakazima test for a
sample of AA3105 alloy with a width of 75 mm
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