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Article Type This study introduces a novel experimental approach for determining forming limit Curves (FLCs) in thin-walled metal
Original Research tubes using a double-layer hydraulic bulge test. The outer tube, constructed from AA6063-T6 aluminum alloy, contains

specially designed cuts to evaluate its formability, while a ductile inner tube transmits hydraulic pressure. By adjusting
the cut geometry, different stress states from pure shear to equibiaxial tension can be generated until fracture, with each
state corresponding to a unique strain path. The designed cuts configurations were optimized through iterative finite
element modeling, ensuring accurate stress state simulations. Key benefits of this method include comprehensive strain
path replication (similar to actual tube hydroforming conditions) and minimal experimental complexity. Additionally,
fracture behavior was predicted using a modified Mohr-Coulomb ductile fracture criterion, calibrated through
specialized tests resembling FLC determination procedures.
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the pipe test together with the Swift work hardening equation
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Fig. 9 Variations of bulging height with increasing the number of elements
(decreasing of mesh size from 0.3mm to 0.08mm)
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Table 3 Major and minor absolute and relative errors comparison.
£,absolute & relative &,absolute &;relative error

Stress state

error error (%) error (%)
In Plane Shear
(IPS) 0.01 16 0.06 80
Uniaxial Tension
(UAT) 0.03 17 0.03 30
Plane Strain
Tension (PST) 0 & 0 0
Biaxial Tension
0.03 12 0.02 20
(BT)
Equibiaxial Tension
(EBT) 0.03 11 0 0
Mean absolute 0.03 18 0.02 26
error

IS g 093 ST iidS gladiges s (Jilie )3 g
8 osle wulkd dibeo 13 Gl pledl )l oygogs
Jloc! cloidd canle 5l Lo weandge wglis oyl 3l
9 039 JlE (g9 LI woyemeST GRS H3 el
Fraie ML some slivly 3 Sady slogiis
Solue Loyl woygmmegs LS 55 &S Gl )y (gl 0
sl glamio (i3S bulyd oy dges ez 93
odle 550 dtud )3 owl JSHed @ e &5 BSe
G S9de odaline W JSE 55 oS (9l eausy 39d(s0
A23(0 &) 0)97093 § 0530 ST (S (sladigad )3 Z9d9
2l Gb oS ol Sty (65la3bU 51 AL ey o
OhalS 4y g oad Wil sgame 4l Sy g0 S
Uy digad 53 o(hlde 53 35dioe yxie ghie ahw gy
S (5970 (53908 (IS Adlie 3925 pas s 4y Ao
G295 31 (10l g 5 o @8 S lsiSy s 4y JS

394 (503 ol liio
4255 B8 (29lS £935 pac 5 o3le i plaiz 4,8 Juls @
(s3> slopisS 656518 el (ol )5 cwsls 5l 3
G e g cwl odgr oske ) S £9,0 camlin
Sl Jio Sl 5l oale 48y (giluwdands 53 s e
fa5d Gilw plal Gis Gab 5l 4 calords oslisul
&0 i g glho slh> lie a3 Glid |y cunsld

V£et yud oo oyladd (Y0 0593

OhlSen 5 spb Lt el FYSE

0.5
045
0.4
035

o
w

0.25

Major strain, €1
o
N

0.15
0.1
0.05

Minor strain, €2

AAG6063-T6 psaivogl] dlg) 3K 4> yl3g03 1Y S
Fig. 11 AA6063-T6 tube FLD.

(e) (4 © (b) (a)
w5l oad (leiS)i ygliat olyen 4 o b sle diges WSS
cpae Ly digad (W ewsds cwolxs LS):S")IJJ Gl cwss ghio
Ugad (1697095 LIS digad (@ 10jlgie 097093 YRS digad (0

sl axiio (L3S diged (W g (53970 ST LS
Fig. 12 Bulged specimens

Sl (S oy o labads el 05 sl 5y
WSl Gihe dbi glgie 4 wiSpe 4 | Jalee
o [YA] phBes 5 o) slagiagly golel 5 [VF] S9d0
29Sws)Sae (slaSyi s jlel Silad s & abis
G5y sSlo slasyi g98y Lot glsie 4 Sl cewl
oledl cusBss (puyp Hge (sladiges ;3 AiSe Jos i
I8 Dgad dwsin 5 1S 99 il et s 4 il
o3ls lad W S 5 oS jehiles g Jli oylgic 4 .35 50
oledl (pame Gy ©IB)L o (sladigad ) wewlosd
hodan ol cwloads @8ly digad (21> b 53 b
ghio ahw )3 by (i eSleiSand 2jsi b olsise
4 o he S5 )Y Gy OB o1y sl diged
4350 Gblio 33 &5 o s w50 395 lade JSTas
Grdsleie gjgs il (puais glacasgaxe Juls
(§290 a0 (i diged (PIhb dlzye p3 iz e )l
b sl alols digas o131 gladd 51 ily ledl oS
oz 45 Lz 9 (6155l 0)92e S (il edle sl 51
oslo caoglio jl (2815 5é el 4 y2io Wlgioe Ghulyd

Urte SyilSo udige sole doliole



Yy

503 Sgu 31 Am &) (5,555 (sl g 0adh o
oledl (b8l 51 ookl U (5338 (53l il
b Sty ] giloie & wosS sl sgame
glodie b Joloe Sty (id)S phi (nlaylse

Modified Mohr-coulomb (MMC3) aiile (g 5dud iy
SrSadiz y5b 4 1y Gl dhil Ghogiay s wlgise
A ol3s!

9 Gl dhids oSS 038 385 S (o35 sl
W Phb Gl bl glayebly Lol bl
iz slody) (23S (slasinl b samn 5 09ai] sladiged
il olsaiiTd 5 (e ploie 4 el (53308 Sib
S S Wlgie Ghew blE bl (Siaedg e
Joesliinl puizen A8 (Ssle odle dtwlgsl
solal (Ssen wile aidydn (i @lbsLSs
5651851 (glys (Digital Image Correlation — DIC) Jltzus
Slaubyy oy ay (Sl bl (lulid 5 (35)S olase
L G235 3 slaylagal dowgi 4 Wilgie «(gjludd
ol glmeals CuSy cealyd 53 gl yie YU wds
Algise RSy Sae sladul=i 5 (gase slagsluwdund
L bl 13 8lge )8y imtn (sl el L2l
S eoly8 o

65 dmti =Y
G225 omsd sl dilgled Ghgy o Gayme b dlie ¢yl
2 5580 o8 (5318 SU ylan sladly) a3 S s> lagas
s el Mo )Ly (bl sloaialyd (S g wds sgu
M (o stLe,w.u_: uN9y RO wb)g odasuy LSL‘“LJ&‘::’
bk w¥gs ldy) Sgyaun 2l etuaw 51 oslawl
L.’ EEe ] LSL‘“)L:-‘::’ 4 =0 L:-.>)L’> 4J9J C)TP &S cuolosds
olgie 4 51 Aol g el (53550 j92e Jo> (ysliie &2595
WS Jee 2B dy) 4 Sg e jLid sl
ﬁ.‘h.u callE U ooyon doyld 38 @ paxic dwiia
3 oy oS (gilwdind Gl oyl G coselge
GalS sladiiz I Su3y9Te palyd |y i glaedls
oske U8, (g5lwdse (sl (K0l digad (2lhb (g o
s a ool 5l Gin &S el pase i el
S LSLQ));LA‘)L} &8> Lg)g,fe)'L\}l (el slbeadgise
o2l Glol cuje e lue d>lge ouL> Ly edls ool js
JolS dials j3 2 S 4> izdo zlyatuwl ¢Sl 03)SGg,
el @l il glalhs Guals 5 Vb zeog b o yias

annl ol

Modares Mechanical Engineering

63 Siblaz gl dlg) s Sis a> Jlaged S gl gl W3z Uy el

bl ¥ gz 5o i gleesls b auqlio )y (gjlwans
calonss,

0155 53 Yk sl @ lgige s skl Jelse Jodi )
4 3900 o)Ll (&) paziSle (IS 4 Cawd (gy) pesine
5l ale of Jaize Jle

iloais opdlS Lot (53,Sluanl layelb -
Yo &y Soaji ey oS II>) (glamiio (glayidd ;s ehaga
(el

oSeo B g §y9 g Skl oy gilwdnd ) - Y
RS @395 g bl ddlad cdilhe (=Blg bylyd b
3138 ).u‘b &y > 50

39 (@) peajSle (13,5 53 4298 B G slb> iz es
45U b 3lge Lol wlgine of Je g ol sxnlive s
Sugdedu ool (gilodatine ;5 39250 glhs — )
sl )3 1y osle Sl 5lidy sl Ko 45 (Swift)
AL 03,55 (b eyt iy JSb s L

Cunl (Koo (5 5luduis ;5 (Damage Model) ol Jao - ¥
ot bl b S b el i gy alaiis
Sl 03 duuwl=e ‘Q&Lmbsj

e (5355 o) 23S (65555141 (slagbg,y - V¥
0See Vb 250 S s b (2195 53 (Gleld (35S
a3 3l bt (595 p g ABL atdly (g eS wds el
x5 5 53485 (6565143l (sl S 31 osliil 9 250
Wil Yo 2oy b pgal (hilam » Glie leds,
Digital Image Correlation - ) Jlusus pglai Kiwwos
sosls 43 (5255 (opSejlail gy ialS ly (DIC
Ao culio i

Cro¥ G oY) Jou8 BB odgumme 53 lhe (slad (uSSbe
oL (XYF) puouiie i3S (pd sl g oyl 51,8
ol o3lo (288 )18y Glmoien 53 iledse daue 4 LS
Gilwdse I 5ol base ondosnlin gl
b o st S gdiius 35 5 Sl (63,5 luanls
A LS L 5383 Gamel S

53 03l )l &S wmspe LIS iz ee pleely ol s
b dgdsed 39am0 (SIS0 95 U i Gl i
5 4l 031l si5be) osle s lusssy <20y &5 il Glelse
35 (Lo aile) Ghumo bulyd (i g (g3l (slojls 2o
sl - l30 3l 258 (505 @i g casBge p wilgie
sl JSis (oSeal sl b wlls ) (Jie
dibio jl 95 bl 3 g yidg) wul Sen 9Ny ySe

Volume 25, Issue 07, July 2025



Giagh Jols dlie ol ale wlhgine 851 aanli
0xdid yitctie Gilnlat 5 Gilnl 40 @ 53 5 sl B

RO

3979 kBl gl =8lie ()l e Allie ol 55 : @8l ()l

&lis

[1] R. Davies, G. Grant, D. Herling, M. Smith, et al,
"Formability investigation of aluminum extrusions under
hydroforming conditions," SAE Technical Paper, no.
2000-01-2675, 2000, doi:
https://doi.org/10.4271/2000-01-2675.

[2] K. Yoshida, T. Kuwabara, K. Narihara, and S. Takahashi,
"Experimental verification of the path-independence of
forming limit stresses," Int. J. Form. Process., vol. 8, no. SI,
pp. 283-298, 2005.

[3] Y. M. Hwang, Y. K. Lin, and T. Altan, "Evaluation of
tubular materials by a hydraulic bulge test," Int. . Mach.
Tools Manuf., vol. 47, no. 2, pp. 343-351, Feb. 2007, doi:
https://doi.org/10.1016/j.ijmachtools.2006.03.009.

[4] J. P. Magrinho, M. B. Silva, G. Centeno, F. Moedas, C.
Vallellano, and P. A. Martins, "On the determination of
forming limits in thin-walled tubes," Int. J. Mech. Sci., vol.
155, pp- 381-391, May 2019, doi:
https://doi.org/10.1016/j.ijmecsci.2019.03.020.

[5] W.]. Song, S. C. Heo, T. W. Ku, ]. Kim, and B. S. Kang,
"Evaluation of effect of flow stress characteristics of
tubular material on forming limit in tube hydroforming
process," Int. J. Mach. Tools Manuf., vol. 50, no. 9, pp. 753-
764, Sep. 2010, doi:
https://doi.org/10.1016/j.ijmachtools.2010.05.010.

[6] X. Chen, Z. Yu, B. Hou, S. Li, and Z. Lin, "A theoretical
and experimental study on forming limit diagram for a
seamed tube hydroforming,” J. Mater. Process. Technol,
vol. 211, no. 12, pp. 2012-2021, Dec. 2011, doi:
https://doi.org/10.1016/j.jmatprotec.2011.06.023.

[7] S. Li, X. Chen, Q. Kong, Z. Yu, and Z. Lin, "Study on
formability of tube hydroforming through elliptical die
inserts," J. Mater. Process. Technol, vol. 212, no. 9, pp.
1916-1924, Sep. 2012, doi:
https://doi.org/10.1016/j.jmatprotec.2012.04.016.

[8] Z. Yu, Q. Kong, C. Ma,et al, "Theoretical and
experimental study on formability of laser seamed tube
hydroforming,” Int. J. Adv. Manuf. Technol, vol. 75, pp.
305-315, 2014, doi: https://doi.org/10.1007/s00170-
014-6130-y.

[9] N. T. Nguyen, E. Lee, M. G. Lee, H. . Kim, and H. Y. Kim,
"Hydroformability assessment of AA6063 tubes using the
polar effective plastic strain diagram,” Proc. Inst. Mech.
Eng., B, J. Eng. Manuf., vol. 229, no. 4, pp. 647-653, Apr.
2015, doi:
https://doi.org/10.1177/0954405414522603.

[10] M. Mohammadi, J. S. Karami, and S. J. Hashemi,
"Forming limit diagram of aluminum/copper bi-layered
tubes by bulge test," Int. J. Adv. Manuf. Technol., vol. 92, pp.
1539-1549, 2017, doi: https://doi.org/10.1007 /s00170-
017-0225-1.

[11] S. ]J. Hashemi, F. Rahmani, and S. M. H. Seyed Kashi,
"Numerical and experimental investigation of forming
limit diagram in warm incremental forming process of
aluminum tubes," Modarres Mech. Eng., vol. 20, no. 6, pp.

V£et yud oo oyladd (Y0 0593

Ohlen 5 s pb Lt el FYA

s Ul @ plyiee Uhsy ol ki wed bl alex
2 deize i) edgame eled yy esle )L,
62956 35 Lo 4535 o)Ll g 3 IS sl
b Sireydg,aum siile isio slasinld G833 >hb il
390 5025 (rand S5l 1398 (50 Cgucne lnaly) bluudl
iz 45k &S psmne (slagly) sle b dwglie ;s 5L
3> oygmesiz (61l lapitunw 9 oz S
23y 430 (el (g ez b 4l 2! gladije
el 4l )3 oad S wygo 4 & cusd g sl
ALy 30 laliSl ) gl el Lol & s 0 &5 digad
WJo ol b wiSe a3 1) o sleosls Juls
G ol olyen 5 (lacasgaze b (galeidan G,
Jid iSTas 4 (Stly Jus 4 ladigad cuwlivs 43T
&y @ dgaxme wwligzd hugi Jleel BB Sg)aue
b @l3ls 390 53 oy 4 990 oal sdise paRin
38t Slgie aYaiz glacajsmelS L Y el
wds 4 by cawles wcpdgame guegy AL
31 Blyoil 4igSym oSl uad (> 53 digad B3aRBge
dod 33 g )Lt Rl @ajoi 4 yomie Ailgie 233 513
33,5 Sl dhasl s s Lhs

Lol plesl lSal plsie sl )3 Ghgy ool 39 sl
sobad (Stunan phii aidpdn (5,56l (slasSuss
355 G b 6093 sd U235 (sla S Ly (DIC) Jlzs
b Gl Gose GdSd s by @8 U
Joxi colll b adiiz gladigel aswgi (uizee
L oslge @ 1y (hgy S aiels Wlgie iYL sloyliss
kel ams (S YL el byt cuwlius
b oGhsy ol 51 dele G gleesly Sy (58t
lslime 5 (FE) 39am0 gladl o Gie (5330 (5l se
e &ele ezl sl 4 Llgie g cwsd
b GSaels @IS0 bulyd wed slge )l Gt
Sbylagad el 4y 4293 b cealed )3 39 yie Sempus
9 Ladlsa (g5l s> (ozen alio ;3 RIUSD >
OPgs ol Gilwdings 3 (Sloisess (S5 Wi Sls
5 Moi sleainie JEalS n ezss BB G wisise
il 4dly e e¥same gliebl culls Lol

Urte SyilSo udige sole doliole


https://doi.org/10.4271/2000-01-2675
https://doi.org/10.1016/j.ijmachtools.2006.03.009
https://doi.org/10.1016/j.ijmecsci.2019.03.020
https://doi.org/10.1016/j.ijmachtools.2010.05.010
https://doi.org/10.1016/j.jmatprotec.2011.06.023
https://doi.org/10.1016/j.jmatprotec.2012.04.016
https://doi.org/10.1007/s00170-014-6130-y
https://doi.org/10.1007/s00170-014-6130-y
https://doi.org/10.1177/0954405414522603
https://doi.org/10.1007/s00170-017-0225-1
https://doi.org/10.1007/s00170-017-0225-1

FV4

(MMC3) ductile fracture criterion wusing tube
hydroforming process," Int. J. Eng., vol. 38, no. 10, pp.
2369-2383, Dec. 2024, doi:
https://doi.org/10.5829/ije.2025.38.10a.13.

[24] H. Wang, R. Bouchard, R. Eagleson, P. Martin, and W.
R. Tyson, "Ring hoop tension test (RHTT): A test for
transverse tensile properties of tubular materials," J. Test.
Eval, vol. 30, no. 5, pp. 382-391, Sep. 2002, doi:
https://doi.org/10.1520/JTE12328].

[25] F. Mousavi, R. Hashemi, and R. Madoliat,
"Measurement of directional anisotropy coefficients for
AA7020-T6 tubes and prediction of forming limit
curve," Int. J. Adv. Manuf. Technol., vol. 96, pp. 1015-1023,
2018, doi: https://doi.org/10.1007/s00170-018-1645-2.
[26] M. ]. Mirnia and M. Vahdani, "Calibration of ductile
fracture criterion from shear to equibiaxial tension using
hydraulic bulge test," J. Mater. Process. Technol., vol. 280,
p- 116589, Jun. 2020, doi:
https://doi.org/10.1016/j.jmatprotec.2020.116589.

[27] D. Banabic, L. Lazarescu, L. Paraianu, 1. Ciobanu, L.
Nicodim, and D. S. Comsa, "Development of a new
procedure for the experimental determination of the
forming limit curves," CIRP Ann. - Manuf. Technol., vol. 62,
no. 1, pp- 255-258, 2013, doi:
https://doi.org/10.1016/j.cirp.2013.03.051.

[28] M. Luo, M. Dunand, and D. Mohr, "Experiments and
modeling of anisotropic aluminum extrusions under
multi-axial loading - Part II: Ductile fracture,” Int. J. Plast.,
vol. 32, pp- 36-58, May 2012, doi:
https://doi.org/10.1016/j.ijplas.2011.11.001.

Modares Mechanical Engineering

385 Sz (sl aly) s Sib 25 Jlasad oS oS (sl 200 sy S 4l

1635-1645, 2020, doi:
http://mme.modares.ac.ir/article-15-38356-en.html.
[12] H. Moslemi Naeini, S. Hashemi, G. H. Liaghat, M.
Mohammadi, and H. Deilami Azodji, "Analytical prediction
of limit strains and limit stresses in hydroforming of
anisotropic aluminum tubes," Modares Mech. Eng., vol. 14,
no. 2, pp.- 133-140, 2014. (In Persian) , doi:
http://mme.modares.ac.ir/article-15-10755-en.html.
[13] S. J. Hashemi, H. Moslemi Naeini, G. Liaghat, J. S.
Karami, and A. H. Roohi, "Prediction of bursting in warm
tube hydroforming using modified ductile fracture
criteria," Modares Mech. Eng., vol. 14, no. 16, pp. 201-211,
2015. (In Persian) , doi:
http://mme.modares.ac.ir/article-15-1404-en.html.

[14] G. Centeno, M. B. Silva, L. M. Alves, C. Vallellano, and
P. A. Martins, "On the utilization of circle grid analysis in
thin-walled forming of tubes: Experimental and
numerical evaluation,” Procedia Eng., vol. 207, pp. 1773-
1778, Jan. 2017, doi:
https://doi.org/10.1016/j.proeng.2017.10.937.

[15] V. A. Cristino, ]. P. Magrinho, G. Centeno, M. B. Silva,
and P. A. Martins, "A digital image correlation-based
methodology to characterize formability in tube
forming," J. Strain Anal. Eng. Des., vol. 54, no. 2, pp. 139-
148, Feb. 2019, doi:
https://doi.org/10.1177/0309324718823629.

[16] Z.He, Z. Wang, Y. Lin, H. Zhu, and S. Yuan, "A modified
Marciniak-Kuczynski model for determining the forming
limit of thin-walled tube extruded with initial
eccentricity,” Int. . Mech. Sci., vol. 151, pp. 715-723, Feb.
2019, doi:
https://doi.org/10.1016/j.ijmecsci.2018.12.029.

[17]1 H.Zhu, Z. He, Y. Lin, K. Zheng, X. Fan, and S. Yuan, "The
development of a novel forming limit diagram under
nonlinear loading paths in tube hydroforming," Int. J.
Mech. Sci, vol. 172, p. 105392, Apr. 2020, doi:
https://doi.org/10.1016/j.ijmecsci.2019.105392.

[18] L. Yang and Q. Zhao, "Forming limit diagrams for
tubes with non-uniform thickness in hydro-bulging,” Int.
J. Adv. Manuf. Technol, vol. 103, pp. 901-911, 2019, doi:
https://doi.org/10.1007/s00170-019-03596-3 .

[19] S.]. Hashemi, H. M. Naeini, G. Liaghat, et al,, "Forming
limit diagram of aluminum AA6063 tubes at high
temperatures by bulge tests," J. Mech. Sci. Technol., vol. 28,
pp- 4745-4752, 2014, doi:
https://doi.org/10.1007 /s12206-014-1041-2.

[20] X. Guo, F. Ma, Q. Guo, X. Luo, N. Kim, and K. Jin, "A
calculating method of tube constants of ductile fracture
criteria in tube free bulging process based on MK
theory," Int. J. Mech. Sci., vol. 128, pp. 140-146, Aug. 2017,
doi: https://doi.org/10.1016/j.ijmecsci.2017.04.012.
[21]H. Y. C,Y.].C, Y. C. L, and C. C. W,, "Evaluation of
fracture criteria considering complex loading paths in
cobaltalloy tube hydroforming,” Mater. Trans., vol. 53, no.
5, pp- 807-811, May 2012, doi:
https://doi.org/10.2320/matertrans.MF201119.

[22] W.].Song, S. W.Kim, ]. Kim, and B. S. Kang, "Analytical
and numerical analysis of bursting failure prediction in
tube hydroforming," . Mater. Process. Technol., vol. 164-
165, pp- 1618-1623, May 2005, doi:
https://doi.org/10.1016/j.jmatprotec.2005.01.008.

[23] A. Ghiasi Tabari, M. Bakhshi Jooybari, H. Gorji, and M.
J. Mirnia, "Calibration of modified Mohr-Coulomb

Volume 25, Issue 07, July 2025


http://mme.modares.ac.ir/article-15-38356-en.html
http://mme.modares.ac.ir/article-15-10755-en.html
http://mme.modares.ac.ir/article-15-1404-en.html
https://doi.org/10.1016/j.proeng.2017.10.937
https://doi.org/10.1177/0309324718823629
https://doi.org/10.1016/j.ijmecsci.2018.12.029
https://doi.org/10.1016/j.ijmecsci.2019.105392
https://doi.org/10.1007/s00170-019-03596-3
https://doi.org/10.1007/s12206-014-1041-2
https://doi.org/10.1016/j.ijmecsci.2017.04.012
https://doi.org/10.2320/matertrans.MF201119
https://doi.org/10.1016/j.jmatprotec.2005.01.008
https://doi.org/10.5829/ije.2025.38.10a.13
https://doi.org/10.1520/JTE12328J
https://doi.org/10.1007/s00170-018-1645-2
https://doi.org/10.1016/j.jmatprotec.2020.116589
https://doi.org/10.1016/j.cirp.2013.03.051
https://doi.org/10.1016/j.ijplas.2011.11.001

