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Theoretical Analysis of the Effects of Hardening Laws, Normal and Through Thickness
Shear Stresses on Forming Limit Curves of AA6016-T4
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ABSTRACT: Forming limit Curves are one of the common tools to predict the necking in various
forming processes. In this study, the Marciniak-Kuczynski instability theory by applying the Gotoh
yield function is utilized to estimate the forming limit curves for the AA6016-T4 aluminum sheet in
plane stress conditions. Also, the effect of three different hardening models including Swift, Voce, and
a linear combination of the Swift and Voce models to determine the limit curves are investigated. The
comparison between the theoretical forming limit curves and experimental results from the Nakajima
test determines the accuracy of the hardening models in predicting the limit strains. Since in many
new forming processes such as hydroforming and incremental sheet forming processes, investigation
of the process in plane stress state is not an exact assumption, Therefore, in continuation of the paper,
generalized forming limit curves are plotted based on the developed Marciniak-Kuczynski model by
extending the Gotoh yield function, and the effect of compressive normal stress and through-thickness
shear stress on forming limits of the sheet are investigated. The results indicated that by applying the
compressive normal stress and through-thickness shear stresses, the limit strains increase, and the
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formability is improved, in contrast, limit stresses move down in the diagram.

Through-thickness shear stress

1- Introduction

Although plane stress condition is an acceptable
assumption to determine the forming limit curve in a lot of
metal forming processes, in some industrial applications such
as hydroforming and incremental sheet forming processes,
the normal stress and shear stress effects should be considered.
Banabic and Soare [1] extended the Marciniak-Kuczynski
(M-K) instability model to investigate the influences of the
normal stress on Forming Limit Diagram (FLD). According
to their calculations, by increasing the through-thickness
normal stress the formability of sheet metal improves. Alwood
and Shouler [2] proposed the generalized forming limit
diagram and they proved that both compressive normal and
through-thickness shear stresses enhance the forming limit
strains. Nasiri et al. [3] analyzed the effect of compressive
normal stress and through-thickness shear stress on forming
limit diagrams of AA3104-H19 alloy based on different yield
functions. It was found that the effect of normal stress on limit
strains are more than shear stress. Sojodi et al. [4] developed
the M-K instability theory model to investigate the effect of
normal stress. The 3D stress state was changed to a plane-
stress condition based on the hypothesis that hydrostatic
pressure does not have any influence on plastic deformation.
In this paper, by applying the Gotoh yield function, the effects
of different hardening models on limit strains for AA6016-T4
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are investigated. Also, the M-K instability model is extended
to determine the influences of the through-thickness normal
and shear stresses on forming limit diagrams.

2- Constitutive Model

In this study, the Gotoh yield function is used to predict
the yield behavior, and Swift, Voce, and a linear combination
of Swift and Voce models (LSV) are selected to describe the
plastic behavior of the AA6016-T4 aluminum alloy.

2- 1- Yield functions

Gotoh yield criteria are expressed as:

Where A,_g are the constant parameters for the Gotoh
yield function [5].
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2- 2- Work-hardening models

To investigate the influence of the hardening law on
the forming limit diagrams, different hardening models
are utilized to describe the mechanical behavior of the
AA6016-T4 alloy.
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Swift hardening model:

G=5,(F+&)" @)
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Where S, S;,V,,V, and X t£ are the constant parameters
for different hardening models [6].

3- Marciniak-Kuczynski Model
The M-K theory is one of the most powerful instability
theories to determine the onset of localized deformation.

3- 1- M-K model under plane stress condition

This method is based on the existence of the initial
imperfection that is characterized by the reduction of thickness
in a part of the sheet. In the M-K approach, the equivalent
strain increment de with a specific stress ratio (a =0, / 0})
was applied to the safe region and then the other strain and
stress component values in this area were computed by using
the flow rule, hardening equation, and yield function. The
unknown parameters in the groove zone were calculated
according to three major assumptions including compatibility
condition, geometrical imperfection, and force equilibrium.
The Numerical Newton-Raphson method is used to solve
the nonlinear set of equations, and the unknown stress and
strain components in the defect region are obtained when
the effective strain increment in the groove reaches ten times
greater than the perfect area. This numerical procedure in

“.9 T T T T

each stress ratio is repeated for different groove directions to
determine minimum limit strains [7].

3- 2- Developed M-K model

To solve the M-K model with normal and shear stresses,
the 3D stress state should be converted to a 2D stress state
based on the principle that the hydrostatic pressure does not
affect the plastic deformation [4].

3D
P;7(01,02,03,012,023,013) =

2D 2 2 2 %)
Pj (01—63=52—U37\1012 +023" +0op3 )

Based on the flow rule, the corresponding strain
increments of the safe region are obtained [4]:
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To determine the strain and stress components in the
defect region, the below equations must be considered:

o =08 , oy=oly ., ohy=0i3/f (8

the unknown parameters in the defect area are determined
according to the explanations in the previous section [3].
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Fig. 1. Forming limit diagrams by considering the compressive normal stress
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Fig. 2. Forming limit diagrams by considering the through-thickness shear stress

4- Results and Discussion

The M-K criterion code was developed to calculate the
theoretical forming limit diagram of AA6016-T4 to consider
the through-thickness normal and shear stresses. Fig. 1
shows the influence of different levels of compressive normal
stresses on the forming limit diagrams.

As shown in Fig. 1, the formability of the workpiece
improves by applying through-thickness normal stress, and
the levels of curves are enhanced with an increase in normal
stress

In the continuation of this section, the sensitivity of the
forming limit curve to the through-thickness shear stress
is examined. Fig. 2, indicated the forming limit strains for
different amounts of the y = 03, / 0;. According to Fig. 2 by
applying the through-thickness shear stress the formability
increases and curves move to the right side of the diagram.

5- Conclusion

The most important consequences of this study are below
items:

e By extending the M-K theory, the Gotoh plane stress
yield function will be able to determine the limit strains in the
3-D stress state.

e  The Formability was improved by increasing the
through-thickness normal stress and limiting strains increase.

e  Similar to the influences of the normal stress on
FLD, limit strains shifted upward by applying through-
thickness shear stress.
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Table 3. The constant parameters of different hardening models for AA6016-T4 alloy [5]

S, £ S, v, v, X
Mpa Mpa
7 IAY ERRR <IYEN \FYIAY \RTAY4 <IYAY
350 T T T T L T

-
-
e
-
-
-

amd
T
-

———
________

000 e -
8 250F -
= -+ Swift
z -==Voce
g —LSV J
= 200

e Experimental Result[5]

T
1

150

1 1 1 1 1
1000 0.05 0.1 0.15 0.2 0.25 0.3

Plastic Strain

25 GrodId g Lilisee Suw )l Llg, b AA £ VT F pgunogdl W1 (Sigud Coow JUd,) dunlio .Y JSUS

Fig. 2. Comparison between the behavior of various hardening models and experimental data for AA6016-T4
aluminum alloy
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Fig. 3. Comparison between experimental results and predicted forming limit diagrams based on the different
hardening models
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Fig. 4. Percentage of the error for predicted limit strain g, based on different hardening models in various regions
of the diagram
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Fig. 5. Comparison between predicted forming limit stress diagrams based on the different hardening models
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Fig. 6. Effect of the compressive normal stress on the yield surface of the sheet
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Table 4. The Percentage of the limit strain &, change by applying normal stress for different stress ratios
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Fig. 8. Forming limit stress diagrams by considering the compressive normal stress

@B JSS S O (ebs By GBS P ey 38 i
JS 53 oS johailen g 0 3y = I Gl sle (sly 39
ey O e il b oy i ,g‘g.um g s oanlis &
Conly Caoww 45 (6538 o )dg05 (piman b oo Li0l38] (3)9 sy SO
o5 Jleel b Gyg sty JSb Rl & JS Billae S 00 08 >

S5 35 Gl ) 9 o 3155 s o 9 b3 55

Yoy

O hp o5 Jleel b 5y (@SS e glaylges e -V Y
B S8 s oS p ) selbes g (B G5 FTA S8

3 ol @l 4 295 b amoo olis AA #AS-T ¥ poiiegll 5
als o by i a8 ol o <ol Ll 0 aS [V g V-] xalye

crl ey Byg (3 JSKb >y 6P womne Jl O 4 Cus O



1 I I I I I I
0.9 .
0.8f 7
0.7r .
= .
®
£ 0.6F -
» *
;5 ;_‘.-'-" .....
050 N S e -
0.4F -+-plane stress -
-~Y=0.1
0-3 B —-_—— y= 0.2 N
“., » 4 —_— y: 0.4
0.2 %qg‘:f _
0 1 1 1 1 1 1
-0.4 -0.2 0 0.2 0.4 0.6 0.8 1
Minor strain
LS (Mt GRS T R85 S )3 b (S s (gl laged A JSu
Fig. 9. Forming limit diagrams by considering the through-thickness shear stress
Bliseo G WS Comd 0 ¥ Bliseo pdlie 5l &) (4o S Olpudi aoyd . O Jou>
Table 5. The Percentage of the limit strain &, change for different amounts of the
a=\ a=-+/b aA=-
ony AR -YIV- 7:./\
ARVAR YAIYA -AIAS Y=+ /Y
£YIVA OF/VA -14/3A y=+/Ff
oid e polie Jlasl b oo S5 i ds Jlges Ve S5 pdlie a8 Wil o o)) co Caows I i ¢ St Canly Caow 5D 8D

O B 55 48 39 on oamlie il 0ad o3yl (el (o (cBp oL |y sax SbGB S SRS pE Sl el 5 0 g
S9don 5> ot pals el (5lib Jlo (55 ppmen WbRS 0w (o o5 Jlesl b (> S s ez o w2 e a3 e
sl Ppguina s it (O Sl dusaS G5 polie 3 Pl () & Cad sl 5> S ke Jy S o 8 3 Vb G &y ubs
)Uid Jloy s & @l b 1) o lagts)S OV Jsb plle )3 dite Cedle g wbie B 0 Jouo Bilae (@ =0 45

3)90 N oo 3)lg axkad & (lojen jobay Oy (abd (S 9 O Db g0 odalda Jgdo

VFof



AFeA BN dodis VF ) Jlo & o)losds DY 093 ¢ pusS yrol SOl wdins 4 s

50(} 1 1 1 1 ) 1 1 1 1

4sor ...-,-‘_“_‘-::-“2‘1"'"'2‘:'——’_— .
‘s
Q —
=}
§ i
s 250 -+ plane stress -
'? - ]/= 0.1
= 200k e V=02 i

150 i

100 L L L L L L L L L

0 50 100 150 200 230 300 350 400 430
Minor stress (Mpa)

ol ot (o GG 1 (8,8 a5 13 b (RIS (S s (s l3ge0 Y ¢ SIS

Fig. 10. Forming limit stress diagrams by considering the through-thickness shear stress
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