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ABSTRACT

In recent years, numerous researchers have focused on the determination of the formability limits of the sheet
materials experimentally and numerically. Due to some troubles encountered during the experimental studies, the
modeling of the formability characteristics of the materials via simple experiments like tensile tests is the main
issue for the most researchers. In the literature, most of the developed model results strongly depend on yield
functions used and their parameters which reflect the materials’ anisotropic behaviors. In this study, the
capability of BBC family yield functions (BBC2000, 2003, 2005 and 2008) are investigated to construct the
forming limit diagram of 304L stainless steel by using the Marciniak-Kuczynski instability model. The models
are evaluated for different anisotropy determination approaches and the predicted results have been compared
with the experimental forming limit diagram.

Keywords: 304L, forming limit diagram, BBC family, Marciniak-Kuczynski model

304L PASLANMAZ CELIGIN SEKILLENDIRME SINIR
DIYAGRAMININ BELIRLENMESINDE ANiZOTROPI BELIRLEME
METODUNUN ETKISI

0z

Son yillarda bir¢cok aragtirmaci sac malzemelerin sekillendirme sinirlarinin deneysel ve niimerik olarak
belirlenmesi {izerine odaklanmiglardir. Deneysel ¢aligmalar esnasinda bir¢ok zorluklarla karsilagilmasindan
otiirt, birgok arastirmact i¢in malzemelerin sekillendirme karakteristiklerini gekme deneyi gibi basit deneylerden
modellenerek elde edilmesi temel bir mesele haline gelmistir. Literatiirde gelistirilen bircok model sonucu
kullanilan akma yiizey fonksiyonlarma ve malzemelerin anizotropik davraniglarini yansitan model
parametrelerine biiyiik dl¢lide bagli bulunmaktadir. Bu ¢alisma kapsaminda BBC ailesi (BBC2000, 2003, 2005
ve 2008) akma ylizeyleri Marciniak-Kuczynski kararsizlik modeli ile 304L paslanmaz ¢eligin sekillendirme sinir
diyagraminin olusturulmas: noktasinda kullanilmistir. Modeller farkli anizotropi belirleme ydntemleri igin
degerlendirilmis ve tahmin edilen sonuglar deneysel sonuglarla karsilastiriimistir.

Anahtar Kelimeler: 304L, sekillendirme sinir diyagrami, BBC ailesi, Marciniak—Kuczynski modeli

1. INTRODUCTION

One of the most frequently used materials in the sheet metal industry is the stainless steels which have the high
corrosion resistance, good weldability and formability characteristics. Since they have relatively low yield
strength, they seem to be less appropriate for structural applications but are widely employed in the
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transportation, nuclear, aerospace and fuel cell technology industries.

For a successful application of any material, the formability limitations need to be determined. In order to carry
out the forming operation of the sheet metals faultlessly, a diagram namely Forming Limit Diagram (FLD) is
used in which the safe, critical and failure deformation regions are indicated. In sheet metal industry and studies,
it is widely used and considered as one of the substantial tools to comprehend the formability characteristics of
sheet metals under various stamping conditions. Every sheet metal has its own forming limit curve which
controls its formability, strain limit and critical regions under various deformation modes. The forming limit
diagram was discovered by Keeler and Backhofen [1], and Goodwin [2] provided a useful experimental measure
of stamping harshness in the absence of any significant failure.

At the beginning of the constructing of the theoretical approaches for predicting the formability limits, Swift[3]
and Hill [4] developed instability criteria. Swift [3] developed diffuse necking theory for a biaxially loaded
element, which is based on the maximum force theory. The right hand side (RHS) of the FLD, where both major
and minor strains are positive, can be determined via this model. Then, Hill [4] proposed the localized necking
phenomenon which predicts the deformation modes at the left hand side (LHS) of the FLD where the localized
neck develops along the zero elongation direction. When these diffuse and localized necking theories are used
together, the whole FLD can be constructed for all straining modes which vary with uniaxial to biaxial
conditions. Other theoretical approaches to determine the localized necking during the stamping operation are
bifurcation theory [5], perturbation theory [6] and the shear instability criterion [7]. Another most commonly
used instability criteria for the determination of FLD is the Marciniak-Kuczynski (M-K) model [8]. In the model,
it is assumed that there is an imperfection on the material due to the applied rolling operation prior to the
forming operation. The derivation of the model formulation and its parameters are conducted to the force balance
equilibrium for the both groove and normal regions. Hutchinson and Neale [9] then extended the M-K model to
tension-comparison condition and the assumed groove direction on the sheet metal is not perpendicular to the
loading direction. Therefore, the strain components need to be recalculated for all different directions. The
minimum groupings of major and minor strains are then selected for each deformation mode and groove angle.

As aforementioned before, one of the most important tools used for the calculation of the stress and strain
components on the materials is the yield functions. In the literature, there are several investigations about the
prediction of the forming limits via various instability criteria and anisotropic yield functions. Since sheet
materials show anisotropic behavior because of its manufacturing nature, anisotropic yield functions should be
employed in the models to determine the plastic strain increments during the calculation of the limit strains. To
predict the FLD under a linear strain path, Banabic et al.[10] focused on a comparison of different modeling
approaches. In the study, orthotropic yield criterion developed by BBC2003 [11] was considered for four models,
namely Marciniak-Kuczynski model, the modified maximum force criterion (MMFC) according to Hora [12],
Swift’s diffuse [3] and Hill’s localized necking approach [4]. Arrieux [13] studied on the prediction of the onset
of necking in deep drawing process by using a numerical method. In the analysis, the forming limit stress surface
of a sheet metal was determined based on M-K model. A comparative study to predict the FLD was also
presented by Slota and Spisak [14]. Three mathematical models (M-K model, Hill-Swift model and Sing-Rao
model) as well as the empirical model by the NADDRG were investigated and their results were compared with
the experimental results. The M-K model provides better agreement with experimental results when compared to
the other considered models.

In this study, the forming limit characteristics of 304L stainless steel are investigated via M-K model.
Additionally, in the model BBC family anisotropic yield functions (BBC2000, BBC2003, BBC2005 and
BBC2008) are evaluated in order to compare the applicability.

2. MATERIAL AND METHODS

The uniaxial tensile tests were applied to 1.3 mm thick sheet samples which are prepared according to the
ASTM ES8 [15] standard at different strain rate (0.0016, 0.042, 0.33 s™ ) in order to determine the mechanical
properties such as anisotropies and yield stresses which are used for calculating the yield surface and FLD
models. All tests were executed on a Shimadzu Autograph 100 kN tensile testing machine. Material deformation
was measured with a non-contact video type extensometer measurement system. Each test was repeated at least
three times and their average was used in flow stress—strain curves.

2.1. Flow Curves and Their Features at Different Strain Rates

Figure 1 indicates the tensile characteristics of the 304L stainless steel with respect to the different directions at
selected deformation speeds. As can be seen from the figure, the yield strength and maximum tensile strength of
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the material are different for different directions and deformation speeds. The studied austenitic stainless steel
shows TRIP (TRansformation Induced Plasticity) and/or TWIP (TWining Induced Plasticity) effect which
contributes to the plastic deformation ability of the materials. This contribution is directly related with the
process parameters like the temperature, the strain rate and the loading type. Therefore, the material response at
different strain rates might be significantly different in terms of the strength and the elongation.
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Figure 1. Tensile properties of 304L stainless steel along with various directions under different strain rates.

The critical stress levels like yield and ultimate tensile strengths are determined from the engineering stress-
strain curve and plotted in Figure 2 for each strain rates and orientations. It is seen that the yield strength of the
material increases with increasing the strain rate however the uniform elongation tends to decrease. In addition,
the ultimate tensile strength does not have a simple behavior because of a special mechanism that occurs with the
given deformation. Since the austenitic stainless steels are consisting of the unstable austenite phases, the
martensitic transformation mechanism occurs with the plastic deformation in the microstructure. Therefore, the
decreasing rate of the work hardening is much slower. This phenomena cause to delaying of the necking,
revealing that the higher formability can be obtained. This transformation mechanism which affects the general
mechanical response of the materials like elongation, hardening and strength, is influenced by the strain rate
which decreases the martensitic transformation [16]. As depicted in Figure 2c, the slow tensile test has a higher
tensile strength with respect to martensitic transformation.
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Figure 2. Variation of the mechanical properties of the 304L stainless steel with strain rates

In the study, besides the general mechanical responses, the anisotropic coefficients (Lankford’s parameters) of
the material were also calculated at specified orientations and deformation speeds. Two different strain levels
(15-20%) were also taken into considerations since the martensitic transformation has occurred during the plastic
deformation. In addition to this, the anisotropy values were also calculated by using the slope of the strain values

(width and longitudinal) via the equation given below [17]:

&
1+
&

(M

The variation of the longitudinal strains with respect to the width strains were plotted with their linear fit in
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Figure 3. The calculated slopes are then replaced to &€, / &, in the Equation 1 for each orientation and strain rate.

All calculated results for the anisotropies are listed in Table 1 for each situation.

Table 1. Yield stress and Lankford parameters of the 304L stainless steel

R-value (%15) R-value (%20) R-value (Slope)

Strain rate (s )
0.0016 | 0.042 0.33 | 0.0016 | 0.042 | 0.33 | 0.0016 | 0.042 0.33

Direction
Rolling direction (RD) 0.866 0.894 0.541 0.619 | 0.743 | 0.784 | 0.672 0.776 | 0.706
Diagonal direction (DD) 1.08 1.036 1.018 1.029 | 1.060 | 1.006 | 1.036 1.049 1.008

Transverse direction (TD) 0.907 0.793 0.855 | 0.863 | 0.861 | 0.829 | 0.680 | 0.841 | 0.834
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Figure 3. Calculation of the anisotropies via the slope methodology

2.2. Yield Functions

2.2.1. BBC-2000

One of the most widely used yield function in the literature is the BBC-2000 anisotropic yield criterion which
is the first derived formulation of the Banabic et al. [18] from Barlat and Lian’s yield function [19] for
orthotropic sheet metals under plane stress conditions. In the model, two additional material parameters b and ¢
are added as a multiplier of the stress definitions to provide a better prediction of the material behavior. The
equivalent form of the criterion is given below:

1

&= a(br+oy)™ +a(or—ap)™ +(1-a)(2op) " |* @

where, a, b, ¢ and k are the material parameters which are used to fit the function to the experimental data. The
exponent k is associated with the crystal structure of the sheet material (3 and 4 for BBC and FCC metals,
respectively) whereas 7 and i/ are the functions of the stress components which can be described as:

7=Mo, +No,,

— 3)
V= \/( Po,, + QO’ZZ) +Roy,

2.2.2. BBC-2003

Another plane stress yield criterion is proposed by Banabic et al. [20] accounting for biaxial deformation mode
of the materials. The precision capability of the model can be improved by this additional mechanical parameter:

1

& =|a(r+v) +a(r-v)" +(1-a)(20)" |* @
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In the above equation, @ is the material parameter like in the previous yield criterion, and 7, ¥ and A are
the composition of the planar stress tensor components defined as:

o, +Mo,,
=2
2

No,, —Po,, \’ ®)
. J( 2P o,

2
R —
A= \/[—O-ll 5 5622 j +T20-12021

2.2.3. BBC-2005

Similar to the BBC2003, the author proposed a new formulation of the yield stress with additional material
parameters. The equivalent stress form the yield function is given by the following formula;

1
o= [a(1\+1“)2k +a(A—F)2k +b(A+‘I’)2k +b(A—‘P)2k}2k ©)
where

I'=Lo,+Mo,,

A= \/( No,, —Po,, )2 +0,,0, )

V= \/(Qo-ll —Roy, )2 + 01,0,

In Equation (7), L, M, N, P, Q and R are also material parameters that need to be calculated by using
the Lankford parameters and yield stresses with respect to the material orientations.

2.2.4. BBC-2008

In order to enhance the representability of BBC2005 [21] yield criterion, another flexible model is proposed by
the Banabic et al. [22]. This model can be expressed as a finite series whose limitation is depended on the
experimental data obtained for different orientations. The equivalent stress can be expressed as:

Vf__lzz{w{[L SV R VA R (VRN R (IO ®)
KseN' w=(3/2) >1

- ©)
L' =Ko, +Loy,
M= \/[mlio'u —mi20'22:|2 +[m;(011 —0'22)]2

N' = \/|:n1io-11 —ni20'22:|2 +[n;(011 —0'22)]2

E,@ ,mj,m‘z,m;,nli,n;,n; are all the material parameters. In the model, it is possible to extend the
equivalent stress function with respect to the obtained experimental materials parameters. For example; S can be

taken as 1 for only 6 material parameters ( O gXp , O Z;(p , O ge;p, I’OeXp, I’f;( p, I’Q%Xp
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It is also possible to open finite series for S=2 and S=3 for the same number of material parameters.
However, this form of the yield function can cause to the over-estimate situation in the mathematical expression.

. . eXp XD _eXp XD _exp XD __eXD _EXD XD XD EXD LEXD LEXD XD .EXD .EXp
Therefore, more experimental results like 0y 055 04,045 105y O35 1 0gy 0y Iy s g o s o Tog s T35 4 Tog 4Ty are

required for the S > 1 values.

2.3. Material Parameter Identification via Optimization Procedure

In the current study, the anisotropy parameters of the models were determined by applying well-known least
square method and the following error function € in order to increase the accuracy of the yield criteria:

(Y.~ &(F, -
g(parameters) =Y | L2 | +3 | L2 | =Min (10)
i=1 O'(pi i=1 r(pi

In Equation (10), @i shows the orientation angle with respect to the original rolling direction of the specimen,

while Y(pi and F(pi are the calculated results of yield stress (Equation 16) and anisotropy (Equation 17),

=exp

respectively. O';?(p and I, -on the other hand, are the experimental results for the yield stress and the

anisotropy, respectively.
In order to calculate the variation of the yield stresses, the tensor transformation rule is employed. The stress
components in a tensile test specimen can be given for the different orientation angles as:

oy, =Y,.c08° @ (11)
oy =Y,.5in% (12)
0y, =Y,.Cos@.Sin @ (13)

By replacing Equations (11-13) into the relationship defining the equivalent stress for each yield criteria and
taking into account its homogeneity, we can obtain:

&=YF, (14)

where Y(p is the calculated yield stress with respect to the orientation angles like 0°, 45°, 90° and F(p is a

function depending the angle ¢ . The variation of the yield stresses and anisotropies with respect to the angle ¢
can be calculated by using Equations (15) and (16), respectively.

o)
Y =— (15)
[ F(/;
= _ o _ 16
»= 6 o5, (16)
Y, (27 0
0o, 00,
2.4. M-K Model

In the MK analysis, it is assumed that there is an undesired additional thinning due to the rolling operations, is
perpendicular to the principal strain directions meaning that the angle y is equal to 0. The sheet is composed of
the two different thick regions which are denoted by "a' and b', respectively.

In the model initial imperfection factor is described as the ratio of the thickness in weak region “5” to nominal
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[TPL)

region “a”, f0 = (tg / tg ) A biaxial load which causes to the development of strain increments is performed to

the nominal area. Necking occurs when the effective strain in the groove area is 10 times of that in the safe area
[23-26]. During the entire process, the force equilibrium equations at the groove direction must be satisfied as
follow:

Fi=F
(17)
Fn?] = Fn?]

Here an and Fm are forces in the normal and tangential directions in the groove. By introducing the stress

state in these areas, Equation 17 could be rewritten as:

onexp(s; )t =onexp(& )t
18
onexp(&5 )t = o, exp (e )t (18)

. . . a b o . .
where 0, and O, are stress components in the “n” and “t” directions, t; and 1, are initial thicknesses in

the safe and groove regions, respectively. Imperfection factor, f, can be expressed as a function of the initial
defect:

f=1f,exp(el —&2) (19)

b
nn?

Newton-Raphson method is applied to the following four equations generated:

In order to compute the stresses (O G:t,dtt:) and strain increments (A& b) at the groove region, the

b _b b _b b __b
_ déy0p, +deuoy +dg 0y

F nn™ nn ~-1=0
' de’s,
b
R =38 1_g
deg (20)
b
F=fim_1-0
b
Fo=f2n_1-0

nt

In order to overcome the local minimum issue which is not the solution of the given equations, a backtracking
algorithm is adopted to the Newton-Raphson method to find the suitable Newton step OX . The used Newton-

Raphson method with backtracking algorithm is given below. The critical strain limit increment (d& b) in the

groove region is selected as ten times the normal region strain increment value (d €% ).

The convergence of Newton-Raphson method significantly depends on the selected initial values of the
parameters. If the initial guesses of the parameters are not sufficiently close to the root, it is not possible to find
the root of the generated nonlinear equation sets. In addition, the ratio between the strain increments in the
normal and the groove regions may not reach to the selected value of 10 since the initial guess problem is the
issue. To overcome this convergence problem, backtracking search algorithm can be adopted to Newton’s
method. The well-known Newton’s method can be written in the following form:

F(x+AX)=F, (x)+§ij +0(Ax*),i=1,234

J
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By neglecting the terms of order O (AX2 ) and setting (X+AX) =0, the increment form of the variable
AX, which is the direction of the Newton’s step, can be calculated as follow:
Ax=-J"'F

where J is the Jacobian matrix which is the partial derivative of the functions F to unknown parameter vector
X . Then the solution vector is updated by adding the variable AX witha A multiplier.

Xoow = Xog TAAX, 0<A<1

where A is the Newton step size and varies from 0 to 1. The purpose of the backtracking algorithm is to find the

suitable A multiplier which provides the rapid local convergence particularly for the close values of the strains
to the necking situation. It is required to identify a criterion for which the convergence can be investigated. For
this purpose, the function g which must decrease with the Newton’s step is defined as a scalar multiplication of
the target function F.

g=F-F

In every solution to function set F, it is possible to find the local minima those are not the solution of F.
Therefore the strategy of finding A has been used as follows:

Vg-Ax=(F-J).(-J*F)=-F-F<0

Due to the descent direction of the Newton’s step, finding an acceptable step is guaranteed by backtracking
along the Newton’s step. At the initial of the algorithm, A is selected as 1. In case the evaluated

H (Xold +/1AX) function does not meet the acceptance criteria for the selected value of A, it is required to

calculate new one according to the used backtracking algorithm which is described as:
O(4)=H (X, +AAX)
Therefore, it becomes:
O'(4)=VH-Ax

The algorithm starts with @(O) and @'(0) which are available at the initial evaluation of the target
functions. The first step is always the Newton’s step, A =1. If this step is not acceptable, @(l) is available as

well. If @(ﬂ) is considered as a quadratic function:
0(4)=[©(1)-6(0)-0'(0)]1*+©'(0) 1 +6(0)
When the quadratic function’s derivation is taken in terms of A , it is possible to find the minimum as:

10
2[6(1)-6(0)-©'(0)]

On the second and subsequent backtracks, ® is modeled as a cubic function of A :

©(A)=pA’+0A*+0'(0)1+06(0)
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Using the previous value @(ﬂl) and the second most recent value @(ﬂz) provide two equations to obtain

constants P and Q:

e I I e

For the specific cases of P and (], the suitable A values can be calculated as follow:

AZL(O) if p=0;

(29)

~a+Ja*=3p0(0) |/(3p) | 4<0
-0/(0)/[a+ a7 —3p0'(0) | 90

When the backtracking algorithm is integrated with the Newton-Raphson method, the divergence problem can
be eliminated for the target functions F particularly for the neighboring strain values to failure.

1=

3. RESULTS AND DISCUSSION

3.1. Comparison of the BBC Family Yield Criteria

In the following, all anisotropic yield criteria described above are applied to 304L stainless steel sheet in order
to determine their applicability to the material. The performances of yield surfaces are checked via the
comparison of the anisotropy and yield stress variations with respect to the orientation angle of the samples for
different strain rates of 0.0016, 0.042 and 0.33 s™'. In addition, three different methodologies used to determine
the Lankford parameters are conducted to calculate the material parameters. One of these methods is based on
the 15% prestrain value, the other one is the based on the 20% prestrain value and the last one is related to the
slope of the deformations. As aforementioned before used, the calculated Lankford parameters are not the same
for the different calculation methods.

Figure 4 depicts the results of different yield functions after calculating the yield stresses and anisotropy values
with regards to the different orientations. As can be seen from the figures, BBC-2003 and BBC-2005 yield
functions have almost the same prediction capability for all methodologies. In addition, they show the best
agreement with the experimental results of the yield stress and anisotropy values. However, BBC-2000 and
BBC-2008 are not successful on the predicting of the yield stress variation for the prescribed conditions. Besides
that, the BBC-2000 is not capable of predicting the anisotropy variations particularly for 20% prestrain and the
slope formulation form of the Lankford parameters.

The yield surfaces of the 304L stainless steel evaluated by using the considered yield criteria were also plotted
in Figure 5. The models are evaluated for the different shear stresses ¢, = 0, 0.1, 0.2, 0.3, 0.4 and 0.5 in the
normalized form.

The results revealed that there is no significant difference between the studied models except for BBC2000.
The models behave similar at different strain rates. Therefore, in addition to Figure 5, the only predicted yield
surfaces for altered methodologies are compared in Figure 6 for BBC2005 yield function at constant strain rate
of 0.0016 s™'. Although the surfaces are close to each other, the shear stress region is narrower for 15% prestrain
value than those of the other methodologies. This difference is common in the biaxial region for all situations.
Due to a similar behavior was obtained for other yield criteria, their results were not plotted in this paper.
However; the material parameters for the studied models at different strain rates and methodologies are tabulated
in Table 2.
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Figure 4. Comparison of different methodologies for calculating the anisotropies and yield stresses
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Table 2. Material parameters for the BBC family yield criteria

BBC2000
Material Parameters a b ¢ M N P Q R
15, 0.0016 0.5016, 0.8282, 0.6704, 0.6085, 0.5989, 0.7289, | -0.7296,- | 2.2995,
° 0.042, 0.4168, 0.8456, 0.6269, 0.5973, 0.6159, 0.7495, 0.7389, - 2.3360,
Prestrain 0.33 s 0.5167 0.8862 0.6692 0.6075 0.5185 0.6950 0.7112 22417
20% 0.0016, 0.5560, 0.8235, 0.6831, 0.6359, 0.5647, 0.7065, | -0.7182,- | 2.2893,
Presteain 0.042, 0.4374, 0.8360, 0.6266, 0.6248, 0.5924, 0.7427, 0.7442, - 2.3887,
0335 0.5000 0.8836 0.6606 0.5699 0.5560 0.7247 0.7241 2.2337
0.0016, 0.5746, 0.8612, 0.6771, 0.5743, 0.5697, 0.7180, | -0.7170,- | 2.3805,
. Sl“f", 0.042, 0.33 | 0.4343, 0.8366, 0.6262, 0.6188, 0.5991, 0.7452, 0.7437, - 2.3791,
ormulation s 0.4902 0.8458 0.6302 0.6109 0.5750 0.7509 0.7550 2.4538
BBC2003
Material Parameters a M N P Q R S T
15% 0.0016, 0.6153, 0.9487, 0.9645, 0.9707, 0.9643, 1.0244, 1.0058, 1.0392,
Prestrai 0.042, 033 | 0.7517, 0.9002, 0.8954, 0.9092, 0.8234, 1.0943, 1.0066, 1.0400,
restrain s! 0.9962 0.8308 0.9063 0.9293 0.8323 1.7309 1.7641 1.7783
20% 0.0016, 0.7862, 0.8896, 0.9533, 0.9676, 0.9420, 1.0632, 1.0851, 1.1146,
Prestrain | 0042, 033 | 0.9498, 0.8449, 0.8752, 0.8971, 0.7976, 13090, - | 1.2422,- 12722,
s 0.7549 0.8992 0.9238 0.9372 0.8607 1.0779 1.0341 1.0549
0.0016, 0.6079, 0.9516, 0.9994, 1.0049, 0.9717, 1.0004, 0.9808, 1.0337,
Slope. 0.042, 033 | 0.8983, 0.8579, 0.8806, 0.9005, 0.8043, 1.2047, 1.1341, 1.1639,
Formulation st 0.8312 0.8763 0.9173 0.9340 0.8504 1.1162 1.0863 1.1054
BBC2005
Material Parameters a b L M N P Q R
15% 0.0016, 0.4598, 0.5230, 0.5185, 0.4919, 0.5001, 0.5033, 0.4856, 0.4645,
. 0.042,0.33 | 0.1566, 0.3381, 0.6082, 0.5476, 0.5447, 0.5530, 0.5081, 0.4153,
Prestrain st 0.2255 0.3783 0.6055 0.4984 0.5445 0.5591 0.4309 0.4308
20% 0.0016, 0.4877, 0.5093, 0.5307, 04721, 0.5059, 0.5135, 0.4479, 0.4599,
Presteain | "042:033 | 01543, 0.3431, 0.6275, 0.5302, 0.5492, 0.5629, 0.48011, 0.4138,
S 0.2265 0.3753 0.5811, 0.5226 0.5369 0.5447 0.4850 0.4357
Slone 0.0016, 0.4828, 0.5111, 0.5146, 0.4897, 0.5142, 05171, 0.4535, 0.4316,
pe 0.042,0.33 | 0.1558, 0.3411, 0.6223, 0.5339, 0.5480, 0.5604, 0.4873, 0.4143,
Formulation st 0.2267 0.3760 0.5881 0.5154 0.5395 0.5493 0.4703 0.4334
BBC2008 s=1
Material Parameters l; 1, m m; m; ny n; n;
15% 0.0016, 05131, 0.4868, 0.4949, 0.4981, 0.4947, 0.4964, 0.4752, 0.5108,
Prestrain | 0042 033 | 05261, 0.4736, 04711, 0.4783, 0.4326, 0.5314, 0.4438, 0.5197,
s 0.5481 0.4512, 0.4929 0.5061 0.4526 0.4490 0.4499 0.5131
20% 0.0016, 0.5291, 0.4706, 0.5044, 0.5119, 0.4984, 0.4516, 0.4638, 0.5038,
Prestenin | 0042 033 | 05417, 0.4577, 0.4741, 0.4860, 0.4317, 0.5078, 0.4458, 0.5223,
s! 0.5264 0.4733 0.4863 0.4933 0.4529 0.4996 0.4525 0.5118
Slope 0.0016, 05123, 0.4876, 0.5120, 0.5148, 0.4978, 0.4584, 0.4365, 0.5049,
Formulation | 0:042, 033 | 0.5379, 0.4615, 0.4737, 0.4845, 0.4323, 0.5133, 0.4448, 0.5211,
s 0.5327 0.4669 0.4887 0.4976 0.4529 0.4857 0.4507 0.5120
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3.2. Prediction of FLD via M-K Model

3.2.1. Effects of Yield Function

In this study, the BBC family anisotropic yield criteria are implemented into the M-K model with the simple

hardening curve formulation Power law (o = K&") and the results are illustrated in Figure 7. The groove
orientation is assumed to be perpendicular to the rolling direction. For this situation, there is not any shear stress
during the loading conditions. Additionally, in the governing algorithm, the strain increment in the safe region

d &, is assumed as 10 and the initial imperfection is taken as 0.995. During the calculation of the imperfection

with the strain increment, the derivative form of the imperfection function is used in Jacobian of the set of
equations (Equation 20) which are used for the determination of the stress components and strain increments in
the groove region. This approach leads to the decrease in the forming limit curve contrary to the functions
without the derivative form of the imperfection.

In Makkouk et al. [27] study the experimental forming limit curve of the 304L stainless steel was determined
for fracture and necking situation of the materials. In most cases, to increase the reliability of the FLD of the
steels, approximately 10% offsetting procedure is performed to experimental results. In the study both situations
are plotted in Figure 7 and compared with the model results.

The predicted FLDs via the studied BBC family yield criteria seem to be almost the same as the yield surfaces
behave. Although the BBC2000 yield function has the overestimation for the biaxial region, the difference is not
that much significant for all yield functions. When the model results are compared with the experiment, the
prediction in plane strain condition is low for the necking situation. However, the models predict the plain strain
condition overly close to the experiment. Furthermore, the other part of the FLDs does not show good agreement
with the experimental results.

0.6
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el A BBC2005
s L - & BBC2008
’ - = Necking
. < e Safe
° | ]
N ]
w n Lt ] 5
oaf ¢ ¢ _ = = 5 &
[ 2 [ L} om <
]
[ 2o =] <& | |
o e
sl o%@ "%
. ° ° 1
3 . 0.0016s
1 1 1 1 10 1 1 1 1

-02  -01 0.0 0.1 0.2 0.3 0.4 0.5 0.6

Figure 7. Comparison of the predicted FLDs via BBC
family yield functions with the experimental data of 304L
stainless steel

3.2.2. Effects of Methodology

In the literature, it is possible to find numerous studies about the effects of yield and hardening functions on the
prediction capability of the developed instability criteria, particularly in M-K model. However; the comparison
of the method used for the material parameters and their effects is lack. In Figure 8 the effects of the
determination methodologies of the Lankford parameters on the FLD prediction are shown. The only BBC2005
anisotropic yield function is evaluated. It can be seen that the prediction results are different for three
approaches. Particularly the difference is much clearer in the biaxial region. Although the calculations for 15%
prestrain have higher limit strains in the biaxial region, these values are relatively smaller for the left hand side
of the forming limit diagram. Moreover, slope formulation approach gives the minimum limit strains for the
biaxial region.
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Figure 8. The effect of the methodology on the FLD
prediction for the BBC2005 anisotropic yield function

3.2.3. Effects of Strain Rate

One of the most important parameters that affect the formability of the materials is the strain rate. When the
deformation speed is increased during the forming operation, the formability tends to decrease. As
aforementioned in the experiment section, the total elongation of the 304L stainless steels decreases from 66% to
57%. In this section the effects of the deformation speed on FLD are studied for BBC2005 and the results are
depicted in Figure 9. Although the effect of deformation speed is not noteworthy for 0.0016 and 0.042 s, the
drop for 0.33 s™ is remarkable particularly in the plane strain and biaxial deformation modes. Since the similar
results are obtained from the other yield functions and methodologies, the results are not portrayed in the figure.
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Figure 9. The effect deformation speeds on forming limit
diagram

4. CONCLUSIONS

In this study, the formability characteristics of 304L stainless steel have been evaluated experimentally and
numerically. In the experimental program, tensile tests have been performed at different strain rates.
Furthermore, Lankford parameters have been calculated for different strain rates and methodologies. The
Lankford parameters of the material have displayed difference for the selected cases and finally the effects of
these variations on yield surfaces and forming limit diagram have been evaluated numerically. For this purpose,
BBC family anisotropic yield functions and M-K instability criteria have been used in the calculations.
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According to obtained results, in the view of the yield surfaces and FLD, there is no appreciable difference
between BBC2003, BBC2005 and BBC2008 but BBC2000. The material parameters evaluated for different
methodologies have given different responses for the forming limit diagrams and the slope formulation approach
has proposed the lower formability characteristics in biaxial deformation modes.
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