
RESEARCH PAPER

Analysis of Yield Criteria and Flow Curves on FLC for TWIP900 Steel
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Abstract
In this study, the applicability of yield criteria and flow curve models to predict forming limit curve (FLC) via the Marciniak-
Kuczynski (M-K) model is investigated for TWIP900 steel. Forming limit characteristics of TWIP900 are determined experi-
mentally and numerically. The yield criteria of Hill48, Barlat89, YLD2000-2d, and BBC2000 are tested and compared with each
other. Results indicate that the YLD2000-2d and the BBC2000 yield criteria are found to be more accurate than the other criteria.
The YLD2000 criterion has the best prediction capability with the Krupskowsky flow curve while the BBC2000 model has the
best prediction with the Ludwick flow curve model.
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Introduction

Fossil fuel reserves in the world have been swiftly decreased
and environmental pollution has dramatically increased.
Tremendous amount of efforts have been made in many in-
dustries to reduce fuel consumption and reduce carbon diox-
ide emission. The automotive industry is one of the major
players on the impact of environmental pollution. Recently,
the automotive industry has primarily focused on fuel con-
sumption reduction of the vehicles by lightening the struc-
tures, using hybrid systems in which both fossil fuels and
electric power are used with together or electric vehicles
which also decrease environmental pollution. However, the
travel range of these new hybrid systems is a serious limitation
and the investments and investigations on the battery technol-
ogies have been increased. The lightening of the system com-
ponents in the automotive industry without sacrificing
strength is one of the most important research topics for

Original Equipment Manufacturers (OEMs) and scientists
from past to present. The light vehicle can easily satisfy envi-
ronmental regulation, restriction, and minimum emission re-
quirements. Advanced High Strength Steels (AHSS) are a
commonly used material group for the structural lightening
projects since their thinner forms are able to satisfy the desired
safety and formability requirements [1]. It is expected that
new generation material groups like AHSS or some special
non-ferrous materials in the structural lightening projects will
have positive impact on carbon emissions without sacrificing
safety or even increasing safety requirements. In the automo-
tive industry, aluminium-magnesium (Al-Mg) alloys and
AHSS are widely considered to reduce the weight of the ve-
hicle. In the AHSS group; Dual Phase (DP), TRansformation
Induced Plasticity (TRIP), and TWinning Induced Plasticity
(TWIP) steels are the most commonly used materials steels.
For example, in a hood construction, the use of DP590 steel
with a thickness of 0.55 mm instead of BH340 steel with a
thickness of 0.7 mm resulted in a 21% reduction in hood
weight [2]. Among these materials, TWIP steels are of interest
because of their high mechanical properties and formability.
TWIP steels which are the second generation of the AHSS,
were developed to provide the weight reduction of the vehi-
cles. In Fig. 1, the general comparison of the steels is
displayed with respect to tensile strength vs. elongation. As
can be seen in the figure, it is clear that the main target of steel
producers is to increase the strength and formability of the
materials. Typical applications of TWIP steels in automotive
components are, in A-Pillar, wheelhouse, front side member,
wheel, lower control arm, front and rear bumper beams, B-
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pillar, wheel rim, floor cross-member, wheelhouse, door im-
pact beam [3].

Since AHSS are relatively new materials, more detailed
experimental and numerical works are required to determine
the formability characteristics. In this group, TWIP is a steel
with an austenite phase containing high manganese content
which causes a high stacking fault energy [4]. The primary
deformation mechanism in TWIP steels involves shear dislo-
cation and twinningwhich occurs at high strength (>800MPa)
[5, 6]. In addition, due to the high hardening capability, neck-
ing is delayed through plastic deformation. As a result, be-
cause of high elongation values (>40%), highly complex
shaped parts can be produced without any failure [7].
However, TWIP steels have also some disadvantages through
the forming operations like high amount of springback [8] and
forming forces. Early version of the TWIP steels had also
delayed crack phenomena which were a serious problem for
the OEMs products and this problem was solved by the addi-
tion of aluminium [9].

The modelling of forming characteristics of the TWIP
steels is another main research interest since their behaviour
under different deformation mode is more complex than the
other conventional steels. As previously mentioned, during
the forming process of these steels that may reach 800 MPa
strength and higher, twinning mechanism, which affects the
hardening characteristics of the materials, occurs in the micro-
structure. Therefore, the classical hardening models are insuf-
ficient to represent the material’s behaviour within the given
plastic deformations. Information about the forming limits of
TWIP steels is very scarce at different conditions in the liter-
ature. Chung et al. [10] experimentally obtained the forming
limit diagram of the TWIP940 steel and studied the various
models’ estimation performance. They showed that the pre-
dicted FLD by the Marciniak-Kuczynsky (M-K) instability
model shows higher prediction than the experimental FLD
curve. However, in the same study, the model for DP600

material showed a lower estimation. This indicates that the
selected models and their parameters, which reflect the mate-
rials’ behaviours, must be carefully investigated for TWIP
steels. Traditional selection method may not work for TWIP
steel. Since the instability models include the hardening model
and/or yield criteria, more complex models have to be devel-
oped to better predict material behavior. Habibi et al. [11]
investigated the experimental FLD of TWIP steel (Fe-19-
795Mn-2Al-0.6C) and modelling issues of the forming limits
with several fracture criteria. The simple ductile or shear frac-
ture criteria are not satisfactory for modelling of the forming
limits of the TWIP steel. However, models like those devel-
oped by Han-Kim [12] and Lou [13] which contain both shear
and normal stress effects, predict the formability more accu-
rately. Xu et al. [14] determined the yield surface of the
TWIP980 steel experimentally and numerically. They showed
that the YLD2000 model has a good agreement with the ex-
periment. In an another study, the yield surface of the
TWIP1000 steel was also determined experimentally and the
success of the YLD2000 model was once again shown in
comparison for model estimations [15]. Selected yield criteria
for the instability models to determine the forming limit of the
materials are quite important to evaluate the hardening and
springback characteristics of the materials. Ahn et al. [16]
studied the springback characteristics of the TWIP steel ex-
perimentally and numerically. In the numerical works, kine-
matic and isotropic hardening models with the YLD2000
yield function were used to evaluate the springback character-
ization of the TWIP steel. They showed that the hardening
models have a small effect on springback simulation results.

In this study, the performance of the frequently used yield
criteria in finite element simulations of the stamping opera-
tions was evaluated for TWIP900 steel. The model coeffi-
cients of the Hill48 [17], the Barlat89 [18], the YLD2000
[19] and the BBC2000 [20] yield criteria were determined
by tensile test samples prepared at different orientations (0o,

Fig. 1 Comparison of the mechanical properties of the steels for automotive industry [1]
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15o, 30o, 45o, 60o, 75o, 90o). Additionally, forming limit char-
acteristics of TWIP900 were also determined experimentally
and numerically. Through the numerical studies of the
forming limit curves, the M-K instability criteria were used
with the yield criteria. The most appropriate yield criteria for
the TWIP900 was identified.

Materials and Methods

Materials

In this study, commercially available TWIP900 CR steel sheet
with a thickness of 1.3 mm was studied. CR initials indicate
cold rolling operation. Tensile test samples were prepared by
laser cutting machine according to ASTM E8 standard. It is
well-known that TWIP steels consist of fully austenite phases
and microstructural view obtained from the optic microscope
(Olympus BX-51) is illustrated in Fig. 2. The samples were
etched in a 5% Nital solution to visualize the austenite phases.
Average grain size was determined as 5.65 μm by the image
analyzer which is implemented into microscope software.
Chemical composition of the material is determined and sum-
marized in Table 1.

Tensile tests

Tensile samples were prepared at different orientations that
are 15o angle with respect to rolling direction (RD). The sam-
ples were tested at a deformation speed of 25 mm/min using
Shimadzu Autograph AGIS-100 kN tensile testing machine.
Each test was repeated at least three times and average values
were determined. Deformations were measured by a video
extensometer. This system consists of two cameras and a soft-
ware which detects the amount of displacement of the lines
drawn on the surfaces of the samples with an accuracy of

0.1%. The system works on the measurement of the motion
of the lines within the frame of two separate cameras during
the test (as long as the sample is extended). The gauge lengths
of the samples were set to 50 mm at the initial stage of the
experiments.

Determination of anisotropy

In sheet metal forming processes, the anisotropic behaviour,
one of the important material properties in the view of the
formability, should be determined. Anisotropy is the change
of material properties depending on the selected direction and
indicated by R or r. Sheet metals have two different anisotrop-
ic behaviours namely planar and normal anisotropies, which
give information about the formability characteristics of ma-
terials. Planar anisotropy means that sheet metal has different
mechanical properties along its plane while the normal anisot-
ropy is the variation of the properties through the thickness. In
addition, high planar anisotropy values usually cause wrin-
kling and ear formation on the sheet metals. An anisotropy
parameter namely Lankford’s parameter is calculated by the
ratio of the strains at width to thickness of the sheet metal, as
given in Eq. (2.1). (εwand εtare the strain in the width and
thickness direction)

r ¼ εw
εt

ð2:1Þ

In most cases, since the measurement of deformation
through the thickness is not an easy task, it is calculated ac-
cording to the volume constancy principle as given in Eq.
(2.2). Finally, the Lankford’s parameters are obtained by Eq.
(2.3). (εlis the strain in the length direction)

dεl þ dεw þ dεt ¼ 0 ð2:2Þ
r ¼ εw

εt
¼ εw

−εw−εl
ð2:3Þ

The difference between the anisotropy values at different
orientations is mainly attributed to orientation of the grains
with respect to the rolling direction of the sheet metals.
Therefore, in order to determine the anisotropic properties of
the TWIP900 steel, tensile test specimens were prepared in
different directions (0o, 15o, 30o, 45o, 60o, 75o, 90o) from a
sheet sample as shown in Fig. 3. The purpose of these exper-
iments is to determine performance of the anisotropic yield
criteria using the Hill48, Barlat89, YLD2000, and BBC2000Fig. 2 The optical image of the TWIP900 steel

Table 1 Chemical composition of TWIP900 CR sheet (in wt.%)

C Mn Si Cr Al Fe

0.37 20.96 0.17 0.46 4.80 Balance
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that include the anisotropic parameters. Some investigators
[10] have studied 0o, 45o and 90o directions of TWIP940,
TWIP980, and TWIP1000 steels. More studies are needed in
other directions to get the most accurate results. Therefore,
more detailed experimental investigations were carried out
in this study.

In the process of the measuring anisotropy, image-
processing technique was used. In the used program, measure-
ment was made by using a reference cube whose dimensions
were known. Before the test, the first measurements were
made manually by means of calipers and micrometers.
Afterwards, the first photo was taken, its accuracy was
checked and then experiments were started. At least 8 photo-
graphs were taken during each experiment. Thus, the total
number of photos in one direction was at least 24. Two dif-
ferent correlation methods are performed to determine the
measurement precision of the used DIC system. In the first
method, the measured deformations via DIC system were
compared with the video extensometer that belongs to tensile
test system for the specified stroke levels in the longitudinal
direction. The measurement methods and deformations are
depicted in Fig. 4 (a,b) respectively for both DIC systems.
As can be seen from the Fig. 4b, the deformations are very
close to each other. After the confirmation work of the DIC
system, the deformations through the transverse directions
were measured via the same DIC system. In addition, the
deformations at the transverse directions were also measured
via the micrometer (Fig. 4d) for the last stage of the deforma-
tions. The results show good agreement with the micrometer
measurements.

Biaxial anisotropy

The anisotropy values are generally determined by a simple
tensile test. However, in real forming processes, the deforma-
tions mostly occur biaxially rather than uniaxially. Therefore,
it is necessary to determine the anisotropic properties of a
sheet material under biaxial loading condition. In literature,
biaxial drawing [21] or disc compression [22] tests are per-
formed to determine the biaxial anisotropy value rb. In this
study, biaxial anisotropy was assessed using a hole expansion

test [23, 24]. In this process, a hole with a diameter of 25 mm
is machined to the center of sheets that have 200 × 200 mm
dimensions. The hole expansion tests were performed via the
MTS forming device which has a diameter of 50 mm punch.
A series of photos were taken until the occurrence of the crack
on the samples and finally, the photos were transferred to the
image analyzer software to measure the deformations. The
unit deformations in the 1 and 2 directions were measured
by image processing techniques using the photographs imme-
diately before cracking of the specimen. A hollow punch was
used to reduce the frictions between the punch and blank as
shown in Fig. 5a. The expanded hole’s diameters were mea-
sured through the rolling and transverse directions by image
analyzing methods. In Fig. 5b, the formed sample and mea-
surement lines were depicted. In this method, it is also possi-
ble to determine the Lankford’s parameters of the materials
under tensile loading conditions for all prescribed directions.

Experimental FLC

In this study, a semi-spherical (out-of-plane) test was used to
determine the forming limit curve (FLC) of TWIP900 CR
steel. A schematic view of the experiment is given in Fig. 6.

The samples with different geometries are prepared in or-
der to determine the forming limits at different deformation
modes. The dimensions of the FLC samples are given in Fig. 7
[25]. The width of the test specimens varies from 25 mm to
200 mm with increments of 25 mm. Geometric differences in
the samples lead to have different deformation modes ranging
from uniaxial tensile to biaxial stretching. The FLC ofmaterial
is generally constructed by drawing a curve passing through
these different necking points.

An image processing technique was used similarly to the
anisotropy measurements in order to determine the strains on
the deformed samples. Prior to the deformation of the sam-
ples, 2.5 × 2.5 mm2 grids were etched on the surfaces of the
samples by the serigraphy method. Then the samples were
deformed with a semi-spherical punch at a deformation rate
of 25 mm/min. ASAME (Automated Strain Analysis and
Measurement Environment) [26] software technology in
which a reference measurement cube was used to measure
the deformations of square grids on deformed regions, helps
on constructing the forming limit curves of the sheet materials.
In Fig. 8 (a and b), the deformation measurement technique
[27] and the deformed samples of TWIP900 steel are illustrat-
ed, respectively.

Yield criteria

The yield surface is a diagram shows the initiation of the
plastic deformation of the materials under various deformation
modes that occurs through the forming operations. Although a
yield point (critical stress value for the initial plastic

Fig. 3 Illustration of test samples prepared with a 15o angle with respect
to RD.
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deformation) can be determined via a simple tensile test for a
one-dimensional loading condition, it is not easy to determine
for multi-axial loading conditions particularly for anisotropic
sheet metals. For this purpose, either multi-axial loading test
devices must be used or advanced anisotropic yield criteria
must be evaluated to determine the initiation of the plastic
deformation which belongs to the selected loading conditions.

A simple yield surface with loading conditions is shown in
Fig. 9. Here, the area inside the ellipse indicates that the plastic
deformation has not yet started, and the outside area indicates
that the plastic deformation has occurred.

Determination of the yield surface is important for the de-
tection of the point at which the plastic deformation begins.
These surfaces can be predicted by yield criteria that involve
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the Lankford’s parameters and yield stress values determined
from tensile tests of samples taken from different directions of
the material. The yield criteria are also used in the calculation
of the plastic strain increments through the forming
simulations.

Sheet materials generally exhibit anisotropic behavior
because they are rolled products and mechanical prop-
erties change with the orientation of grains. Tresca [28]
and von Mises [29], the first and well-known yield
criteria, have identified yield surfaces with the assump-
tion that the materials are isotropic. In the following
years, it has been understood that the anisotropic behav-
ior of the materials cannot be represented by such

isotropic yield criteria. Therefore, new yield criteria that
include the anisotropic features of the materials have
been proposed. In this study, Hill48 [17], Barlat89
[18], YLD2000 [19], and BBC2000 [30] anisotropic
yield criteria were used to evaluate the yield surface
of TWIP900 CR steel.

Hill48 yield criterion

This anisotropic yield criterion is commonly used in finite
element programs that implement the general form of Eq.
(2.4),

Fig. 7 FLC samples geometries
[25]

Fig. 6 Schematic representation
of the forming limit curve test
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2 f σij
� � ¼ F σ22−σ33ð Þ2 þ G σ33−σ11ð Þ2

þ H σ11−σ22ð Þ2 þ 2Lσ2
23 þ 2Mσ2

31 þ 2Nσ2
12

¼ 1 ð2:4Þ

In the equation σ11, σ22, σ33, σ12, σ23, σ31 are the stress
tensor components and F, G, H, L, M, and N are the aniso-
tropic model coefficients. The above expression can be also
written under the plane stress condition as in Eq. (2.5).

2 f σij
� � ¼ Gþ Hð Þσ2

11−2Hσ11σ22 þ F þ Hð Þσ2
22

þ 2Nσ2
12

¼ 1 ð2:5Þ

In Equation (2.6), G, H, F, and N coefficients can be cal-
culated by using the experimentally determined anisotropy
values (r0, r45, r90).

F ¼ r0
r90 1þ r0ð Þ

G ¼ 1

1þ r0ð Þ
H ¼ r0

1þ r0ð Þ
N ¼ r0 þ r90ð Þ þ 1þ 2r45ð Þ

2r90 1þ r0ð Þ

ð2:6Þ

Fig. 9 Schematic representation
of a typical yield surface

Fig. 8 (a) Grid measurement system [25], (b) Deformed FLC samples of
TWIP900 steel
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Barlat89 yield criterion

The model presented by Barlat is given in Equation (2.7).

f ¼ a k1 þ k2j jM þ a k1−k2j jM þ c 2K2j jM ¼ 2σ
M

ð2:7Þ

Where k1 and k2 are tensile tensor invariants and are calcu-
lated as follows.

k2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σx þ hσy

2

� �2

þ p2

s
τ2xy

k2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σx þ hσy

2

� �2

þ p2

s
τ2xy

ð2:8Þ

The parameters a, c, and h are also determined by means of
Equations (2.9) using the anisotropy values (r0, r90) deter-
mined experimentally. (Details for these parameters can be
found in Ref. [18])

a ¼ 2−c ¼ 2−2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r0

1þ r0

r90
1þ r90

r

h ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
r0

1þ r0

r
1þ r90
r90

ð2:9Þ

YLD2000 yield criterion

This criterion developed by Barlat requires minimum 8 pa-
rameters which are determined experimentally. These param-
eters are Lankford’s parameters (r0, r45, r90, rb) and yield
strength values (σ0, σ45, σ90, σb) at different directions. The
general form is given in Equation (2.10).

ϕ ¼ ϕ
0 þ ϕ

0 0 ¼ 2σa ð2:10Þ

ϕ′ and ϕ′′ are the stress state that calculated by the principle
deviatoric stresses as given in Equation (2.11).

ϕ
0 ¼ S1−S2j ja

ϕ
00 ¼ 2S2 þ S1j ja þ 2S1 þ S2j ja ð2:11Þ

The Equation (2.10) can be also evaluated by the linear
transformation of the normal stresses that are expressed in
Equation (2.12) or (2.13).

ϕ ¼ ϕ
0
X

0
� �

þ ϕ
0 0 X

00
� �

¼ 2σa ð2:12Þ

ϕ
0 ¼ X

0
1−X

0
2

		 		a ð2:13Þ
ϕ

00 ¼ 2X
00
2−X

0 0
1

		 		a þ 2X
00
1−X

0 0
2

		 		a
X

0 ¼ C
0
s ¼ C

0
Tσ ¼ L

0
σ

X
0 0 ¼ C

0 0s ¼ C
0 0Tσ ¼ L

0 0σ
ð2:14Þ

In Equation (2.10), a is taken as 6 according to the
Hosford’s suggestion for FCC materials. In the Equation
(2.14) L′ and L′′ are the coefficients that involve 8 anisotropy
parameters α1 −α8 are given in Equation 2.15 and 2.16.

L
0
11

L
0
12

L
0
21

L
0
22

L
0
66

2
666664

3
777775 ¼

2=3 0 0
−1=3 0 0
0 −1=3 0
0 2=3 0
0 0 1

2
66664

3
77775

α1

α2

α7

2
4

3
5 ð2:15Þ

L
0 0
11

L
0 0
12

L
0 0
21

L
0 0
22

L
0 0
66

2
666664

3
777775 ¼ 1

9

−2 2 8 −2 0
1 −4 −4 4 0
4 −4 −4 1 0
−2 8 2 −2 0
0 0 0 0 9

2
66664

3
77775

α3

α4

α5

α6

α8

2
66664

3
77775 ð2:16Þ

BBC2000 yield criterion

The BBC2000 yield criterion is another anisotropic yield cri-
terion, which is developed with adding two different coeffi-
cients to the Barlat89 yield criterion. The anisotropic parame-
ters are calculated with 8 experimental values r0, r45, r90, rb,
σ0, σ45, σ90, σb and general form of the criterion is given in
Equation 2.17.

σ ¼ a bΓþ cψj j2k þ a bΓ−cψj j2k þ 1−að Þ 2cψj j2k
h i 1

2k ð2:17Þ

In this equation a, b, c, and k are material parameters where
k is 3 in BCC alloys and 4 in FCC alloys. Therefore, it was
taken as 4 in the calculations for TWIP steel.

In addition, Γ and ψ are the stress state expressed in terms
of the second and third invariants of a transformed stress ten-
sor.

s
0
11 ¼ dσ11 þ eσ22 ð2:18Þ
s
0
22 ¼ eσ11 þ f σ22 ð2:19Þ
s
0
33 ¼ − d þ eð Þσ11− eþ fð Þσ22 ð2:20Þ
s
0
13 ¼ s

0
23 ¼ 0 ð2:21Þ

The coefficients d, e, f, and g in Equation (2.18–2.21) are
the anisotropy coefficients of the material. Γ and ψ can be
calculated in terms of the stress components, σ11, σ22 and
σ12 as given in Equation 2.22–23 to reduce the calculation
steps.

Γ ¼ Mσ11 þ Nσ22 ð2:22Þ

ψ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pσ11 þ Qσ22ð Þ2 þ Rσ2

12

q
ð2:23Þ
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In these equations, M, N, P, Q, and R are the material
parameters that are calculated by the anisotropic coefficients
d, e, f, and g as given in Equation (2.24).

M ¼ dþ e
N ¼ f þ e

P ¼ d−e
2

Q ¼ e− f
2

R ¼ g2

ð2:24Þ

A minimization procedure according to experimentally
found Lankford parameters and yield stresses with respect to
the selected orientations and biaxial conditions was applied
for calculating the anisotropic coefficients of both the
YLD2000 (α1 −α8) and BBC2000 (a, b, c, d, e, f, and g) yield
criteria. In this study, the biaxial stress was determined by the
Equation (2.25) (Details for this equation can be found in
Ref.) [31].

σbiaxial flow ¼ σuniaxial flow

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ r0ð Þr90
r0 þ r90

s
ð2:25Þ

The performance of the yield criteria on representing
the material properties can be evaluated by the calcula-
tion of the anisotropy and yield strength values with
respect to the experimentally tested directions. In gener-
al form, the stresses that occurred for the selected ori-
entations can be calculated by the Equation (2.26). In
the given equation, Fθ is a function of anisotropy coef-
ficients and the related trigonometric expressions while
Yθ refers to yield stress of the sample at different angles
with respect to the rolling directions.

σ ¼ Y θFθ ð2:26Þ

σ11 ¼ Y θcos2θ
σ22 ¼ Y θsin2θ

σ12 ¼ σ21 ¼ Y θsinθcosθ
ð2:27Þ

Y θ ¼ σ
Fθ

ð2:28Þ

Besides the yield stresses at different orientations, the an-
isotropy values were also calculated according to the Equation
(2.29) to check the model performance. In the equation, σ is
the equivalent stress function that was described by the yield
criterion.

rθ ¼ Fθ

∂σ
∂σ11

þ ∂σ
∂σ22

−1 ð2:29Þ

Modelling of Forming Limit Curve (FLC)

There are many studies in the literature on modelling of the
forming limit curves via simple test results such as hardening
exponent, strength coefficient, and anisotropic parameters.
Among these studies, Marciniak [32] and Marciniak and
Kuczynski [33] (M-K model) are the most famous models
which are based on geometric irregularity or imperfections
of the sheets prior to the deformations. According to M-K
model, sheet metal has geometrical imperfections (thickness
inhomogeneity) and structural defects (voids etc.) during its
production. In the forming processes, these defects expand
over time, start to initiate necking, and completely localized
on a specific region of the parts during the plastic deformation.
Azrin and Backofen [34] experimentally demonstrated the
realism of this Marciniak hypothesis. The reason that this
model is used extensively and continuously developed by re-
searchers is to have an intuitive background, to accurately
estimate the effect of different conditions and material param-
eters, and to be easily adapted to sheet metal forming simula-
tion programs at the same time. Experimental investigations
have shown that necking begins at inhomogeneous structural
or geometric disturbances region [32]. The variation in thick-
ness is expressed as inhomogeneity. Although the thickness
variation of the sheets occurs very sensitively in reality, in
theoretical calculations, it seems like a sudden decrease for a
local region. The illustration of the theoretical approach is
given in Fig. 10 [35].

As can be seen from Fig. 10, the geometry is examined in
two parts: zone “a” has a homogeneous thickness ta0 and in-

homogeneous zone “b” thickness is tb0. Here, the thickness

Fig. 10 Geometric representation of the M-K model [35]
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ratios are expressed as f 0 ¼ ta0=t
b
0

� �
. At the same time, stress-

es and unit deformations are examined in two sections σa
1;σ

b
1

;σa
2;σ

b
2 and εa1; ε

b
1; ε

a
2; ε

b
2. Under these conditions, when the

strain ratio, εb1=ε
a
1 reaches a critical value such as 10, it is

assumed that the material starts necking. In the first step of
calculation, force balance must be provided to continue the
plastic deformation and it is described for the two regions as
follows;

Fa
nt ¼ Fb

nt
Fa
nn ¼ Fb

nn
ð2:30Þ

Here Fnn and Fnt refer to normal and parallel (shear forces
that affect the material and the states of stresses in the “a” and
“b” regions of geometry are defined;

σa
ntexp εa3

� �
ta0 ¼ σb

ntexp εb3
� �

tb0
σa
nnexp εa3

� �
ta0 ¼ σb

nnexp εb3
� �

tb0
ð2:31Þ

In the early version of the M-K model, the direction of the
imperfection is assumed as the perpendicular or parallel to
applied loads. Hutchkinson and Nale [34] improved the cal-
culation steps of the M-K model for different orientations of
the grooves on the sheet metals. The improved form of the
model is illustrated in Fig. 11 [36].

Here, σnn and σnt express the stresses in the directions of “ n
“ and “ t “ . The thickness variation in “a” and “b” regions of
geometry is given by Equation 2.32 in relation to the initial
disturbances (f0).

f ¼ f 0exp εb3−ε
a
3

� � ð2:32Þ

ε3 shows the strain value in the direction of thickness which
can be calculated according to the principle of volume con-
stancy and is given in Equation 2.33.

ε3 ¼ − ε1 þ ε2ð Þ ð2:33Þ

Equation 2.34 expresses the force equilibrium in terms of
the calculated stress values.

fσb
nt ¼ σa

nt
fσb

nn ¼ σa
nn

ð2:34Þ

The strains developed in the direction “t” for both regions
were assumed to be equal to the given deformations as de-
scribed in Equation 2.35.

dεbtt ¼ dεatt ð2:35Þ

One of the essential property of the M-K model is to use a
yield criterion to describe the plastic strain increments with the
given deformations. The relation of the plastic strain incre-
ment is expressed in the tensor form in Equation 2.36.

dεij ¼ dεij
∂σy

∂σij

ð2:36Þ

In the model, four unknowns (σb
nn;σ

b
tt;σ

b
nt; dε ) must be

determined using some numerical approach. The Newton-
Raphson method is the most commonly used iterative ap-
proach to determine the unknowns of the target functions. In
the literature, the effective strain increment (dεa ) of the sheet
was set to 10−4 mm/mm. The relationship between effective
stress and strain can be expressed by the following the Ludwik
flow curve equation.

σ εð Þ ¼ σA þ Kε
n

ð2:37Þ

Here σA; yield stress, K; strength coefficient, and n; refers
to the strain hardening exponent.

Fig. 11 Improved M-K model
[36]
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In the improved M-K model, the orientation angle of
the imperfection should be considered as variable with
the given deformation. Therefore, the stresses must be
evaluated for each angle to determine the most critical
stage of the deformation. A transformation matrix T
given in Equation 2.38, is used to express the stresses
for the given rotation. Equation 2.39 can calculate the
transformed stresses.

T ¼ cosθ sinθ
−sinθ cosθ

� �
ð2:38Þ

σntz ¼ TσxyzTT ¼ σnn σnt

σnt σtt

� �
ð2:39Þ

Finally, the following equation system (Equation 2.40)
must be solved by a numerical procedure in order to calculate
the unknown stress and strain values on the representative
system. When the critical strain ratio reaches a selected value
for a specifically oriented groove, the iteration is cancelled and
the final εmajor and εminor are plotted. The detailed description
of the numerical procedure is given in [37].
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Fig. 12 True stress vs. true strain curves at 0.0083 s−1

Fig. 13 (a) The slope of the change in width and length, (b)Variation of the Lankford’s parameters and normalized yield strength with respect to the
orientation angle

607Exp Tech (2020) 44:597–612



F1 ¼ dεbnnσ
b
nn þ dεbttσ

b
tt þ dεbntσ

b
nt

dεbσY

−1 ¼ 0

F1 ¼ dεbtt
dεatt

−1 ¼ 0

F1 ¼ f
σb
nn

σa
nn
−1 ¼ 0

F1 ¼ f
σb
nt

σa
nt
−1 ¼ 0

ð2:40Þ

Results and discussion

The material was tested under different deformation modes.
The true stress vs. true strain diagram is shown in Fig. 12 in
order to describe material behavior at different orientations.
Although the variation of the stress values at plastic

deformation region is not too much different, a small fluctua-
tion was obtained for the yield strengths with respect to the
different orientations. The yield strength of the material at RD
was determined as 546MPa while the highest one was obtain-
ed from the transverse direction and it was determined as
557 MPa. Similarly, the variation of the yield strength with
respect to the orientation was plotted with the variation of the
Lankford’s parameters as shown in Fig. 13.

Another important parameter reflecting the anisotropic be-
havior of the materials is the Lankford’s parameter. In this
study, the Lankford parameters were determined by calculat-
ing the slope of the variation of the strains in longitudinal and
transverse (width) directions as given in Equation (2.3) [10,
16, 38]. The anisotropy tests were carried out at a 0.0083 s−1

strain rate. Figure 13 (a) shows the strain variation lines with
three specific points (0, 5, 20% strains) for all prescribed ori-
entations. In addition, the slope values of the curves were also
given in the figure. It is clearly seen that the slopes of the

Fig. 14 Biaxial anisotropy of
TWIP900 steel

Table 2 Mechanical properties of
TWIP900 steel Orientation

Angle
Yield
Strength
(MPa)

UTS
(MPa)

Uniform
Elongation (mm/
mm)

Total
Elongation
(mm/mm)

n K r

0o 546 883 0.375 0.406 0.836 1773 0.768

15o 535 884 0.404 0.443 0.829 1769 0.789

30o 541 895 0.421 0.462 0.809 1732 0.868

45o 544 879 0.431 0.477 0.838 1714 1.035

60o 553 883 0.439 0.487 0.843 1708 1.110

75o 555 881 0.429 0.485 0.843 1698 1.151

90o 557 892 0.434 0.485 0.838 1721 1.274
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strains increase with the orientation angle for each sample.
This result indicates that the anisotropy increases with orien-
tation angle. The calculated Lankford’s parameters were also
plotted in Fig. 13b with normalized yield strengths and the
values were tabulated with some other important material fea-
tures in Table 2.

Besides the anisotropy values obtained from the tensile
tests, the biaxial anisotropy of TWIP900 steel was determined
via hole expansion tests. The biaxial anisotropy value of
TWIP900 steel was calculated similarly to the tensile test an-
isotropy measurement method in which a slope value was
used. Here, a slope was found by fitting a linear curve to the
obtained unit deformations at rolling and transverse direc-
tions. The slope of the fitted curve, namely biaxial anisotropy
rb, was determined as 0.96. The applied method is illustrated
in Fig. 14. In addition to the biaxial anisotropy, the biaxial
yield strength of TWIP900 steel was calculated according to
Equation (2.30) and it was found as 573 MPa. This value was

also used to determine the anisotropy parameters of the
YLD2000 yield criterion.

There are two methods for determining the suitability of a
yield criterion. The first one is to compare the experimental
results of a yield surface obtained for different stress combi-
nations. The other one is to compare the experimental anisot-
ropies and yield strengths obtained for the different oriented
samples with the model predictions. In this study, experimen-
tally obtained anisotropy and yield strength values were used
to evaluate the performance of the studied yield criteria:
Hill48, Barlat89, YLD2000, and BBC2000. Although the an-
isotropic parameters of the Hill48 and Barlat89 can be calcu-
lated by the direct use of the Lankford’s parameters, a special
minimization technique is required for the others, YLD2000
and BBC2000. Actually, although, it is sufficient to determine
the anisotropy features of the materials at rolling, diagonal,
and transverse directions (r0, r45, r90) for the studied aniso-
tropic yield criteria, the success of the models on predicting

Fig. 16 Estimated yield surfaces
for different yield criteria

Fig. 15 Prediction capability of the models for anisotropy and yield strength values at different orientations
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the other anisotropy and yield strength values were tried to
determine. The comparison of the anisotropy and yield stress
values predicted by the studied models and experimental data
are shown in Fig. 15 (a, b). As can be seen from the figures,
although the anisotropy predictions of the models show good
agreement with the experimental results, similar achievement
could not be obtained for the yield strength prediction at dif-
ferent orientations except for the both YLD2000 and
BBC2000 yield criteria. Although the predictions of the
Hill48 and the Barlat89 at RD were satisfactory, they have
over-estimated the other yield strength values at increasing
angle values. The main reason for poor predictions of these
two models is that they do not use yield strengths when their
anisotropic coefficients are determined.

The predicted yield surfaces of the different models are
drawn in Fig. 16 for a constant shear stress value σ12 = 0. As
can be seen from the figure, both the Hill48 and the Barlat89
yield criteria predictions are wider than those of the YLD2000
and the BBC2000 yield criteria. This means that the initiation
of the plastic deformation begins later for the Hill48 and the
Barlat89. Coefficients of yield criteria for TWIP900 steel are
listed in Table 3. Since the evaluation of the yield surfaces was
made for a constant shear stress, which was assumed as 0, the
parameter p in Barlat89 that can be calculated by experimental
shear strength or iteratively in numerical approach, was
neglected.

In the study, the performances of the anisotropic yield
criteria were also evaluated to determine the forming limits
of TWIP900 steel with the M-K instability model. In addition,
different flow curve models such as the Hollomon, the
Ludwick and the Krupskowsky were implemented into the
M-K model to calculate the stresses with given strain incre-
ment as described earlier. In the study, besides the perfor-
mances on predicting the forming limits of yield criteria, flow
curve models were also evaluated. The flow curve parameters
were determined by fitting the models to the experimental true
stress vs. true strain data. In this study, instead of plotting the
model results, the parameters and statistical errors were tabu-
lated in Table 4. As can be seen from the table, the Ludwick
and the Krupskowsky have the best fitting than the Hollomon
equation.

In Fig. 17 (a-d), the prediction capabilities of the anisotrop-
ic yield criteria and flow cure models for forming limits of
TWIP900 steel are depicted. When the predictions are evalu-
ated, it is obviously seen that the used flow curve models have
a significant effect on the predicting of the forming limits. As
can be seen, the predictions that were obtained by the
Hollomon equation are not acceptable for a complexly shaped
sheet forming and it predicted the forming limits very low for
all anisotropic yield criteria. However, the other flow curve
models’, the Ludwick and the Krupskowsky, prediction capa-
bilities are more convenient with the experimental forming
limit curve as expected.

When the anisotropic yield criteria’s performance was
evaluated for the prediction of the forming limit curve of
TWIP900 steel, the YLD2000 and the BBC2000 have the best
prediction capability for both the Ludwick and the
Krupskowsky flow curve models. In detail, the YLD2000
has the best prediction with the Krupskowsky flow curve
while the BBC2000 has the best prediction with the
Ludwick flow curve model.

Conclusion

In this study, mechanical properties of TWIP900 steel were
determined and evaluated at different directions. The applica-
bility of the yield criteria and flow curve models to predict the
forming limit curve using the M-K model was studied and

Table 4 Flow curve models’
parameters Models Equations Parameters

σ0 K n ε0 R2

Hollomon σ(ε) =Kεn – 1636 0.283 – 0.959

Krupskowsky (Swift) σ(ε) =K(ε0 + ε)
n – 1979 0.622 0.139 0.999

Ludwik σ(ε) = σ0 +Kε
n 520 1708 0.777 0.999

Table 3 Model coefficients of different yield criteria

Hill48

F G H N

0.341 0.5656 0.4344 1.3916

Barlat1989

a c h p (Neglected)

0.9866 1.0134 0.8805 0.92

YLD2000-2d

α1 α2 α3 α4 α5 α6 α7 α8

0.9433 1.0333 1.0672 0.9813 1.0059 0.9562 1.0055 1.0037

BBC2000

a b c d e f g

0.4814 23.6305 3.3831 0.1613 0.1358 −0.0206 0.0211
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compared with other anisotropic yield criteria. It was found
that the prediction capabilities of the YLD2000 and the
BBC2000 models were better than the Hill48, Barlat89
models. Results reveal that the YLD2000 with the
Krupskowsky flow model and the BBC2000 with Ludwick
flow model were best suited. However, their prediction capa-
bilities on intermediate orientation angles of anisotropy and
yield strength were found to be limited.
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