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With an increasing demand for lightweight design of vehicles in automotive and aircraft industries, sheet
metals with low density and high strength have been widely and intensively used in forming lightweight
structural panel components. Formability is a critical material property in describing deformation ability
of sheet metals, and it is usually evaluated by a forming limit diagram (FLD) determined at various
forming conditions. FLDs for metallic material are usually obtained experimentally, which is time-
consuming and costly. Numbers of theoretical and numerical models have been developed and used
to predict the formability of sheet metals. These modelling techniques are primarily developed based on
bifurcation theory, geometrical imperfection theory and continuum damage mechanics. This paper
covers a comprehensive review of modelling methods used for the formability prediction of lightweight
materials for sheet metal forming applications.
© 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
1. Introduction

In automotive and aircraft industries, lightweighting is required
in order to improve vehicle performance and reduce energy con-
sumption. Ultra-high strength steels have been in use by reducing
structural gauge to meet the needs of both reducing vehicle weight
and improving component strength. Also lightweight materials,
such as aluminium alloy, magnesium alloy and titanium alloy, are
increasingly used in manufacturing automobile and aircraft panel
structures for lightweight design given that of their high strength-
to-weight ratio and good formability.

Forming limit diagram (FLD) is one of the most useful tools to
evaluate the formability of sheet metals, which was originally pro-
posed by Keeler [1] for the negative minor strain region, and then
extended by Goodwin [2] for the positive minor strain region. The
out-of-plane [3,4] and in-plane [5,6] formability tests, as two pri-
mary experimental methods, have been standardized and widely
used to obtain the FLDs for metallic sheets under various forming
conditions, including deformation temperature and forming speed
[7]. Planar biaxial tensile test machines have also been used to
.
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determine FLDs for metallic materials since strain path can be
controlled accurately and the effect of the friction can be avoided
[8,9]. Experimental methods to obtain FLDs of alloys are time-
consuming and costly, especially testing at high temperatures [10].
Therefore, many theoretical and numerical methods have been
proposed and developed to predict the formability of sheet metals.

Aretz [11] reviewed material modelling methods, including
Hill's, Swift's and MarciniakeKuczynski (MeK) models, to predict
the diffuse and localized necking for FLD prediction of aluminium
alloys using various anisotropic yield criteria. Stoughton and Zhu
[12] reviewed bifurcation theory of diffuse and through-thickness
neck formation, the MeK model and void damage models. Hos-
ford [13] and Banabic et al. [14] summarized the development of
MeK models for various materials, process parameters and strain
paths by combining different yield criteria and hardening laws.
However, there is no comprehensive review on the development of
modelling techniques used to predict formability of sheet metals
for lightweighting applications, particularly at high temperatures.
The aim of this review is to summarize theoretical and numerical
models used for formability evaluation in the developed cold and
warm/hot sheet metal forming processes.

2. Characteristics of FLD and FLSD

A schematic of an FLD is shown in Fig. 1(a). A key feature of an
FLD is a forming limit curve (FLC) which presents the limit strains at
Ai Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
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Fig. 1. Characteristics of an FLD. (a) A schematic of an FLD [9]; (b) the FLD for AA5754 obtained by dome formability tests at high temperatures [15].
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the onset of necking. The major and minor strains plotted in an FLC
are obtained from formability tests under various strain paths from
uniaxial tension over plane strain tension to biaxial tension. The
region under the FLC represents safe forming region, while the
region above the FLC means that the necking or deformation
instability may potentially occur. FLCs in an FLD are highly tem-
perature- and strain rate-dependent. An example of an FLD for
AA5754 obtained at various temperatures is shown in Fig. 1(b).

The level and shape of an FLC are also dependent on deforma-
tion strain path [16,17]. A determined FLD is valid only for processes
in which loading is proportional and straining path is linear [12].
Since strain path is usually not proportional in a multi-stage
forming process, the effect of the non-linear strain path limits the
utility of an FLD for formability assessment.

To deal with this problem, a forming limit stress diagram (FLSD),
which is strain path independent, was proposed by Kleemola and
Pelkkikangas [18], and Arrioux et al. [19]. FLCs in an FLSD are
described by using the major and minor principal stresses as co-
ordinates, but they cannot be obtained directly from experimental
tests. Stoughton and Yoon [20] transfered an FLD to an FLSD using
Hill's yield criterion and a hardening law. An example of this trans-
formation is shown in Fig. 2. In order topredict either FLDor FLSD for
lightweighting applications,modelling techniques are reviewed and
discussed in the following sections, including both testing at room
temperature and testing at high temperature conditions.
Fig. 2. The transformation from an FLD to an FLSD. (a) The FLD which contains two F
3. Modelling techniques for forming limit prediction

Various theoretical and empirical models have been developed
to predict the formability of metallic sheets, as shown in Fig. 3.
Primary models used for forming limit prediction include the
models based on bifurcation theory, the models based on
geometrical imperfection theory and the models based on contin-
uum damage mechanics. These models are introduced and dis-
cussed in the following sections.

3.1. Models based on bifurcation theory

The classic models used to predict localized and diffuse necking
were proposed by Hill [21] and Swift [22], respectively. Aretz [23]
developed the Hill's model, in which the localized necking is
assumed to occur when large force per unit width has reached a
critical value instead of the maximumvalue. The Swift's model, also
recognized as the maximum force criterion (MFC), usually un-
derestimates limit strains compared with experimental data [24].
Hora et al. [25,26] developed the Swift's model by considering the
effect of strain state and named as the modified maximum force
criterion (MMFC), which has been further developed by Hora et al.
[27], taking into account the effect of forming temperature.

Storen and Rice [28] proposed a model (abbreviated as SeR
model), in which a vertex on subsequent yield locus is assumed, to
LCs including one FLC with pre-strain; (b) the transformed FLCs in the FLSD [20].



Fig. 3. Theoretical and numerical models used for formability prediction.
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predict limit strains at the onset of necking. Hashiguchi and Pro-
tasov [29] extended the application of the SeRmodel to predict the
FLDs for elastoplastic materials under arbitrary loading conditions.
Zhu et al. [30] developed the SeR model by the consideration of
moment equilibrium, and Min et al. [31] applied the SeR model
coupling with LoganeHosford yield criterion to predict the FLDs of
22MnB5 at high temperatures.
Fig. 4. A localized necking band along the zero extension direction assumed in Hill's
3.1.1. Hill's and Swift's models
In both the Hill's and the Swift's models, the metal sheet is

assumed to be homogeneous. The Hill's model predicts localized
necking for thin plate under plane stress condition. Given that zero
extension hypothesis in the Hill's model, forming limit strains can
be predicted only for the left-hand side (LHS) of an FLD. In the
Swift's model, diffused necking and associated limit strains are
predicted once the loading reaches the maximum value.
model [34].
3.1.1.1. Hill's model. The model given by Hill [21] allows the pre-
diction of localized necking through thickness direction. A necking
band with zero extension in the plane of the sheet is assumed, as
shown in Fig. 4. The angle q between the zero extension direction
and the minor principal stress is given by

q ¼ arctan
� ffiffiffiffiffiffiffi

�b
p �

(1)

where b is the ratio of principal strain increment, which is defined
as
b ¼ dε2
dε

(2)

1

where 31 and 32 are major and minor principal in-plane strains,
respectively.

The localized necking occurs if

ds1
dε1

¼ s1$ð1þ bÞ (3)
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where s1 is major principal in-plane stress.
By applying the power law formula of flow stressestrain to the

Hill model, the predicted limit strains at the onset of necking are
given by [32]

ε
*
1 ¼

vY
vs1

vY
vs1

þ vY
vs2

n (4)

ε
*
2 ¼

vY
vs2

vY
vs1

þ vY
vs2

n (5)

where ε
*
1 and ε

*
2 are major and minor principal limit strains,

respectively, Y is a yield function, s2 is minor principal in-plane
stress, n is strain hardening exponent.

Sing and Rao [24] applied the Hill's localized instability criterion
to predict the FLDs for SS4011 extra-deep drawing low-carbon steel
with different heat treatments. Chung et al. [33] predicted limit
strains for TWOP940 and DP600 steel sheets separately. However,
only LHS of an FLD can be predicted using the Hill's model due to
the zero extension hypothesis.
3.1.1.2. Swift's model (maximum force criterion). Swift [22] pro-
posed a diffuse necking theory for metallic sheets stretched biaxi-
ally, in which it is assumed that diffuse instability occurs when the
proportional loading reaches the maximum value. The diffuse
necking criterion is given by

ds1
dε1

¼ s1 (6)

By introducing the power law formula of flow stressestrain to the
Swift model, the predicted limit strains are expressed as [32]
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By adopting a yield criterion, limit strains can be derived by Eqs.
(7) and (8) as functions of loading ratio and a set of material pa-
rameters, including hardening coefficient and anisotropy coeffi-
cient. Banabic [35] predicted limit strains in connection with the
Hill's yield criterion in the quadratic form. However, limit strains
predicted by Swift's model tend to be conservative, especially on
the right-hand side (RHS) of an FLD [24,36].
Fig. 5. FLDs for AA2090-T3 predicted by the MMFC model coupling with Barlat 89
yield criteria [26].
3.1.1.3. Modified maximum force criterion (MMFC). Hora et al.
[25,26] developed Swift's model by considering the effect of strain
ratio, which is named as the modified maximum force criterion
(MMFC). TheMMFC is based on the assumption that the stress state
is transformed to the plane strain state once necking occurs, and is
given by

vs1
vε1

þ vs1
vb

$
vb

vε1
¼ s1 (9)

where the first term vs1=vε1 describes the strain hardening effect,
and the second term ðvs1=vbÞ$ðvb=vε1Þ describes the extra hard-
ening caused by the transformation of stress states.
The limit strains can be calculated by Eq. (9) once a hardening
law and a yield criterion are provided. The MMFC was adopted to
predict the FLDs for AA2090-T3 by using the Barlat 89 yield crite-
rion and HocketteSherby hardening model [26]. A good agreement
between the simulated and experimental results of FLD can be
observed, as shown in Fig. 5.

Hora et al. [37] improved the MMFC model, which is named as
enhanced-MMFC (e-MMFC), to include both the effects of the
hardening behavior and the yield loci, and the effects of the sheet
thickness and the sample curvature. The e-MMFC is expressed as

vs1
vε1

�
1þ t

2r
þ eðE; tÞ

�
þ vs1

vb

vb

vε1
¼ s1 (10)

where r is sheet curvature radius, t is metal sheet thickness, eðE; tÞ
is an additional function which is defined as

eðE; tÞ ¼ E0

�
t
t0

�k

(11)

where E and k are material constants.
Hora and Tong [38] investigated the effects of curvature and

thickness of samples on the FLD using the e-MMFC model and
verified the feasibility and high efficiency of the model by calcu-
lating the FLDs for materials of steels and aluminium alloys. Hora
et al. [27] further improved the MMFC model for the prediction of
the FLDs for 22MnB5 steel at elevated temperatures, but the
improved temperature-dependent model has not been used for
lightweight materials. The formula of temperature-dependent e-
MMFC for metastable stainless steel is expressed as:

vs1
vε1
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2r
þ eðE; tÞ
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vε1
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vVM

vVM

vε1
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vε1
¼ s1

(12)

where T is temperature, VM is existing martensite content.
In this necking criterion, isotropic hardening is considered, but

the formulation is independent on the adopted yield criterion.
Aretz [39] proved that the MMFC contains an important singularity
which emerges when the yield locus of a material exhibits straight
line segments, which means that the model is robust and reliable
only when the yield locus of the material is elliptical.
3.1.2. Storen and Rice (SeR) theory
Storen and Rice [28] used bifurcation theory to describe the

behavior of an FLC which arises from a vertex on the yield surface,
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by imposing force equilibrium between the necked and non-
necked regions of the material. As shown in Fig. 6, a necking
band is assumed and an angle between the normal of necking band
and the major stress is defined as 4. Stresses are assumed contin-
uous inside and outside the necking band, but both stress rate and
strain rate are not continuous.

Combining the power law formula of flow stressestrain model
and the von Mises yield criterion, the analytical solutions of limit
strains in two particular cases are obtained [28]:

For b<0, which corresponds to the zero extension direction as
proposed by Hill [21]

ε
�
1 ¼

�
n

ð1þ bÞ
�(ð1� nÞ

2
þ
"
ð1þ nÞ2

4
� bn

ð1þ bÞ2
#1

2
)�1

(13)

For b � 0, which corresponds to the minimum extension di-
rection along minor principal stress

ε
*
1 ¼

h
3b2 þ nð2þ bÞ2

i
h
2ð2þ bÞ

�
1þ bþ b2

�i (14)

The SeR theory was modified by Hashiguchi and Protasov [29]
in order to predict limit strains under arbitrary loading conditions
by introducing a subloading surface model with the tangential-
stress rate. This modified SeR model was employed to investigate
the effects of tangential-strain rate and inherent anisotropy on the
onset of localized necking [29]. However, the SeR model tends to
underpredict limit strains for deformation with negative strain
ratios. Zhu et al. [30] developed the SeR model by taking into ac-
count moment equilibrium equations to overcome this problem,
and predicted the limit strains for aluminium alloys using the
modified SeR model. Min et al. [40] predicted the limit strains for
Magnesium ZEK100-O alloy using themodified SeR theory, and the
higher-order yield criterion (Yld89) was employed to describe
anisotropy of the ZEK100-O sheets at room temperature. With the
increase of the order of Yld89, the predicted FLDs tend to be in
better agreement with experimental data. Min et al. [31] also pre-
dicted limit strains for boron steel 22MnB5 at high temperature
Fig. 6. Direction of an incipient neck assumed in SeR model [28].
(800 �C) by using the modified SeR theory and the LoganeHosford
yield criterion.
3.2. Models based on geometrical imperfection theory

Marciniak and Kuczynski [5] proposed a method to predict the
FLDs for metallic materials by introducing a geometrical imper-
fection on metal sheets before deformation. However, the imper-
fection is assumed to be perpendicular to major principal stress.
Hutchinson et al. [41,42] developed the MeKmodel to predict FLDs
by assuming an arbitrary angle between the imperfection and mi-
nor principal stress. The limit strains predicted by the MeK model
are very sensitive to the geometrical imperfection size, and this size
is unrealistically large for applications of limit strain prediction
[43]. Predicted limit strains are usually overestimated, especially at
high strain ratios [44]. To overcome this problem, the MeK model
was developed by taking into account surface roughness [45] and
void growth [46,47] in the imperfection hypothesis.
3.2.1. Marciniak and Kuczynski (MeK) model
Marciniak and Kuczynski [5] proposed a model to analyze

instability by the hypothesis of a pre-existing imperfection (a
groove) in the plane of metal sheets before deformation, as shown
in Fig. 7. The imperfection f0 can be expressed as

f0 ¼ tB=tA (15)

where subscripts A and B refer quantities outside and inside the
groove.

A different changing speed for major strains between inside and
outside groove is assumed from the outset of deformation. Necking
is assumed to occur when the ratio of the major principal strains
inside and outside groove exceeds 10. The necking criterion is given
by

dε1A � dε1B=10 (16)

where dε1 is the major strain increment parallel to the groove.
The M�K model has been widely used to predict limit strains

due to its simplicity. Ghosh [48] analyzed the effects of strain
hardening exponent and imperfection size on the imperfection
Fig. 7. A pre-existing groove assumed in the M�K model before deformation [5].
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growth kinetics, and found that these parameters had a large in-
fluence on the growth rate of the geometric imperfection. �Avila and
Vieira [49,50] predicted the FLDs for AA2036-T4, and Dariani and
Azodi [51] predicted the FLDs at room temperature for AA7075-T6
and AA3003-H24 using theM�Kmodel coupling with various yield
criteria. TheM�Kmodel was also used to predict the limit strains of
materials at high temperatures. Kotkunde et al. [43] predicted FLDs
for Tie6AleK at 400 �C using the MeKmodel. It was found that the
FLDs predicted by combining either Hill 93 or Cazacu Barlat yield
criteria with modified Arrhenius were in better agreement with
experimental results. Zhang et al. [52] predicted the FLDs for
AA5083 at a temperature range of 150e300 �C using the MeK
model and concluded that the formability of this alloy had not been
improved in the temperature range.
3.2.2. Modified MeK models

3.2.2.1. Imperfection orientation modification. In order to predict
limit strains in negative minor strain region, the imperfection
groove in the MeK model was modified to incline an angle q to
minor principal stress, according to the Hill's zero extension hy-
pothesis [41,42,53], as shown in Fig. 8.

Chan et al. [55] used themodifiedMeKmodel to predict the LHS
of FLDs for both AA6061-T4 and AA5182-O by employing the Hill's
yield criterion, and found that localized necking tended to occur
when the orientation of the imperfection was aligned along the
zero-extension direction. Hashemi et al. [54] predicted the FLSDs
for both steel STKM-11A and DP600 tube using the modified MeK
model. Panich et al. [56] predicted the FLDs and FLSDs for high
strength steels of both DP780 and TRIP780 using themodifiedMeK
model and concluded that the combination of the Swift hardening
law and Yld2000-2d yield criterion provided the most accurate
FLDs and FLSDs for both DP780 and TRIP780 steels by comparing
with experimental data obtained by Nakajima tests. Abedrabbo
et al. [57] predicted FLDs for AA3003-H111 at high temperatures
(149 �C and 260 �C) using the modified MeK model, but the limit
strains calculated using the Voce hardening law was lower and
more conservative than those calculated using the Hollomon's
power.
3.2.2.2. Imperfection hypothesis modification. Parmar and Mellor
[45] took the surface roughness of metal sheets into account in the
MeK model and predicted the limit strains for aluminium alloys
using both Swift's model and the modified MeK model. The
deformation process was divided into two steps: the sheet was
firstly deformed up to instability by Swift's model; then limit
strains were predicted using the MeK model in the second step, in
which the thickness ratio at instability (as shown in Fig. 9) is
defined as
Fig. 8. A schematic of the pre-existing groove in modified MeK mode, in which an
inclined angle q to major stress is assumed [54].
fi ¼ 1�
�
2R
ti

�
(17)

where fi is thickness ratio at instability, R is surface roughness, ti is
the minimum thickness at instability.

Bong et al. [58] also predicted FLDs for stainless steel by
employing both the Swift's model and the modified MeK model
and validated the accuracy of predicted limit strains withmeasured
data from experiments.

Needleman and Triantafyllidis [46] added the effect of void
growth into the MeK model and predicted the limit strains for
aluminium alloys using the modified MeK model, coupling with
the constitutive equation based on the yield surface proposed by
Gurson [59]. The effect of void growth results in a decrease of limit
strains under imposed strain ratios for materials with low strain
hardening.

Melander [47] developed the MeK model by adding the effects
of both particle density and void growth for the prediction of limit
strains. The yield function proposed by Gurson [59] was adopted for
porous plastic materials. A schematic of themodifiedMeKmodel is
shown in Fig. 10. The volume fracture of particles where the neck
eventually developed is assumed to be higher than that in sur-
rounding region. The void growth was calculated by two models,
namely the homogeneous deformation model, which is given by

fv ¼ fpfexpðεe þ εoÞ � 1g (18)

where fv is volume fraction of voids, fp is volume fraction of parti-
cles, 3e is effective strain, 3o is imposed strain at the beginning.

The RiceeTracey model, which is given by

fv ¼ fp
n
R3v expðεoÞ � 1

o
(19)

where Rv is average radius of voids.
The modified MeK model was employed to predict the FLDs for

copper-based alloys [47]. The effect of volume fraction ratio of
particles inside and outside necking region on predicted limit
strains is not negligible. The predicted limit strains are sensitive to
the strain hardening exponent.

Date and Padmanabhan [44] reduced the imperfection sensi-
tivity in the MeK model by combining the contributions of geo-
metric instability and shear localization to predicted limit strains.
The limit-strain potential induced by shear localization was
expressed as
Fig. 9. A schematic of the modified imperfection by taking into account surface
roughness of metal sheet in the modified MeK model [45].



Fig. 10. A schematic of the modified imperfection by taking into account the volume
fraction of particles in modified MeK model [47].
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ε
2
b ¼ nð2$εb cothð2$εbÞ � nÞ (20)

where εb is the limit strain potential for localization.
The modified MeK model was employed to predict the FLDs for

aluminium alloys [44], but this model is not suitable for anisotropic
materials.

3.3. Models based on continuum damage mechanics

The deformation of sheet metals usually contains three stages,
namely micro-void nucleation, growth and coalescence [60]. A
GursoneTvergaardeNeedleman (GTN) model and a phenomeno-
logical model were proposed, based on the assumption of necking
occurred at the incipient of void coalescence, to predict limit strains
for sheet metals [61]. Since orthotropic damage was usually
observed in extensive plastic deformations, Chow et al. [62] pro-
posed an anisotropic damage model by taking into account abrupt
changes in strain paths [63,64]. The prediction of FLDs for
aluminium alloys at high temperature was realised by using a
plane-stress model based on continuum damagemechanics (CDM),
and applying the effects of hardening and dislocation density
[65,66].

3.3.1. Models taking into account void nucleation and growth

3.3.1.1. GursoneTvergaardeNeedleman model. A yield function,
which accounts for both nucleation and growth of voids for porous
ductile materials, was firstly proposed byGurson [59], and thenwas
modified by Tvergaard [67,68] through introducing three additional
coefficients. The modified yield function is given by

Ф ¼
�
q
se

�2

þ 2f *q1 cosh
�
� 3q2

2
p
se

�
�
�
1þ q3f

*2
�
¼ 0 (21)

where q is macroscopic effective Mises stress, se is equivalent
stress, f * is damage function, p is macroscopic hydrostatic stress, q1;
q2 and q3 are material constants.

Tvergaard and Needleman [69] further introduced a function
f *ðf Þ to model the loss of load carrying capacity associated with
void coalescence. The function is taken as

f *ðf Þ ¼

8><
>:

f for f < fc

fc þ f *u � fc
fF � fc

ðf � fcÞ for f � fc
(22)

where f is void volume fraction, fc is critical void volume fraction at
which fracture begins to propagate, fF is void volume fraction at
final fracture, f *u is ultimate value of f * at ductile fracture.
The GTN model is based on the modified yield function Ф and
the damage function f *ðf Þ, and it is suggested that the necking
occurs once the damage value f * reaches a critical value of fc. A
constant value of 0.15 was usually used as fc [69e71]. However, fc is
dependent on the choice of nucleation model [72].

Brunet and Morestin [72] developed the GTN model by taking
into account the Hill's anisotropic yield surface and a necking cri-
terion which contains the load-instability in the Swift's model, the
plane strain localization assumption and the triaxial stress effect in
the necking region, in order to predict the FLDs for aluminium alloy
and titanium alloy. The form of the proposed necking criterion is
expressed as

q
se

�
vs01
vq

vq
vse

vse
vεe

vεe
vε1

þ vs01
vb

vb

vε1

�
� s01

1þ log
	
1þ 


tðt0 � tÞ�l2�
(23)

where s01 is the major principal stress across the neck, t0 is initial
thickness of specimen, l is the width of a neck during the necking
process.

Chen and Dong [73] developed the GTN model by replacing the
von Mises stress with the Hill's quadratic stress in Eq. (21). The
modified GTN model was employed to predict the limit strains for
AA6111-T4 under axisymmetric tension.
3.3.1.2. A phenomenological model. Paul et al. [74] proposed a
phenomenological model to predict limit strains for steels based on
ductile damage criteria by considering void nucleation and growth.
The effect of second maximum shear stress on necking was defined
as

"�
1þ 3Tr

2

��
2ts
se

�8

þ
�
3
2
Tr

�1
=3n

#
C ¼ εeqn (24)

where Tr is triaxiality, εeqn is effective plastic strain at necking, ts is
second maximum shear stress, C is a material constant related to
the strain hardening exponent.

This model was employed for the good prediction of FLDs and
FLSDs for C-Mn 440 steel, interstitial-free 340 steel, and interstitial-
free steel [74].
3.3.2. Models taking into account orthotropic damage
Chow et al. [62] proposed a unified approach in 1997, taking into

account the effect of micro-crack/voids characterized by an aniso-
tropic damage model, to predict diffuse necking, localized necking
and rupture, which are three distinct phases of nonuniform plastic
deformation in metal sheet. The anisotropic damage model is
defined as

_D ¼ _Z
vFd

vð�YÞ (25)

where D is damage tensor, eY is conjugate force of damage, Fd is a
damage criterion, Z is overall equivalent damage, which is
expressed as

_Z ¼
�
vFd
vs : _s

�
�
vC
vZ � vFd

vD : vFd
vð�YÞ

� (26)

where s is stress tensor, CðZÞ is increment of threshold.
A set of instability criteria of localized necking were proposed to

characterize the LHS and the RHS of an FLD, respectively. For b � 0,



Fig. 11. Experimentally determined (symbols) and numerically predicted FLDs (solid
curves) for AA6082 at various temperatures and the strain rate of 0.1/s [66].
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D1 cos2 qþ D2 sin2 q ¼ D1dcr (27)

where D1 is the maximum principal value of damage, D1dcr is a
critical value of diffuse necking.

For b>0,

D1 � NðD1 þ D2 þ D3Þ ¼ Dd1cr (28)

where D2 and D3 are principal values of damage, Dd1cr is a critical
value obtained for b ¼ 0 when Eq. (27) is satisfied, N is a material
constant.

The anisotropic damage model was adopted to predict the FLDs
for AA6111-T4 by applying damage to the incremental theory of
plasticity [62]. It showed that the anisotropic damage model was
able to predict FLDs for the aluminium alloy. Chow and Yang [63]
developed the anisotropic damage model to predict the FLDs for
AA6111-T4, subjected to a range of pre-strains either parallel or
normal to the rolling direction. The proposed damage criterion for
localized necking under arbitrary loading history is defined as

ZL ¼ ZLc (29)

where ZLc is a material constant, and ZL is accumulated damage
which is expressed as

dZL ¼ dZ � b$z$ðdD11 þ dD22 þ dD33Þ (30)

where dD11, dD22 and dD33 are damage component increments and
z is a material constant.

Chow et al. [64] further extended the anisotropic damage model
by taking into account abrupt changes in strain paths. A mixed
isotropic-kinematic hardening and the Hill's 48 yield criterion
model was employed to derive the anisotropy plastic constitutive
equations in the principal damage coordinate system. The modified
anisotropic damage model enabled to predict the FLDs for AA6111-
T4 under complex strain paths.
Fig. 12. Comparison of the RHS of the predicted and experimental FLC for AA1100-H19
[79].
3.3.3. Models taking into account viscoplasticity
Lin et al. [65] proposed a plane-stress model based on CDM for

the prediction of the FLDs for aluminium alloys at high tempera-
tures. The model was applied to predict the FLDs for AA5754 at a
temperature range of 350e550 �C. A plane-stress damage equation
is given by

_u ¼ D

ða1 þ a2 þ a3Þ4
�
a1s1 þ 3a2sH þ a3se

se

�4

$
h1se

ð1� uÞh3



_ε
p
e
�h2

(31)

where ε
p
e is effective plastic strain, sH is hydrostatic stress, u is

damage, h1, h2 and h3 are temperature-dependent variables, a1, a2,
a3, D and 4 are material constants.

Shao et al. [66] developed the plane-stress damage equation to
predict the FLDs for AA6082 under hot stamping conditions. The
modified damage equation is given by

_u ¼
"

D�

ðm1 � 0:5m2Þf
#�

m1ε1 þ m2ε2
gþ ε

p
e

�f h1
ð1� uÞh3

ð _εeÞh2 (32)

where g is a material constant, D*, m1, m2 and f are temperature-
dependent variables.

A set of unified viscoplastic constitutive equations in [61] can be
used to predict the FLDs for AA6082 at a temperature range of
370e510 �C, which has been validated experimentally by a devel-
oped novel biaxial testing system, as shown in Fig. 11.
3.4. Other models

3.4.1. NADDRG model
Keeler and Brazier [75] proposed an empirical model, which is

known as NADDRG, to predict the major principal strain under the
plane strain state. An FLD is assumed to be composed of two lines
through the major principal strain with the angles of 45� and 20�

for the LRS and the RHS of the FLD, respectively. The equation for
the calculation of the principal engineering strain of ε0 is given by

ε0 ¼ ð23:3þ 14:13tÞ
� n
0:21

�
(33)

where ε0 is major principal engineering strain in plane tension.
Bleck et al. [76] used the NADDRG model to predict the FLDs for

steels, but the empirical model was only suitable to ultra-deep-
drawable or formable high-strength ferritic steels, such as DP
steel and IF steel. The same conclusion was also obtained by Slota
and Spisak [77] who applied this model to predict the FLDs for DX
54D, DX 53D, ZStE 220P and ZstE 340 steels. Djavanroodi and
Derogar [78] used the NADDRG model to predict the FLDs for both



Fig. 13. (a) The neck geometry used in original JeG model; (b) the neck geometry used in modified JeG model [80].
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Ti6Al4V and Al6016-T6, but the NADDRG model tended to over-
estimate the limit strains for the two metals.

3.4.2. Jones and Gillis (JeG) model
Jones and Gillis [79] proposed a model to predict limit strains at

the onset of necking, in which deformation process was divided
into three stages: the first stage is assumed to be homogeneous
until maximum load; the second stage is assumed to occur at the
maximum load; and the third stage is to be necking with a desig-
nated neck geometry. Due to the assumption of neck direction
being perpendicular to the major principal stress, only the forming
limits in the RHS of an FLD can be predicted by this model. The RHS
of the FLD for AA1100-H19 was predicted, as shown in Fig. 12.

Choi et al. [80] developed the JeG model to predict limit
strains by assuming that the minor strain rate is homogeneous on
the RHS of an FLD and the minor strain rate is proportional to the
major strain rate on the LHS of an FLD. Fig. 13 shows the assumed
neck geometries used in original and modified the JeG models.
The modified JeG model was applied to predict the FLDs for
AA1100-H19, AA2036-T4, and AA3003-O. By comparing with
experimental data, it was found that the modified JeG model
could well predict the FLDs for AA1100-H19 and AA2036-T4, but
not for AA3003-O.

3.4.3. Artificial neural network (ANN) model
Elangovan et al. [81] proposed a model based on an Artificial

Neural Network (ANN), which is a feed forward back propagation
neural network, to predict FLDs for a perforated sheet with different
geometrical features. The inputs of this model are a set of geomet-
rical variables, while the outputs are the limit strains at the onset of
necking, as shown in Fig. 14. The model is required to be firstly
trainedbyanamountof experimental data and then limit strains can
be predicted under other forming conditions. The FLDs for com-
mercial pure aluminium were predicted using this model, and the
Fig. 14. A schematic illustration of an ANN model [81].
predicted FLDs agreed well with corresponding experimental data
after being trained by numbers of experimental data of forming
limits. Kotkunde et al. [82] also used an ANN-basedmodel to predict
the FLDs for Tie6Ale4V alloy at high temperatures (150 �C, 300 �C
and 400 �C), by adopting a back propagation learning algorithm.

4. Conclusions

Numbers of theoretical and numerical models to predict the
formability of lightweight materials for sheet metal forming ap-
plications are reviewed in this paper. The majority of proposed
models are applicable at room temperature for the prediction of
material forming limits, and only a few has been developed for
lightweight materials in order to predict formability at high tem-
peratures. Current state-of-the-art can be summarized as below.

(1) The models based on the bifurcation theory were initially
proposed to predict FLDs for metallic material. The Swift's
model is able to predict limit strains under various strain
states, but the prediction tends to be underestimated, espe-
cially on the RHS of an FLD. The Hill's model based on the
zero extension hypothesis has been widely adopted for the
prediction of the LHS of FLDs of metallic sheets. However,
both the Swift's model and the Hill's model are not appli-
cable for complex forming conditions.

(2) The models based on the geometrical imperfection hypoth-
esis have been widely employed to predict FLDs for metallic
materials deformed under various conditions, including
deformation at high temperatures. However, the predicted
limit strains are highly sensitive to the hypothetical imper-
fection ratio, e.g. in the MeK model. By introducing intrinsic
parameters into the MeK model for metallic sheets, such as
surface roughness and void growth, the sensitivity of pre-
dicted limit strain to the imperfection can be reduced and
FLDs with improved accuracy can be potentially predicted.

(3) The CDM-based models, including the effects of microscopic
variables for metallic sheets, such as void growth, hardening
and dislocation density, are able to predict FLDs, and the
deformation processes for metallic materials under complex
forming conditions.
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