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The paper deals with the testing and modelling of metals response when subjected to sheet forming
operations. The focus is both on the modelling of hardening behaviour and yield criteria and on the
description of the sheet metal formability limits. Within this scope, the paper provides a critical review of

the models available today for predicting the material behaviour at both industrial and scientific level, and
the tests needed to identify the models’ material parameters. The most recent advances in the field are
also presented and discussed with particular emphasis on the challenges the sheet metal forming

community is now facing.

© 2014 CIRP.

1. Background and introduction
1.1. Material response and related phenomena

In sheet metals, the response to plastic deformation manifests
itself through different phenomena, such as hardening, anisotropy,
failure and fracture. Most of these phenomena occur simulta-
neously with significant interactions and may deeply affect the
behaviour of the sheet metal due to the significant changes they
cause in its physical and mechanical features and properties, such
as surface appearance and roughness, yield-point elongation,
resistance to plastic deformation, hardness and strength, residual
stresses and geometric distortion, springback, and formability.

In the scientific and technical literature, testing and modelling
of material behaviour in sheet metal forming are dealt with
separately from bulk metalworking. Even if metal sheets are
products of a bulk deformation, namely rolling, the deformation
mostly occurs by tensile forces in the plane of the sheet rather than
by compression and the mechanics of sheet forming basically
consists of stretching and bending. Furthermore, material proper-
ties that are of primary importance to sheet-metal forming are
somewhat different from those of bulk forming, since the
appearance and surface integrity of the formed sheets, for example,
pose a major concern.
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1.2. Value of modelling

Virtual prototyping tools of processes and systems in the
domain of sheet metal working is nowadays a real prospect for
industrial users to provide accurate predictions of the part
geometrical features and post-forming characteristics (e.g.
residual stresses) and possible defects and failures on the basis
of the chosen process parameters. Thanks to these predictions,
critical decisions in process design are taken, strongly affecting
the technical and economical success of the process, such as the
selection of the proper process chain, the tool and equipment
design, the process design with respect to the product service life
characteristics. However, to make the numerical simulation tools
reliable and versatile for efficiently and accurately predicting the
events and phenomena that materials, processes and products are
subjected to, useful and efficient models and tests able to evaluate
the different aspects of the material response to deformation are
among the most critical prerequisites.

The variety of material response models currently utilized
differ from one another in the length scale of the phenomena
they describe, origin and nature of their formulation and aspects
of the material behaviour they focus on. Their predictive
capability depends on the accuracy, consistency and transfer-
ability of their predictions as well as on the versatility of their
structure. Many of the considerations reported in [35,74,107]
on the categorization and capabilities of predictive models for
the technological domain of bulk deformation and on the


http://crossmark.crossref.org/dialog/?doi=10.1016/j.cirp.2014.05.005&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cirp.2014.05.005&domain=pdf
http://dx.doi.org/10.1016/j.cirp.2014.05.005
http://www.sciencedirect.com/science/journal/00078506
http://dx.doi.org/10.1016/j.cirp.2014.05.005

728 S. Bruschi et al./CIRP Annals - Manufacturing Technology 63 (2014) 727-749

prerequisites for their successful application may apply to the
domain of sheet forming processes.

Each model has its precise requirements in terms of experi-
mental data and testing needed to identify its parameters, generate
its database and carry out its validation. The availability of reliable
data and suitable equipment for testing are, together with the costs
for experiments and computations for data generation, often
decisive factors in whether or not a model is used and successfully
applied.

Even though new models and tests continue to be proposed,
most of the applications of both the existing and new ones remain,
with very few exceptions, at the research level. The use of these
models, in fact, requires significant scientific and specialized
knowledge, and process designers in industry rarely, if ever, use
them.

1.3. Paper scope and objective

This paper deals with the testing and modelling of the different
phenomena that take part in the response of metals when they
undergo plastic deformation in an industrial sheet forming
operation. The tests and models considered in the paper are
relevant to all the main aspects of the material behaviour,
including failure and fracture phenomena.

Within this scope, the main aim of this paper is to present what
models and tests are available today, together with their
limitations, and to identify the most recent applications and
developments to meet the special requirements of the sheet metal
forming industry. The emphasis is on what is changing and still
needs changing in order to provide process designers with more
useful and efficient models that can meet the increasing demand
for accurate process and product simulations. Therefore, the aim of
the paper is to provide an exhaustive and systematic review of the
plethora of models and relevant tests that are available today.

Taking this into account, the paper is organized into three main
parts. In the first part (Section 2), models devoted to the
representation of hardening behaviour, yield criteria and form-
ability limits are reviewed, emphasizing the current trend from
phenomenological to physical modelling. In the second part
(Section 3), tests devoted to the identification of the material
parameters of the models previously reported are described on the
basis of their capabilities to reproduce the sheet metal forming
operating conditions. Finally, in the third part (Section 4) there is a
short outlook of what future developments may be expected, and
some suggestions for further research are given.

2. Models of material behaviour and forming limits of sheet
metals

The numerical simulation of a sheet forming process requires
the implementation of two categories of models: (i) models that
characterize the flow behaviour of the sheet metal, and (ii) models
that predict the sheet metal forming limits under specific
processing conditions. The first category comprises hardening
models and yield criteria, as the description of the behaviour of a
sheet metal in a multi-axial stress space needs an accurate
representation of the following three elements: (i) a yield criterion,
correlating the stress components when the yielding occurs; (ii) a
flow rule, connecting the components of the strain-rate and stress;
(iii) a hardening rule, describing the evolution of the initial yield
locus. The second category includes phenomenological and
physical models of the sheet metal forming limits, testifying an
evolutionary trend from empirical curve fitting to theoretically-
based models that describe the causes of the sheet metal failure.
These two categories of models are reviewed in this section, with a
brief analysis of the state of development, their distinct features of
evolution, their value and limits of their application. The section
includes also a chapter dedicated to the modelling of phase
transformation and microstructural features evolution, particular-
ly important for the accurate description of the response to

deformation of the emerging classes of sheet metals during
conventional and innovative forming processes.

2.1. Modelling of hardening

The first attempts to model the sheet metal hardening were
based on scalar phenomenological models, involving the uniaxial
loading of the metal sheet at room temperature under one loading
path. However, the conditions experienced in real forming
operations require an extension of this simple approach to
describe the effects of cyclic loading and non-linear strain paths,
making the hardening models evolve from the first scalar
phenomenological approach to physical approaches, capable of
fully describing the hardening through the modelling of the
physical phenomena that characterize the metal sheet behaviour.

2.1.1. Phenomenological modelling of hardening

Four typologies of hardening may arise during sheet forming
processes (Fig. 1): (i) isotropic hardening, which refers to the
proportional expansion of the initial yield surface; (ii) kinematic
hardening, if the deforming material shows a yield surface that
does not change in form and size, but translates in the stress space;
(iii) rotational hardening, which causes the yield locus to rotate;
(iv) distortional hardening, which causes the yield locus to distort.

Isotropic hardening laws are suitable for describing the sheet
metal behaviour under monotonous processes during which the
load direction does not change. The description of the isotropic
hardening indicating the proportional expansion of the sheet metal
initial yield surface is fulfilled according to Eq. (1):

f=fy(o)—oy(eP) (1)

where fis the current yield surface, f, is the expression for yielding
proposed by the different yield criteria, and o,(¢”) is the flow stress
as a function of the plastic strain. This last term is usually described
through phenomenological models based on power laws, such as
the ones from Hollomon [115], Swift [212] and Ludvik [163], or
modifications of them that take into account a saturation term for
the flow stress, such as the ones from Voce [234] and Hockett and
Sherby [114]. The material parameters of the isotropic hardening
models are identified on the basis of experimental data obtained
from monotonic test methods, mainly uniaxial tensile tests.

Fig. 1. Evolution of the yield locus according to hardening types.

[sotropic hardening models overestimate the hardening in
reversal loading resulting in overestimation of the predicted
springback and residual stresses. Reversal loading commonly
occurs in sheet metal forming operations leading to different
phenomena, namely the Bauschinger effect, smooth elasto-plastic
transient behaviour, permanent softening and stagnation behav-
iour (the latter especially in case of mild steel sheets) (Fig. 2).

The Bauschinger effect, first detected in [40], indicates a
reduced yield stress of the sheet metal upon load reversal (point ¢’
instead of c in Fig. 2). This effect can be described by kinematic
hardening laws, which state that the initial yield surface translates
in the stress space according to Eq. (2):

f=fylo-—a)-K (2)
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Fig. 2. Hardening curve in case of a reversed loading condition.

where « is the kinematic or back stress tensor, namely the
representation of the yield locus translation in the stress space, and
k is the initial yield stress. The first linear kinematic hardening
models able to capture the Bauschinger effect were proposed by
Prager [195] and Ziegler [251], the former assuming the yield
surface translating in the same direction of the plastic strain, the
latter radially from the centre.

However, the linear kinematic hardening laws result in yielding
at very low stress during reverse loading, over-predict the
softening behaviour, and cannot represent the hardening non-
linearity. The transient behaviour, depicted as a rapid change in the
strain hardening rate from the elastic to the plastic region
(segment ¢’-d’ in Fig. 2), was first described by non-linear
kinematic hardening laws, based on the formulation proposed by
Armstrong and Frederick [9] according to Eq. (3):

d:Q{?(U’—a)—a)é (3)

0

where « is the kinematic or back stress tensor, o’ the deviator of the
Cauchy stress tensor, and Cx and o, are material parameters that
can be identified from cyclic tests [9].

A combination of the isotropic and kinematic hardening
models, named mixed hardening, provides a yield surface
expanding uniformly in shape and translating in the stress space,
which is modelled according to Eq. (4):

f=fy(o—a)—oy(eh) (4)

where o,(¢P) is the stress-strain relation.

Currently, two classes of models are the most widely accepted
in the sheet metal forming to describe the mixed hardening
behaviour. The first class is based on the model proposed by
Chaboche [58,59] as a modification of the Armstrong and
Frederick’s model, which was able to capture also the permanent
softening behaviour (between f' and d in Fig. 2). The Chaboche’s
approach was later on adopted and enhanced by other researchers
[54,62,86,135].

The second class of models refers to the two-surface models
proposed by Krieg [142], Dafalias and Popov [66], McDowell [172],
and Lee [154], which define the continuous variation of hardening
between two surfaces, the yield and the bounding ones, and can
capture the transient and softening behaviours. The bounding
surface F is represented by the Eq. (5):

FE-A) -2 =0 (5)

where 2, and A are the stress and back stress of the bounding
surface, and ¥, is the size of the bounding surface.

Assuming that the bounding surface F and the yield surface f
have the same shapes and surface normal directions, the two
surfaces move relatively along the direction 2, — o, the back stress
of the bounding surface A becomes Eq. (6):

dA = da —du(X — o) = dA, — dA, (6)

The two surfaces model proposed by Yoshida and Uemori [246]
makes the yield surface translate within the bounding surface,
while the bounding surface translates and expands uniformly in
shape; this model can also describe the work hardening stagnation
(segment d’-e’ in Fig. 2), and requires a relatively low number of
material parameters to be identified.

Recently, an attempt to unify various modelling approaches
was proposed in [240], where a thermodynamic approach is used,
though its mathematical complexity may prevent the practical
application.

2.1.2. Physical modelling of hardening

Nonetheless the capabilities of the Yoshida and Uemori’s
model to fully describe the hardening curve upon load reversal, it
cannot describe the anisotropic and distortional hardening
behaviour. The former is due to the change of the sheet metal
plastic anisotropy at increasing level of deformation as a
consequence of the texture evolution; in addition, in case of
non-proportional loading with abrupt changes of the loading path
(e.g. orthogonal strain paths), relevant in most multi-stage
forming processes, the yield surface presents a region of high
curvature roughly in the loading direction and a flattening region
in the opposite direction, which provokes a distortional hardening
that cannot be neglected. The simplest generalizations of the
Chaboche’s model to account for the distortional hardening are
based on the use of second-rank back stress-like tensors, which
allow the orientation of the yield surface following the loading
path so that the change of the loading direction leads to a
reorientation of the yield surface.

A more comprehensive description of such behaviour is given
by the dislocation-based microstructural model proposed by
Teodosiu and Hu [219], which were the first to propose a
physically-based hardening model, which describes the sheet
metal anisotropic hardening behaviour induced by microstructural
evolution at large strain. This model describes the hardening by
four internal state variables, namely R, P, X and S, which, in turn,
describe respectively the material isotropic hardening induced by
randomly accumulated dislocations, the polarity of planar
dislocation structures, the rapid changes in stress under strain-
path changes, and the directional strength of planar dislocation
structures [103]. Thirteen material parameters need to be
identified on the basis of the results from different tensile and
shear tests with various strain path changes. A number of other
models, based on that of Teodosiu and Hu, have been recently
developed to account for the anisotropic hardening effects in non-
proportional strain paths [44,160]. Alternatively, polycrystalline
models can be effective in predicting the sheet metal behaviour
under complex load paths: since the distortion of the yield surface
is related to the activation and cross-hardening of different slip
systems depending on the metal crystallographic orientations, the
physical phenomenon can be adequately described by this class of
models [204].

2.1.3. Modelling of hardening at elevated temperature and/or high
strain rate

Varying strain rates and different temperature levels can have a
discernable influence on the hardening behaviour. In the past,
these effects were of minor interest in forming technology.
However, more recently, with the introduction of new materials
dedicated to sheet forming such as advanced high strength steels,
magnesium and titanium alloys, as well as processes like hot
stamping or electro-magnetic forming conducted at either
elevated temperature or high strain rate, they have become much
more relevant. In general, high strain rates lead to higher flow
stresses, while high temperatures reduce the required stress level.
However, the definition of ‘high strain rate’ and ‘high temperature’
depends on the process itself and related effects, and should be
defined accordingly.

A review of the laws to describe the sheet metal behaviour at
elevated temperature is given in [132]: the Johnson-Cook [127],



730 S. Bruschi et al./CIRP Annals - Manufacturing Technology 63 (2014) 727-749

Norton-Hoff, and Voce-Kocks are the ones most widely used, each
of them providing the direct dependency of the flow stress on the
strain, temperature, and strain rate. However, all these models
assume the sheet metal isotropic behaviour. To account for the
sheet metal anisotropic behaviour, a new approach was presented
in [144], where a model taking into account the sheet anisotropic
behaviour and hardening as a function of the temperature and
strain rate was developed and implemented into a non-commer-
cial code for the simulation of the forming of Al-Mg alloy sheets
under warm conditions.

2.1.4. The value and limits to hardening models

The isotropic and kinematic hardening models still dominate
the industrial practise, mainly due to their inherent simplicity,
ease in calibration through uniaxial and proportional loading
cyclic tests, and capacity to predict the sheet metal behaviour
under monotonic and reversal loadings. However, the descrip-
tion of the sheet metal behaviour under complex strain paths, as
in multi-step forming processes, leads to an increase in the level
of complexity of the hardening models, from phenomenological
to physical approaches, which, in turn, need to be calibrated on
the basis of advanced testing techniques, comprising multi-axial
tests. Additionally, those hardening models that are function of
temperature and strain rate require a huge experimental effort
to account for the effects of temperature and strain rate, even if
uniaxial and monotonic loading testing conditions are applied.

2.2. Yield criteria

The yield criteria define the condition for the elastic behaviour
limit under multi-axial states of stress, after which the material
continues deforming plastically until failure, showing a hardening
behaviour. Over the years, the modelling of the sheet metal yield
criteria has evolved to describe more accurately the anisotropic
behaviour, on the basis of the first yield criteria proposed for
isotropic materials by Tresca [225], Huber [117] and Von Mises
[184].

2.2.1. Anisotropic yield criteria

Hill proposed one of the first anisotropic yield criteria, the
Hill48 quadratic criterion, which has the approximation of Eq. (7)
for the plane stress case [111]:

ro(] + rgo)
roo(1 + 7o)

R 03 =3 (7)
where ry and ryg are the anisotropy coefficients at 0° and 90° with
respect to the rolling direction, and oy is the uniaxial yield stress in
the rolling direction.

The Hill48 criterion cannot describe the behaviour of sheet
metals with an r-value less than the unity and the yield stress o
under balanced biaxial tension significantly higher than the
uniaxial yield stress o, in the plane of the sheet (or the reciprocal):
this behaviour was observed in [238] for aluminium alloy sheets
having an r-value between 0.5 and 0.6. To capture this “anoma-
lous” behaviour, non-quadratic yield formulations were developed
for anisotropic materials. Hill himself improved his criterion and
proposed a non-quadratic form called Hill90 [113], which requires
the identification of five material parameters, four from uniaxial
tensile tests and one from balanced biaxial tests. Although the
anomalous behaviour is captured with this criterion, in some cases
the predicted yield surfaces are different from those either
experimentally determined or predicted with polycrystalline
models.

Hosford [116] was the first to introduce a non-quadratic yield
function for isotropic materials, based on crystal plasticity. Barlat
and Lian [38] extended the Hosford’s criterion to materials
exhibiting planar anisotropy; they captured the influence of the
shear stress and proposed the yield function f according to Eq. (8)

known as the Barlat 1989 yield criterion:
f=alki + k™ +alk; — ko™ + (2 — a)| 2k M = 20V (8)

where M is an integer exponent related to the crystallographic
structure of the material, while k; and k, have the expressions
given in Eq. (9):

1/2

2
ky — {(%haﬁ + pzriy} (9)

with a, h, and p material parameters. Even if the number of material
parameters to be identified is limited, they do not have a clear
physical meaning and, furthermore, the parameter p can be
identified only through a numerical procedure.

More recently, new yield functions were introduced to describe
the anisotropic behaviour of steels, aluminium and magnesium
alloys in order to improve the fitting of the experimental results.
These models are usually based on a large number of material
parameters, which need to be identified through different types of
tests.

Barlat proposed in 2003 the Barlat 2000 criterion, a new model
particularized for plane stress conditions [37], where the linear
transformation method was used to account for the anisotropy.
The yield function was expressed by Eq. (10):

ox + ho
ki =—=—5—"

¢=¢'X)+¢"(X") =26 (10)

where a is an exponent depending on the crystallographic
structure of the sheet metal, X is the linearly transformed stress
tensor from the deviatoric stress tensor, and ¢’ and ¢” are two
isotropic yield functions. The Barlat 2000 yield criterion needs
eight material parameters to be identified, namely the three
uniaxial yield stresses and anisotropy coefficients at 0°, 45° and 90°
with respect to the rolling direction, the biaxial yield stress, and the
coefficient of biaxial anisotropy.

Barlat et al.[36] extended the Barlat 2000 model for the 3D case
developing the 3D yield criterion called Barlat 2004-18p; this
criterion uses 18 material parameters, which, to be identified,
require expensive equipment, a huge experimental effort, and the
need for crystal plasticity models to evaluate some parameters.
Nevertheless, the implementation of the Barlat 2004-18p model in
finite element codes has proven its capability to predict the
occurrence of six and eight ears in cup drawing processes, and is
one of the phenomenological models able to capture more than
four ears.

To introduce orthotropy in the expression of an isotropic
criterion, Cazacu and Barlat [55] proposed an alternative method
based on the theory of the representation of tensor functions: the
method was applied to extend the Drucker’s isotropic yield
criterion [72] to transverse isotropy and cubic symmetries.
Experimental research has shown that for some hexagonal close
packed alloys (e.g. titanium-based alloys) the yield surface is
better described by fourth-order functions. As a consequence, in
order to describe such behaviour, Cazacu et al. [56,57] proposed
an isotropic yield function for which the degree of homogeneity
is not fixed, and is further extended to an anisotropic formula-
tion: the most significant advantage of this criterion consists in
its capability to provide an accurate description of the tension-
compression behaviour of these alloys. In 2000 a new formula-
tion of the yield function, named BBC 2000, was developed [25],
based on the Barlat and Lian model [38]. Subsequently, by adding
weight coefficients to that model, Banabic and his co-workers
developed more flexible yield criteria [24,28,29]. In [24] a new
expression of the plane stress potential was proposed, named
BBC 2003, which was implemented in a modified version called
BBC 2005 into finite element commercial codes [27]. The
equivalent stress in the BBC 2005 yield criterion is defined
according to Eq. (11):

[a(A+ ) +a(A - D>+ b(A + W) =4 (11)
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where k € 3='and a, b > 0 are material parameters, while I', A and
W are functions that depend on the planar components of the
stress tensor according to Eq. (12):

I’ = Loy, + Moy,

A= \/(NUn ~P02)? 01202 (12)

= \/(QUH — Ro2)°012021

The identification procedure calculates the eight material
parameters a, b, L, M, N, P, Q and R by forcing the constitutive
equations associated to the yield criterion to reproduce the
following experimental data: stresses and anisotropy coefficients
in tension along the three directions, the balanced biaxial yield
stress, and the biaxial anisotropy coefficient.

In order to enhance the flexibility of the BBC2005 yield
criterion, Comsa and Banabic [64] proposed a new version of this
model, called BBC2008, expressed as a finite series that can be
expanded to retain more or less terms, depending on the available
experimental data.

By using points of the flow locus directly determined from the
different uniaxial and multi-axial experiments (pure shear point,
uniaxial point, plain strain point and equi-biaxial point), Vegter
[231,232] proposed the representation of the yield function with
the help of Bezier’s interpolation. The Vegter criterion requires the
determination of three parameters for each reference point, and
needs up to seventeen material parameters to describe the planar
anisotropy. The most important advantage of this criterion is
represented by its flexibility thanks to the large number of material
parameters to be identified; on the other hand, a large number of
experiments are required for its calibration.

2.2.2. The value and limits to yield criteria

Most of the yield criteria above cited are implemented in finite
element codes devoted to numerical modelling of sheet metal
forming. Nonetheless, the Hill48 yield criterion is still the most
widely used in practice, thanks to its effectiveness in describing the
behaviour of metal sheets having a weak anisotropy and to the
reduced number of material parameters to be identified, which, in
turn, have a direct physical meaning. On the other hand, the
enhancement of the criterion complexity, which improves the
fitting of the experimental data, results in an increased experi-
mental effort for identifying the related material parameters,
which, in turn, often lack physical meaning, especially if identified
through numerical techniques. The need to perform diversified,
often multi-axial, tests, together with inverse analysis techniques
to identify the material parameters, can restrain the application of
the more complex models to the scientific community, limiting
their use in the industrial practice.

Furthermore, the extension of the anisotropic yield criteria that
take into account the influence of other process parameters, such
as the temperature and strain rate, requires the coupling with
crystal plasticity models, and the consequent increase of the
experimental effort to identify the material parameters.

2.3. Phenomenological modelling of forming limits

The manufacture of a sheet metal part into a desired shape
without failure, represented by either fracture or excessive
localized thinning, is one of the main objectives of a proper
process design. The prediction of the sheet metal forming limits
assumes primary importance, even if the material formability
cannot be easily quantified since it depends on many interacting
factors related to both the sheet metal under deformation and the
applied process parameters [26]. The first attempt to predict the
forming limits was the phenomenological approach based on the
concept of Forming Limit Diagrams (FLDs). Besides that, other two
phenomenological approaches can be identified, namely linear
methods, which assume the metal sheet as homogeneous, and
Fracture Mechanics (FM), in which the rate of equivalent plastic
strain scaled by a certain stress state dependent function

integrated through the loading history provides a damage
indicator variable.

2.3.1. Forming Limit Diagrams

The Forming Limit Diagram (FLD) [12,91,102,134] is the most
popular criterion for predicting failure in sheet forming operations.
It indicates the combination of the major and minor strains
(e1 — &) that can be applied to a metal sheet without failure. In the
ISO 12004 standard [121] the onset of localized necking is chosen
as the sheet failure criterion. The strain domain covered by the FLD
must replicate as close as possible the various strain states arising
during industrial sheet forming operations: to achieve this, various
strain paths are applied to the metal sheet, ranging from equi-
biaxial tension (&1 =¢;) to pure shear (¢; = —2¢). However, in
general, the strain state corresponding to simple tension
(e1 = —0.5¢, for isotropic metals) is not exceeded.

The approach based on FLDs to predict the sheet failure is still
the most widespread, especially in industry, and is currently
implemented in the finite element commercial codes devoted to
sheet forming simulation, mainly thanks to its simplicity in
application. However, it presents several drawbacks, which have
pushed the development of alternative approaches for predicting
the sheet failure. The FLDs depend on the sample thickness, fall
short in the case of non-linear (or non-proportional) strain paths,
which very often characterize the sheet forming processes as was
observed in [92,93,143]. Moreover, small variations in the
properties from coil to coil of the sheet metal can cause significant
variations in the material formability.

2.3.2. Forming Limits Stress Diagram

The strain path dependent nature of the FLD causes the method
to become ineffective in the analysis of complex forming
processes, especially multi-step forming. To make the strain-
based FLD independent from the applied strain path, the concept
of Forming Limit Stress Diagram (FLSD) was first introduced by
Arrieux [10], and subsequently developed by Stoughton [211]
(Fig. 3). Since the stresses cannot be directly measured, the
procedure involved in drawing a FLSD comprises the experimen-
tal evaluation of a FLD, and the calculation of the corresponding
stress values by using either the plastic flow rule or the finite
element method. A combined experimental and theoretical
methodology, based on the stress based forming limits, was
proposed in [159], where it was demonstrated that the proposed
strategy improved the formability predictions in multi-stage
forming operations carried out with successive annealing stages
to enhance the sheet metal formability. However, even if some
researches show that the strain path does not affect the FLSDs (as
examples, refer to [170,245,250]), their path independency is still
questionable for complex combined loading paths, as pointed out
in [244].

A successful attempt to predict the sheet failure subjected to a
two-step forming operation by using the FLD together with a meta-
modelling technique is described in [235], which requires a
reduced experimental effort.

Fig. 3. From a path-dependent FLD to a non-path dependent FLSD.
Adapted from [211].
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2.3.3. Fracture Forming Limit Diagram

The FLD itself does not necessarily indicate whether the sheet
failure occurs by local necking or fracture, even if it is the
development of necks that effectively limits the part quality (for
instance for visible panels in cars) rather than the occurrence of
fracture. However, under some circumstances (e.g. deep drawn
and stretched parts with complex geometries, where high strain
gradients occur), it is the fracture that is likely to limit the
attainable deformation [17]. In [75], the concept of fracture maps
for metal sheets was first introduced, pointing out that the flow
localization and fracture are given by two curves, which are
represented on the same principal strain space. The plot of the
major and minor strains at the point of the sample through
thickness fracture in the principal strain space constitutes the
Fracture Forming Limit Diagram (FFLD), where the principal major
strain is calculated by using the incompressibility condition from
the measurement of the sample thickness at fracture. A line sloping
down from the left to the right represents the FFLD: as a first
approximation, the line is at 45° in the principal strain space, and
its intercept with the major strain axis is a material property, often
called the workability index [ 186]. If the FFLD is well above the FLD,
it may be assumed that fracture does not influence the sheet limit
strains. The latter is the case of most ductile metals, whereas for
more complex microstructure metals or peculiar process condi-
tions, the necking is suppressed, therefore forcing the implemen-
tation of the FFLD.

In [186], the link between FFLD and fracture toughness was
investigated, proving that the fracture strains along different
biaxial paths may be predicted from the fracture toughness alone.
The fracture toughness can be evaluated by using double edge
notched tensile specimens according to the procedure presented in
[18], where, by identifying the sheet metal properties from tensile
tests and the fracture toughness, the effective strain at fracture was
determined and decomposed into the in-plane fracture strains.

2.34. Linear methods

Methods based on linear analysis can give explicit solutions for
predicting limit strains, and are generally easy to be applied. In the
early 50s, Swift [212] developed a criterion for predicting the
critical major strain for diffuse necking as a function of the strain
hardening exponent and the strain ratio. Swift’s analysis can be
applied to any deformation condition, even if the predicted values
in the range of negative strains are underestimated. However, since
the necking typically arising in sheet forming is a localized one,
Swift's analysis has a limited applicability. One of the first
theoretical studies on localized necking was put forward by Hill
[112], who introduced the bifurcation method joint with the flow
theory; this method handles the onset of localized necking as a
bifurcation from a homogeneous strain field to a highly localized
deformation mode, and predicts the critical major strain for
localized necking in the negative strain domain. Storen and Rice
[210] incorporated the theory of plasticity into the classical
bifurcation analysis to predict the localized necking over the entire
range of the major-minor strains, and postulated that localized
necking is due to the development of a corner on the yield surface.
The method has limited applicability for negative strain ratios and
reasonable results can be obtained for strain rate insensitive
materials for positive strain ratios. The theory proposed by Storen
and Rice was further developed to take into account the strain rate
sensitivity, the influence of the sheet loading-unloading, and the
effect of various yield criteria [189].

2.3.5. Fracture mechanics

Models based on Fracture Mechanics (FM) can be further
subdivided into fracture criteria and void-growth-based models.
Among the former, the most widely used models are those of
Cockcroft and Latham [63], Brozzo [48], Oyane [191], and Johnson
and Cook [128], whose formulations derive from energy consider-
ations by assuming the deforming material as porous-free. Within
the second category, McClintock [171] and Rice and Tracey [202]

criteria are the most representative ones: they are based on
analytical formulations devising isolated unit cells with voids
under remote stress and strain fields. Models based on FM
generally have a formulation that predicts the fracture occurrence
when a damage indicator variable reaches a critical value.
Although the damage accumulation is history-dependent, the
damage variable is not coupled to deformation, and the yield
function is not modified as the damage evolves, so it does not
reflect any associated softening mechanism. However, their
straightforward implementation into finite element codes as well
as their intrinsic easiness in calibration favours their wide
utilization.

More advanced fracture criteria have been recently proposed
that take into account both the triaxiality ratio (defined as the
hydrostatic pressure divided by the von Mises equivalent stress)
and the shear stress state dependence by using the Lode Parameter
or the third invariant (J3) of the deviatoric stress tensor S
(J3=det(S)). Such models can give a more accurate failure
prediction for complex stress states. Some examples can be found
in [32,33,173], and in [161], where a modification of the Mohr-
Coulomb fracture criterion is proposed. These recent models are
superior to the ones above described, since they supply transfer-
ability of the material parameters for different stress states;
however, their main drawback is represented by a major
experimental effort since an increased number of characterization
tests are required to identify the material parameters. As an
example, Fig. 4 shows the numerical prediction of the strain field
in a deep-drawn square cup, compared with the conventional
Forming Limit Diagram (FLD) and the Modified Mohr-Coulomb
(MMC) fracture criterion [161]: the former implies a safe condition
at the cup corner, whereas the latter predicts the actual fracture
occurrence with a good accuracy.

Fig. 4. Strain field in a deep-drawn square cup made in HCT690T steel compared
with the Forming Limit Diagram (FLD) and the modified Mohr-Coulomb fracture
model, and location of the crack.

Adapted from [161].

2.3.6. The value and limits to phenomenological modelling of forming
limits

FLDs are the most widely used method of evaluating forming
limits, especially at the industrial level. They provide a direct and
intuitive evaluation of the limit strains leading up to the sheet
failure, even if the dependence on the loading history and material
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anisotropy reduces their predictive capability, unless a huge
experimental effort is provided. Even if FLSDs and FFLDs, have
proved their ability to overcome some of the main drawbacks of
FLDs, they are still restricted in use, even at research level. This is
due to the need to be combined to numerical methods for the
former and the suitability to peculiar cases for the latter.

While linear methods offer a reduced application in practice,
due to the strong assumptions they are based on, FM-based models
are increasingly applied in numerical simulation tools, thanks to
their easiness in implementation and calibration through uniaxial
mechanical tests. On the other hand, the need to predict the sheet
metal forming limits under any state of stress is currently pushing
the development of FM-based models that require more extensive
calibration through multi-axial tests.

2.4. Physical modelling of forming limits

Marciniak and Kuczinski [168] were the first to propose a
physical approach in modelling sheet metal forming limits, by
introducing the idea of flow localization in a presence of a defect in
the metal sheet. Other physical approaches have been recently
proposed and are currently under development: they describe the
material flow localization, eventually evolving into fracture, based
on the evolution of the material damaging during forming. From
the microstructural point of view, sources of strain localization into
deformation bands, which will later on result in sheet fracture, can
be regarded as a consequence of the strain hardening path
dependence and softening mechanisms [11]. The former is caused
by the destabilizing effects of a reduction in material stiffness due
to the existence of a vertex or a sharp curvature at the loading point
of the yield surface [11]. The latter may be due to the influence of
the temperature on the material properties [158], or to the
progressive deterioration of the material as a consequence of the
occurrence of void-associated mechanisms, namely nucleation,
growth and coalescence of micro-voids [189,227,241].

Physical models devoted to the prediction of sheet metal
forming limits can be classified into: (i) non-linear methods based
on the Marciniak-Kuczinki method, (ii) Micromechanical Damage
Models (MDM), based on porous plasticity models, (iii) and
Continuum Damage Mechanics (CDM) models, which modify the
yield function as the deformation and damage progress.

2.4.1. Marciniak-Kuczinski method

The method proposed by Marciniak and Kuczynski [168] is
based on the assumption that a necking gradually develops in a
sheet from zones characterized by initial weakness, imperfection
or inhomogeneity. The M-K model introduces a local imperfection
in the sheet with uniform mechanical properties. The defect is
inclined compared to the direction of the principal minor stress,
and has to simulate the behaviour of a pre-existing defect. The M-K
method predicts that the limiting strains are achieved when the
ratio between the plastic strain increment inside the groove and
the one outside reaches a critical value, corresponding to local
instability. The predicted limit strains are in general overestimated
in the domain of biaxial stretching and underestimated under
plane strain conditions. The original M-K model was based on a
sheet metal characterized by planar isotropy, the Hill48 yield
criterion, the associated flow rule, and the power-law hardening
law. Several authors have recognized that the shape and position of
the predicted limit strains are strongly influenced by the chosen
yield criterion and constitutive law implemented in the M-K
model, and have proposed various modifications of it, thereby
increasing the predictive capabilities of the method. A review
about recent developments is proposed in [23].

2.4.2. Micromechanical Damage Models

Micromechanical based Damage Models (MDM) include porous
plasticity models where the physical void volume fraction
constitutes the primary damage variable. The irreversible plastic
dilatancy is carried out using a hydrostatic stress dependent yield

function together with the normality rule. Damage evolution is
monitored through the void mechanism characteristic stages,
namely nucleation, growth and coalescence of voids where the
increase in the porosity results in the shrinkage of the yield locus
and eventual softening. The Rousselier model [203] and the Gurson
model [99], later modified by Tvergaard and Needleman [228] into
the GTN model, are the most well known examples of micro-
mechanical damage models. However, due to their hydrostatic
stress dependent structure, they cannot predict failure mecha-
nisms dominated by shear, where void distortion and void
interaction, such as inter-void linkage with material rotation
under shear, prevail. To overcome this limitation, the classical
Gurson model was enhanced to take into account softening and
localization under shear dominated stress states [187]. Applica-
tions of these models can be found in [78,197,209]. As an example,
Fig. 5 shows the satisfactory agreement between the crack pattern
experimentally observed in bending DP100 sheets and the one
obtained from a numerical simulation carried out by using the
shear-enhanced Gurson model. Further enhancements of the
Gurson model to reflect the void shape dependency on the damage
evolution were proposed in [89] and in [192].

Fig. 5. Modelling of cracks when bending DP1000 steel sheets by using the shear-
enhanced Gurson model: (a) experimental setup; (b) crack pattern experimentally
observed in the bent section; and (c) numerical simulation result.

Adapted from [209].

2.4.3. Continuum Damage Mechanics

Continuum Damage Mechanics (CDM) is based on the effective
stress oegrconcept, first proposed in [130] and in [196], according to
Eq. (13):

Oeff = % (13)
where o is the material nominal stress, and D the material damage
variable.

In this framework, the Lemaitre model [155], the most widely
known and used, is consistently derived from thermodynamics
concepts, where the evolution of the material damage modifies the
material strain behaviour only through the effective stress, and the
flow behaviour of the damaged material is modelled through
constitutive equations for the undamaged material by replacing
the nominal stress with the effective one. The irreversible
microstructural weakening of the material due to the evolution
of damage is modelled by coupling the deformation with an
internal damage variable, which is introduced in terms of zero to
high order tensors. The models based on the CDM can take into
account both the shrinkage of the yield locus and the elastic
stiffness degradation due to material deterioration, leading to
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elastic softening that can be effective in unloading regimes of the
damaged materials.

In the Lemaitre model, the scalar damage variable D represents
the extent of material deterioration due to isotropic damage, with
areal density of defects at the plane of interest. The assumption of
isotropic damage refers to a statistically and homogeneously
distributed, shaped and oriented micro-void cluster. However,
especially as regards non-proportional loading or anisotropic
material behaviour, the evolution of anisotropic damage needs to
be modelled: to do that, the scalar damage variable D has to be
replaced by the second order damage tensor as presented in
[50,149,156,157,174]. A further improvement is presented in [51]
and in [236], where non-local effects were taken into account to
bridge the gap between the micromechanical level and the
classical continuum level, thanks to the incorporation of intrinsic
material length parameters into the constitutive model.

2.4.4. The value and limits to physical modelling of forming limits

Physical models based on the M-K theory represent a versatile
tool, show higher predictive capability, compared to phenomeno-
logical models, and generally imply a more reduced experimental
effort compared to FLDs. However, the improvement of their
prediction accuracy involves the use of more advanced yield
criteria and hardening models, which, in turn, require dedicated
testing and procedures for identifying the material parameters.

On the other hand, on the basis of consolidated experience in
the field of bulk forming, MDM and CDM-based models are being
increasingly applied for the prediction of sheet metal failure. Their
description of the physical phenomena leading to material
damaging, even if with different degree of abstraction, enables a
high degree of accuracy, consistency and transferability of their
prediction. The identification of the material parameters of MDM
and CDM models requires mechanical tests, sometimes multi-
axial, to account for the sheet anisotropic behaviour as well as
advanced microstructural observations, coupled with inverse
analysis identification techniques. Their use can be considered
as being still limited to academic studies, but the potentialities
they offer make them suitable for a more pervasive application,
especially in the case of new categories of sheet materials and
emerging forming processes.

2.5. Modelling of phase transformation and microstructural evolution

In the last two decades, new categories of high strength sheet
metals have been introduced to the market to meet the
increasingly stringent requirements for products characterized
by a high ratio between strength and mass. Fig. 6 shows the
mechanical characteristics of the new generation of High-Strength
Steels (HSS) and Advanced High-Strength Steels (AHSS). These
metals can be deformed either at room temperature or at elevated
temperature; in both cases, their microstructure may evolve
during and after straining, leading to phase transformation and/or
to change in morphology of the microstructural constituents,
which, in turn, greatly affect the mechanical and technological
properties of the formed product. As a consequence, the modelling
of the microstructural evolution of the sheet metal during straining
is of primary importance to predict not only the sheet metal

Fig. 6. Mechanical characteristics of High-Strength Steels (HSS) and Advanced High-
Strength Steels (AHSS).

behaviour and formability during the forming process, but also the
part characteristics during its service life.

2.5.1. Modelling of phase transformation

Two main types of phase transformations may occur in metals,
namely diffusional transformations, in which the new phase has a
different chemical composition compared to the parent phase, and
diffusionless or displacive transformations, which are character-
ized by no change in the parent phase chemical composition, but
only in the crystal structure. The former kinetics usually follows a
characteristic S-shape curve, modelled through the Avrami
equation [19,20]. The Koistinen—-Marburger equation [140] is
applied to the martensite diffusionless transformation, evaluating
the volume fraction of residual austenite as a function of
temperature below martensite start temperature. The law of
mixtures [141] is the easiest way to evaluate metal hardening,
which accounts for the behaviour of the different phases that may
arise during straining as a function of their volume fraction. In
[106], the hardening law is applied to TRIP steels, where the
material hardening is expressed as a function of the temperature,
strain rate, and martensite transformation rate, taking into account
the phase transformation thermal history.

If a phase transformation occurs under an applied external
stress, the increased plasticity during the phase change is called
transformation plasticity [151]. The modelling of the material
behaviour passes through the accurate estimation of the total
strain rate &;; increment given by Eq. (14):

o pel <pl | ath g stp
g =&+ & T&; +&;+¢&; (14)

where éf?’ is the transformation plasticity strain, and the terms of
Eq. (14) are the elastic, plastic, thermal and isotropic transforma-
tion strain, respectively.

Two mechanisms are usually put forward to explain transfor-
mation plasticity, namely the Greenwood-Johnson’s mechanism
[94], and the Magee’s mechanism [165]. Greenwood and Johnson
associated the transformation plasticity strain with the micro-
deformations of the weaker phase due to the volume difference
between the product and the parent phases (accommodation or
Greenwood-Johnson effect). Without applied stress, the average
micro-plasticity is generally nil, whereas, when a deviatoric stress
is applied, micro-plasticity will be canalized by the direction of the
applied stress that generates transformation plasticity [214].
According to Magee, the transformation plasticity arises with
the alignment of the newly formed phase having a preferred
orientation in relation to the applied stress (orientation or Magee
effect). If no external stress is applied, the orientation of the
product phase is random, which makes the resultant of the
microscopic stresses almost nil. The Magee’s mechanism is
particularly relevant in steels where the austenite transforms to
martensite. It has been recently demonstrated that the loading
history can affect the transformation plasticity [215].

Three categories of models can be currently identified to
describe the transformation-induced plasticity, namely phenom-
enological models, micro-scale models, and multi-scale models.
The phenomenological models can predict the material behaviour
of metals showing transformation-induced plasticity by account-
ing for the effect of both macroscopic and microscopic parameters,
based on experimental observations. The micro-scale models
attempt to give a physical modelling of the phase transformation,
whereas the multi-scale models reproduce the relevant micro-
structural features, which are then scaled to a coarser level through
homogenization techniques.

In [152] a micro-mechanical model is derived based on the
determination of the plastic strain induced in a spherical parent
phase by the growth of a spherical product phase core, neglecting
the influence of the Magee’s mechanism. In [223] a phenomeno-
logical thermally-coupled model for TRIP steels was introduced,
and further improved to include the dependence from the stress
state, temperature, pre-strain, and austenite grain size [124]. The
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first micro-scale model was proposed in [201], where a coupled
approach based on experimental and numerical techniques was
used to model the strain-induced martensitic transformation of
austenite precipitates in a copper matrix. The microstructure was
modelled through the Representative Volume Element (RVE) based
on the unit cell approach. In [82], it was proposed to replace the
plastic strain increment and the TRIP strain increment with an
extended plastic strain that can account for both the Greenwood-
Johnson and the Magee mechanisms. An example of a multi-scale
model is proposed in [124], where the martensite inhomogeneity
in a TRIP steel was taken into account in the meso-model of an
austenite unit cell with martensite particle growing inside. A
microstructural approach based on RVE was used in [229] to
predict damage and failure in multiphase steels: the RVE made it
possible to establish a correlation between the multiphase
microstructure and the macroscopic failure behaviour. The
micromechanical GTN damage model [228] was used in the RVE
simulation. A 2D RVD is shown in Fig. 7 on the right, generated on
the basis of the real micrograph on the left.

Fig. 7. Example of a 2D Representative Volume Element (RVE) based on
microstructural observations [229].

2.5.2. Modelling of microstructural evolution

The recent introduction of sheet metal forming processes
conducted at elevated temperature has required the application of
microstructural models accounting for the evolution of the
microstructural features during and after deformation in order
to determine the post-forming product properties. A number of
studies have addressed this topic to account for the evolution of
microstructural features such as recrystallization, grain growth
and cavitation [1,35,136,188,222]. In order to integrate micro-
structural deformation mechanisms into macroscopic continuum
models, investigations have focused on building microstructure-
based constitutive models by combining mechanical parameters
with microstructural ones. Based on experimental observations of
induced anisotropy and transient behaviour associated with
internal stresses in superplastic deformation, a generalized
multi-axial constitutive framework with internal variables was
developed for superplastic forming processes [136]. The general-
ized framework was then extended to account for microstructural
evolution including grain growth and cavitation during superplas-
tic forming of lightweight alloys [1,126], and to develop multi-
scale optimization schemes using microstructure-based failure
criteria [188,222].

Among the various microstructural features, grain growth has
been extensively studied and modelled due to its significant
influence on deformation, especially at high temperatures and low
strain rates. Grain growth models devoted to superplastic forming
were proposed in [1,52,222], which were based on two indepen-
dent grain growth mechanisms, namely static grain growth and
deformation-enhanced dynamic grain growth. As an example, Fig.
8 shows the dynamic grain growth of AZ31 alloy at 400 °C and a
strain rate of 107%s~! [1]. The grain growth was successfully
modelled using a linear function of the strain that can be easily
incorporated in the constitutive relations.

2.5.3. The value and limits to microstructural models
Phenomenological models for predicting the evolution of
microstructural features generally show a good predictive

Fig. 8. (1) Grain structure of AZ31 alloy samples after straining at 10~*s~! and

400 °C to different strains (a) 0.3, (b) 0.7, (¢) 1.1. (2) Linear relationship of dynamic
grain growth vs. true strain at 400 °C [1].

capability but require extensive experimentation to identify the
material parameters. On the other hand, microstructural models
based on micro- and multi-scale approaches, although showing a
wider range of validity and better versatility, are currently limited
in their use, especially in industrial practise, due to the complex
combined experimental-numerical techniques needed for the
identification of their material parameters.

Nonetheless, incorporating microstructural evolution models
with the constitutive relations describing the deformation
behaviour is essential for the accurate simulation of sheet metal
forming processes conducted at elevated temperatures and
involving large deformation.

3. Testing dedicated to sheet metals

A large variety of tests are available to describe the sheet metal
behaviour, characterized by different levels of abstraction, from
material testing-type to physical simulation experiments, which
aim at reproducing the process operating conditions more closely.
The data collected from these tests provide the basis for the
identification of the material parameters of the models described
in Section 2. These tests are classified here into four main
categories, namely (i) uniaxial tests, (ii) multi-axial tests, (iii) cyclic
tests, and (iv) tests dedicated to the determination of the sheet
metal formability limits. The four categories will be reviewed in
this section focusing on the conventional testing procedures, most
of which are already standardized, as well as on the more
innovative aspects in terms of equipment, data analysis proce-
dures, and effects of process conditions.

3.1. Uniaxial testing

The paragraph reviews the category of tests carried out under
uniaxial and monotonic loading conditions, namely uniaxial and
layer compression tests. Uniaxial testing at elevated temperature
and high strain rate is also reviewed.

3.1.1. Uniaxial tensile test

The uniaxial tensile test according to the ASTM E8 standard [16]
is still nowadays the most widely used testing method for
determining the sheet metal behaviour, mainly thanks to its
intrinsic simplicity of execution. By using specimens machined at
0°,45° and 90° with respect to the rolling direction, the yield stress
and the anisotropy coefficients along the three directions can be
evaluated, providing the basis for the calibration of most of the
anisotropic yield criteria and hardening models.
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Since a pure uniaxial stress state can only be obtained at
uniform elongation, the maximum plastic deformation reachable
by using conventional measuring techniques is rather low (usually
in a range between 0.1 and 0.3). The use of optical strain
measurement methods, such as Digital Correlation Technique
(DIC), has partly overcome this drawback, allowing the direct and
accurate strain measurement until fracture. Until necking, the
state of stress in tensile tests is uniaxial, whereas most of the sheet
forming processes are characterized by a biaxial state of stress,
making the flow stress determined from a uniaxial tensile test
insufficient to completely describe the behaviour of a metal sheet
subjected to complex forming processes.

The evaluation of the sheet metal behaviour when subjected to
micro forming processes or in real part cut-outs with small
dimensions, where not enough material is available for the
extraction of standard tensile test specimens, requires the use of
mini tensile test samples, e.g. with a geometry designed according
to the aviation standard LN 29512 [162], or with measuring areas
even smaller than 1 mm? [205]. However, when using these
miniaturized specimens, size effects have to be analyzed and need
to be taken into account [207].

3.1.2. Layer compression test

Pawelski [193] was the first to propose the layer compression
test, adapted from the standard compression test described in [68].
In the layer compression test, a stack of round blanks is
compressed between two coplanar tool panels [69]: the uniaxial
pressure loading leads to an equi-biaxial tensile load in the layered
and compressed specimen. Investigations presented in [87]
showed a good reproducibility by recording flow curves at values
of strain up to 0.7, higher than those obtainable in uniaxial tensile
tests. By additionally applying two 3D optical strain measurement
systems perpendicular to each other, it is possible to locally
investigate the time dependent anisotropic material behaviour
[178] (see Fig. 9). In [6] the layer compression test was
fundamentally revised and its results compared to those from
compression tests carried out on bulk specimens of the same
material in order to highlight its capabilities.

Fig. 9. (a) Experimental setup with two 3D optical strain measurement systems
[178], and (b-c) specimens used for layer compression tests in [6] and in [178].

The obtainable flow curve from a layer compression test is
greatly influenced by the quality of the force measurements as well
as by the overall frictional conditions at the contact interface
between the specimen and the tool plates. Therefore, a frictionless
contact between the specimen and the tools is fundamental to
avoid a three-dimensional stress state, thus, for instance, the use of
Teflon foils is recommended. Furthermore, the single plates must

be all oriented along their rolling direction, and must be
concentrically aligned.

3.1.3. Uniaxial tests at elevated temperature

Uniaxial tensile tests at elevated temperature are usually
performed by heating up the sheet metal sample to the testing
temperature and carrying out the test at nearly constant
temperature and strain rate, in order to evaluate the material
sensitivity to temperature and strain rate. In [194] tensile tests at
high temperature were used to determine the flow curves of the
magnesium alloy AZ31B, proving that a temperature equal to
225 °C activates the pyramid sliding planes that allow a significant
formability increase [70].

An experimental setup for uniaxial tensile testing suitable for
determining the flow stress of the quenchable boron steel 22MnB5
under hot stamping conditions is described in [226], with testing
temperatures up to 900 °C and strain rates of up to 1 s~'. A similar
setup implemented in a Gleeble 1500™ thermo-mechanical
simulator is shown in Fig. 10 as proposed in [180] to investigate
the flow behaviour of the same boron steel, but making use of an
Aramis™ system to detect the sample strain till fracture. By using
the same setup and applying the characterization approach
proposed in [181], the temperature, strain rate and cooling effects
on the 22MnB5 flow stress were evaluated. In [182], a MTS™
testing setup was equipped with an induction heater and an
Aramis™ system to carry out tensile tests at elevated temperature
on 22MnB5 sheets, with the aim of evaluating also the sheet metal
anisotropy: the planar anisotropy was shown to be almost equal to
zero for all the testing conditions, whereas the average normal
anisotropy depended on the temperature.

Fig. 10. Scheme of the Gleeble 1500™ modified chamber for testing sheets of
22MnB5 at elevated temperature [180].

3.1.4. Uniaxial tests at high strain rate

Besides the influence when forming at elevated temperatures,
the strain rate has a major influence on the flow behaviour of sheet
metals also when deforming in cold conditions in the high strain
rate range. Emerging forming processes, such as electro-magnetic
and impulse forming processes, are carried out under very high
strain rate values, thereby addressing the need to evaluate the
material behaviour under these conditions. Fig. 11 proposes a
distinction between strain rate regimes, showing the range of
strain rate where the inertia effects are relevant [80]. In [183] it
was underlined that even the flow behaviour of conventional
materials, like ultra-low carbon steels or interstitial free steels, can
be sensitive to high values of the strain rate.

To evaluate the flow behaviour at intermediate strain rates,
experimental setups, like drop towers and Split Hopkinson
Pressure Bars (SHPBs), are widely used [80]. These testing setups
are commonly individually designed and fitted to the investigated
strain rate range and sheet metals. The SHPB usually presents the
tensile configuration for testing sheet metal samples as shown in
Fig. 12: as an example, this setup was used in [233] to investigate
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Fig. 11. Classification of the strain rate regimes, according to [80].

Fig. 12. Scheme of the Split Hopkinson Pressure Bar setup in the tensile testing
mode [233].

the behaviour of different steels at strain rates between 1200 and
1800s 1.

When testing at high levels of strain rate, the sheet metal flow
behaviour is completely different compared to the static one (see
Fig. 13 for comparison): due to the high strain rate, the material
first shows higher values of strength, which are subsequently
reduced both by the continuously changing strain rate during the
tensile test and, additionally, by the softening effects due to the
heat generated in a nearly adiabatic system.

One of the major drawbacks of these experimental procedures
that imply the conduction of tests at high strain rate or temperature
is represented by the difficulty in keeping the strain rate and/or the
temperature constant during the test itself. This leads to the
difficulty in obtaining flow curves at constant strain rate and
temperature to be later on used for the identification of the material
parameters of the hardening laws and yielding criteria. To overcome
this general problem of material characterization, the identification
of the material parameters can be fulfilled through inverse analysis
techniques that use the parameters measurable during the tests and
either analytical or finite element-based models. However, the main
limitation of inverse analysis techniques, represented by the risk of
an ill-conditioned problem, has to be overcome by a suitable choice
of the measured parameters.

Fig. 13. Comparison between static and dynamic engineering stress-strain curves
[233].

3.1.5. The benefits and limitations to uniaxial testing

The evaluation of the sheet metal behaviour under uniaxial and
monotonic loading conditions is still the most widely used in the
industrial practise, since it provides a quick tool for gaining
material data, thanks to its simplicity of execution and direct
understanding of the obtainable data. Most of the material
parameters of the hardening laws and yield criteria today
implemented in the finite element commercial packages have
been identified through uniaxial tensile tests, which makes the
results of most of the numerical simulations carried out nowadays
dependent on the accuracy of these input parameters. Further-
more, uniaxial tests still represent the most used testing approach
to evaluate the sheet metal behaviour at elevated temperature and
high strain, as the increased complexity of the testing setup and
data analysis due to temperature and strain rate can be still dealt
with in a straightforward way.

3.2. Multi-axial testing

Within this context, tests under multi-axial and monotonic
loading conditions are reviewed, namely bulge, biaxial tensile and
shear tests. In addition, testing setups and procedures for testing at
elevated temperature and high strain rate are also described.

3.2.1. Bulge tests

A testing setup suitable for the determination of the stress—
strain curve under a biaxial stress state, which also neglects the
influence of friction, is the hydraulic bulge test. This test, which
uses both hydraulic equipment and optical strain measurement
techniques, will be standardized in the ISO 16808 [122], currently
under development.

The bulge test is a stretch-forming process, where the biaxial
stress state occurs in the curved surface of the clamped specimen
by exposing it to a hydraulic pressure usually exerted by water-
based fluids [90,129,150]. As a result of clamping, the specimen
thickness reduces until bursting. The flow stress of the sheet metal
can be calculated on the basis of the measurement of the dome-
shaped specimen, by using an analytical closed form solution and
assuming that the sheet metal behaves like a thin membrane.
Because of the difficulties in measuring accurately the dome
geometrical characteristics, the flow curve is usually determined
by using inverse analysis techniques applied to the numerical
simulation of the test and by measuring only the fluid pressure and
the dome height. 3D optical strain measurement systems can be
also used to calculate the strain and radius of the specimen
curvature, obtaining more accurate flow curves [96]. The maxi-
mum achievable values of strain are between 0.5 and 0.8,
depending on the material. To obtain larger values of true strain,
the use of lock beads was proposed in [96].

The main advantages of the hydraulic bulge test are represented
by the simple specimen geometry consisting of a rotational
symmetric blank, and the capacity to reach high values of true
strain before the instability or the bursting occurs. However, in
testing ductile materials, which do not fracture until a true strain of
approximately one is reached, the bulge shape is not spherical
towards the end of the test, and this forces to use numerical
methods for the flow curve determination [97].

The Viscous Pressure Bulge test (VPB) is a variation of the
hydraulic bulge test that uses a viscous medium to pressurize and
deform the blank [ 100]. The same procedure as in the conventional
hydraulic bulge test is used to determine the sheet metal flow
curve. Similarly to the hydraulic bulge test, the VPB test can be also
used to determine and compare the formability of different sheet
metals [5].

The dome test is a variation of the Limiting Dome Height (LDH)
test that uses nearly “perfect” lubrication conditions between the
solid spherical punch and the sheet blank. As a result, the
maximum thinning of the deforming sheet occurs at the apex of
the dome. By measuring the punch force and displacement, and by
using an inverse method based on numerical analysis, the biaxial
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stress-strain curve can be obtained. The dome test is often
preferred in industry because it is simple to carry out and does not
present the problem of oil leakage that may be encountered in the
hydraulic bulge test. However, it is not easy to find a lubricant that
can almost eliminate friction and makes it possible to obtain the
maximum thinning of the sheet at the apex.

3.2.2. Biaxial tensile tests

The planar biaxial tensile test is a testing setup for determining
the sheet metal behaviour as well as the yield locus in the first
quadrant of the stress space. It is also useful to determine the
coefficient of biaxial anisotropy, namely the ratio of the strains
along and perpendicular to the rolling direction. The biaxial
anisotropy coefficient describes the slope of the yield locus at the
equi-biaxial stress state and is used for the calibration of various
yield criteria. The standard ISO 16842 [123] devoted to biaxial
tensile tests is currently under development.

The planar biaxial tensile test is usually carried out by
stretching cruciform shaped specimens, where the relevant
measuring zone of the biaxial stress state is in the middle of the
specimen. Various researchers developed machines for biaxial
testing as reviewed in [105] with a thorough analysis of the
advantages and drawbacks of all the suggested concepts. The
machines for biaxial testing mainly belong to two different
categories: built-in fixtures for universal machines, as proposed in
[46] or in [217], and stand-alone machines with self-contained
control systems, as developed in [145] and in [176]. The machines
for biaxial testing can be further classified as displacement-driven
biaxial machines, such as the one shown in Fig. 14, and load-
controlled biaxial machines, such as the one shown in Fig. 15. The
former use symmetrical jointed-arm or cam mechanisms to apply
in-plane biaxial loads to a cruciform specimen. The stroke is
obtained with at least one actuator, but closed-loop controls are
difficult to be realized due to the rigid geometrical configurations
that cannot be varied during the test. When large deformations are
applied to the specimen, the displacement-driven machines may
suffer from kinematic incompatibilities, causing side bending of
the specimen [79]. On the other hand, the use of four independent
actuators represents the most reliable technique for obtaining
well-defined biaxial states of stress and strain in the specimen
central zone, even in the case of strong anisotropic material
behaviour [41,166]. The actuators can be hydraulic, electromechan-
ical or fully electrical, and the closed loop controls are obtained using
multiple load cells per axis in order to supervise the symmetry of the
loading conditions during the test and to avoid the application of
shear loads to the specimen test region.

Extensive research studies are still devoted to the design of
suitable cruciform geometries, usually by means of numerical

Fig. 14. Example of a displacement-driven biaxial testing setup [176].

Fig. 15. Example of a load-controlled biaxial testing setup [166].

simulations, with the aim of having most of the deformation at the
specimen centre section and avoiding stress concentrations in
other zones of the specimen. The premature failure at the specimen
arms represents one of the major drawbacks that still limits the
application of cruciform biaxial tensile tests: it can be avoided by
adding radii between adjacent arms, and/or reducing the specimen
thickness in its gauge section, thus causing the stress to
concentrate and the gauge section itself to experience higher
levels of plastic deformation. As examples, in [2,53,148,153,177]
the specimen geometry was designed and optimized in order to get
an approximately homogeneous strain distribution in the middle
of the specimen. Numerical simulations of the specimen loading
can also be useful to evaluate the stress field in the gauge zone on
the basis of the applied loads, the transfer of the external loads to
the internal stresses being one of the major concerns of planar
biaxial tests for the subsequent calculation of plastic yielding.
Another major issue is represented by the possibility of having an
accurate strain measurement, preferably by using non-contact
methods. However, even if an accurate measurement of the
resulting strain is carried out, the achievable values of strains in
planar biaxial tests are usually lower than the ones obtainable in
the bulge tests above presented.

In 2013, an advanced biaxial cruciform testing system was built
and demonstrated at the National Institute of Standards and
Technology (NIST) Centre for Automotive Lightweighting in
Gaithersburg, MD USA [239]. The system comprises many
advanced measurement techniques in order to probe multi-axial
mechanical behaviour, namely four independently controlled
hydraulic actuators with real-time strain feedback control to
allow forming under non-linear strain paths, 3D digital image
correlation to measure strains, infrared camera for adiabatic
heating (from -50°C to 350°C with a resolution of 0.01°,
50 frames/s at 1.4 M pixels) as well as in situ X-ray diffraction
to directly measure stresses during testing. A scheme of the testing
setup and an example of the sheet metal specimen clamped in the
system are shown in Fig. 16. The real-time correlation between the

Fig. 16. Cruciform biaxial testing setup developed at NIST on the left, and sheet
metal specimen clamped in the system on the right [239].



S. Bruschi et al./CIRP Annals - Manufacturing Technology 63 (2014) 727-749 739

stress and strain measurements thanks to the implemented
measuring techniques is expected to alleviate the need for the
specimen geometry optimization.

3.2.3. Shear tests

In order to investigate the material behaviour at larger strains, a
testing method for realizing simple shearing was first proposed by
Tekkaya et al. [220] and later on by Miyauchi [185]. The simple
shear test has the advantage of testing the material without
necking or buckling, avoiding any frictional influence, and makes
an easy determination of the stress—strain curves possible. The
sample preparation according to the procedure presented in [185]
consists in realizing the two shear zones shown in the specimen of
Fig. 17(A), where the shear stress in the two bridges results from
the in-plane displacement of the zone between the two bridges. In
[199] the shear test was conducted on a clamped rectangular blank
under monotonic and cyclic loading, and in [200] the anisotropic
behaviour of a sheet metal subjected to simple shear was studied,
by deforming specimens extracted from the blank at different
orientations with respect to the rolling direction, corresponding to
the equivalent anisotropic investigation through uniaxial tensile
tests. In [22] a planar simple shear test is used to get more direct
information on the material strain hardening response. A newer
testing setup was proposed in [118] and illustrated in Fig. 17(B),
where a shear fixture was mounted in a universal testing device
following the recommendations reported in [185]. Efforts were
made to analyze the homogeneity of shearing in the effective range
and to evaluate different geometries of the shear bridge, by varying
the sheet thickness, width and length.

Fig. 17. Simple shear testing setup according to Miyauchi [185] (A), modified ASTM
B831 testing setup according to [118] (B), and in-plane torsion testing setup
according to [221] (C).

Another possibility of material testing under shear conditions is
the in-plane torsion test, first recommended by Marciniak [167].
The specimen for this test, shown in Fig. 17(C) fixed in the testing
setup, consists of a simple circular sheet metal blank clamped
along the fringe and on the inner axis. The shear stress state is
introduced by the torsion of the inner axis, which leads to a shear
deformation in the free area of the specimen. Because of the
linearity of the shear stress to the square radius, the highest value
of shearing is reached at the inner clamp [167]. At increasing radial
distances, the effective strain decreases. A method for determining
the flow curve from the torque curve over the angle of rotation was
developed in [221]. Here, the flow stress was determined without
assuming any form for the flow curve, obtaining larger equivalent
strains compared to the uniaxial tensile test. The operating
window of the in-plane torsion test was givenin [221] as a function
of the sheet thickness and inner clamping radius (Fig. 18), covering
also the process limit for buckling. In [39] the geometry of the
specimen for the same test was optimized to decrease the
tendency of buckling. In [47] an in-plane torsion test with a
modified specimen for shear testing was introduced, consisting of
two bridges and a defined shear zone: by using this geometry, the
anisotropic behaviour can be evaluated, and thanks to the small
area of shearing, relatively low clamping forces need to be applied.

Besides the conduction of the Miyauchi simple shear test with
two shear bridges and the in-plane torsion test, another simple
shear test method according to the ASTM B831 standard [13] is

Fig. 18. Operating window of the in-plane torsion test [221].

used to analyze the material behaviour under shearing deforma-
tion: thanks to this method, a single shear test is proposed with
only one effective range. By applying two notches on both sides of
the shear zone, a modified ASTM simple shear test to investigate
the constitutive behaviour of AA5754 at large strains was used in
[131].

Since the strain distribution in shear tests is strongly dependent
on the shape of the shear zone [8], the implementation of optical
strain measurement systems has recently brought more accurate
results. In [242] an experimental method (Fig. 19 upper part)
based on the in-plane torsion test was proposed to determine the
material flow curves using an optical strain measurement system,
which made it possible to acquire levels of strain up to 1.0 (an
example of the obtainable flow curves is shown in Fig. 19 lower
part).

Fig. 19. Application of the in-plane torsion test to determine flow curves at high
strain [242].

3.2.4. Multi-axial tests at elevated temperature

Hydraulic bulge tests were conducted at elevated temperature
on sheets of the AZ31 magnesium alloy by using a submerged tool,
designed to minimize the temperature variation in the sheet [133].
In [109] the influence of different strain rate values up to 0.1 s™!
and temperatures between 200 °C and 250 °C on the magnesium
alloy behaviour was investigated by using a hydraulic bulge setup:
it was shown that the temperature increase as well as different
strain rate levels cause a significant variation of the yield stress of
+50%. A review of the effects of temperature and strain rate on the
flow behaviour of aluminium-magnesium alloys can be found in
[224], where the authors criticize the usual disregard given to the
evaluation of the strain rate influence as well as the lack of flow
properties under biaxial stress conditions at elevated temperatures. A
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testing setup, which combines the features of a bulge test and a deep-
drawing test, was used in [95] under hydro-mechanical deep-
drawing testing conditions to investigate the flow behaviour of
aluminium alloys at elevated temperature.

In [177] a combined experimental-numerical approach is
described, aimed at determining the yield stress of the magnesium
alloy AZ31 under different biaxial stress conditions in the first
quadrant of the yield locus at elevated temperature. Likewise, an
experimental setup based on a tool for stretch drawing was
developed in [85] in order to investigate the onset of yielding of
aluminium and magnesium alloys at elevated temperature. In both
these studies, the specimen geometry was optimized through
finite element analysis. Due to unrestricted visual access, laser
heating as well as optical measurement techniques were applied:
Fig. 20 shows the developed experimental setup.

Fig. 20. Experimental setup to investigate the plastic yielding at elevated
temperature [87].

An experimental setup for biaxial tensile testing at elevated
temperature was also proposed in [88]: Fig. 21 shows some
specimen designs with different geometrical features, such as
notches at the edges to avoid early cracks, thickness reductions in
order to enforce the straining in the centre, and slits to reduce the
transversal stiffness of the arms.

Fig. 21. Various cruciform specimen concepts with notches, thickness reductions
and slits [88] for biaxial tensile testing at elevated temperature.

3.2.5. Multi-axial tests at high strain rate

To characterize the sheet metal behaviour at high strain rate, a
hydraulic bulge test, adopting a rubber-pad as pressure carrying
medium, was proposed in [198] and installed on a Split Hopkinson
Pressure Bar bench. High speed punch stretching was conducted in
[61] to determine the flow curves at high strain rates for
electromagnetic forming processes. In [139] the electromagnetic
forming process was used to identify the sheet metal yielding
behaviour under very high strain rate conditions. In [98] the
inverse method was applied to different experimental setups for
determining the material parameters of the Barlat yield criterion.
However, the set of material parameters identified by such method
is only valid for the chosen model, and strongly depends on the
assumptions of the model itself.

3.2.6. The benefits and limitations to multi-axial testing

The pervasive adoption of numerical modelling techniques in
the design of sheet metal forming processes supported by more
accurate models for predicting the sheet metal behaviour has
instigated a strong demand for the development of multi-axial
tests. Though uniaxial tests have proved invaluable for a quick
determination of the material behaviour, the scientific community
agrees that multi-axial responses are more applicable to represent
the state of stress present during a sheet metal forming process,
thereby causing the concept of material testing to evolve to the
level of physical simulation experiments.

On the other hand, multi-axial tests are usually characterized
by a higher degree of complexity compared to uniaxial tests, both
in terms of testing machines and testing procedures to identify the
required data, which still limit their effective application at
industrial level. Inverse analysis techniques are often involved to
identify the material parameters, which force the joint use of
numerical and experimental techniques, increasing the analysis
efforts.

3.3. Cyclic testing

The paragraph reviews the category of tests carried out under
cyclic loading conditions, including both proportional and non-
proportional loading, suitable for identifying the material param-
eters of the hardening models devoted to the description of the
sheet metal behaviour under complex strain paths.

3.3.1. Tension-compression tests

The characterization of the Bauschinger effect and the
identification of the material parameters of the kinematic
hardening laws can be fulfilled through cyclic tests. Uniaxial
tensile tests with inversion of the load direction are usually carried
out, as recommended in [247]. However, the conventional
procedure for conducting in-plane tension-compression tests
has been recently reviewed to overcome their main limitations. To
suppress the buckling that the sheet specimens are prone to
exhibit during the in-plane compressive loading and the measure-
ment of the specimen strain, the specimen surface can be covered
with a support structure during testing. In [43] a normal pressure
was applied to the specimen surface by means of plates moved by
hydraulic actuators and the strains were concentrated only along
the exposed side of the specimen. A comb-based device was used
in [146] to maintain the normal contact during testing between a
portion of the test specimen surface and the support structure,
while the strains were measured using a conventional strain gauge
over a region on the sheet surface that was unsupported by the
comb-device (Fig. 22).

A wedge-shape device was also designed to measure tension-
compression behaviour by adopting a geometry that allowed for
full normal contact during testing. However, a modified specimen
geometry was required in order to use fins on the exterior of the
specimen for measuring the strain, increasing the achievable
compression strain and eliminating at the same time the risk of
buckling (Fig. 23 on the left) [54]|. More recently, a transparent
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Fig. 22. Comb-device to investigate the sheet metal behaviour under tension-
compression loading [146].

Fig. 23. Wedge-device to investigate the sheet metal behaviour under tension-
compression loading using macro-scale samples [54] on the left, and using mini-
scale samples for ultra-thin sheets on the right [164].

wedge-shape device was shown to be also suitable for tension-
compression testing of conventional dog-bone shaped specimens,
enabling optical strain measurement using digital image correla-
tion in order to circumvent problems related to the strain
measurement (Fig. 23 on the right) [164].

3.3.2. Other cyclic tests

Cyclic shear tests with a modification of the conventional
specimen geometry were proposed in [175] and in [243], to
evaluate the material behaviour under cyclic testing in shear stress
conditions.

When testing high strength steels, the cyclic bending test was
recommended in [248], where the sheet metal specimen was
loaded perpendicularly to the plane. A new bending testing setup
was developed in [71] for cyclic testing of high strength steels by
load reversal: thanks to the inverse parameter identification
method, it was shown that the cyclic bending test can represent a
time and cost saving alternative for the evaluation of the
Bauschinger effect. A cyclic bending test and a corresponding
inverse method for identifying the material parameters were
suggested in [86], whereas, for pure bending, a device was
presented in [42]. Moreover, the three-point cyclic bending test
and an inverse calculation method were used to identify the
material parameters [249].

Orthogonal tests and tension-tension tests were introduced
more recently to evaluate the kinematic and distortional harden-
ing of metal sheets subjected to non-proportional strain paths, the
former being characterized by two monotonic loading paths with
perpendicular loading directions, usually plane tension followed
by shear [190], the latter by tension-tension tests [101], namely
two-steps loadings, the first in the rolling or transverse direction,
then the second every 15° from the first loading axis.

3.3.3. The benefits and limitations to cyclic testing
Tensile-compression tests with load reversal are still the most
widely used cyclic tests for evaluating the sheet metal behaviour
upon load reversal, thanks to the easiness in extracting the stress—
strain curve and identifying the material parameters of the
kinematic hardening models. However, the increase in the
complexity of hardening models to predict the material behaviour
requires testing under complex strain paths, which needs not only
dedicated testing equipment, but also sophisticated data analysis.

3.4. Formability testing

Formability tests can be basically divided into three main
categories, namely intrinsic tests, simulative tests, and tests
devoted to the determination of the Forming Limit Diagrams
(FLDs) [218]. The main features of these three categories will be
described in the following.

3.4.1. Intrinsic tests

The intrinsic tests provide comprehensive information about
the basic mechanical properties of the sheet metals, which can be
related to sheet metal formability characteristics independent of
the sheet thickness and surface conditions. However, they
reproduce strain states much simpler than that characteristic of
the industrial processes, and completely rule out the effect of the
processing variables.

The most widely used intrinsic test is the uniaxial tensile test
[16], which applies a stress state typical of the drawing region
under the blank-holder, where the minor strain is negative; its
main advantages are represented by the easiness and rapidity in
carrying out tests on universal testing machines and extracting
data by following conventional procedures reported in dedicated
standards, the absence of friction effects, the low scatter presented
in the experimental results, and the chance to use optical devices
for the strain measurement. The intrinsic formability parameters
obtained through a tensile test and usually evaluated as a measure
of the metal formability comprise the uniform and total elongation,
the true strain at fracture, and the Lankford anisotropy coefficients.
The strain hardening and the strain rate sensitivity exponents can
be as well evaluated from the tensile test results; however, since
they are obtained from a simple curve fitting, by usually assuming
an exponential function, they are found to be constant, whereas for
some alloys (such as advanced high strength steels) they vary with
the strain. The evaluation of the material response in the plane-
strain state can be fulfilled through the plane-strain tensile test
[67], which ensures the minor strain component equal to zero,
thanks to a modification of the sample geometry, by increasing its
width and decreasing the gage length (sketch of the specimen in
Fig. 24 on the left). The stress conditions of the biaxial stretching
characteristic of the strain state in many stamping processes can be
replicated through either a Marciniak biaxial stretching test or a
hydraulic bulge test. The Marciniak biaxial stretching test [168]
allows creating a uniform in-plane biaxial strain at the sample
centre by using a cylindrical punch with a central hole to overcome
the friction effect (sketch in Fig. 24 on the right). The obtained
strains can be measured through markings applied on the sample,
such as circles or squares.

Fig. 24. Sketch of the plane-strain tensile specimen on the left [67], and sketch of the
Marciniak biaxial stretching test on the right [168].

The hydraulic bulge test [73] allows biaxial stretching
deformation of the sample into a dome by the action of a
pressurized fluid, which involves out-of-plane stresses and strains
in the blank. No friction is involved, as would be the case using a
punch, and therefore the test reproduces pure biaxial stretching
conditions. Since the level of strains attainable with the hydraulic
bulge test is much higher than those achievable in tensile testing,
and the biaxial stretching is a stress state commonly arising in
stamping, the bulge test is sometimes used to simulate sheet
forming operations.



742 S. Bruschi et al./CIRP Annals - Manufacturing Technology 63 (2014) 727-749

3.4.2. Simulative tests

The simulative tests impose strain and stress states that closely
reproduce the ones arising in a particular forming operation, and
include the effects of parameters, such as friction, that are not
taken into account in the intrinsic tests. They tend to be less
reproducible compared to intrinsic tests and must be performed
under carefully controlled testing conditions to minimize the
results variability. Friction can significantly affect the results,
which may differ depending on the adopted lubricant, therefore
making this kind of tests less reproducible. The simulative tests are
usually classified according to the forming operation they are
aimed at reproducing, namely bending, stretching, drawing, and
stretch-drawing.

The simple bending test [14] provides the minimum recom-
mended inside radius of curvature to form a 180° bend in a sheet of
specified thickness without failure. The test is repeated using a
smaller and smaller bend radius until fracture in the sheet occurs.
The stretch-bending test provides information about the material
formability when subjected to combine bending and stretching,
which happens when the sheet is forced to pull over a punch or die
radius. The depth of punch indentation at the maximum force
represents the typical output of the stretch-bending test.

The Erichsen test and the Olsen test [15] are cupping tests and
were the first to be developed for estimating the sheet metal
stretchability, namely the sheet metal formability under stretching
conditions. Both the tests stretch the sheet over a hardened steel
ball, and the height of the produced cup at failure is the measure of
the material stretchability. They differ from the size of the tools,
but they both suffer of results variability and poor reproducibility,
mainly due to the small size of the involved tools, the difficulty in
guaranteeing a stable lubrication and the possibility to have
drawing. Moreover, the correlation with the strain hardening
exponent was found to be not totally satisfactory. To overcome the
drawback of the cited cupping tests, tests using larger diameter
punch and draw beads to prevent draw-in were developed. Among
them, the hemispherical dome test is the most widely used [110];
again, the depth of the punch indentation at the fracture onset
generates the formability index. The limit dome height test [21] is
another stretching test carried out with a large diameter
hemispherical punch (dia. 100 mm) and draw beads in the die
to prevent draw-in, specifically dedicated to the reproduction of
plane stretching conditions (sketch in Fig. 25 on the left). Samples
with different width samples are stretched over the punch and the
height of the dome at fracture is measured. The height at which the
dome fails shows a minimum at a critical sample width. This
minimum height is known as the limiting dome-height near plane
strain (LDHo) and is extensively used as a formability index
especially in industry since more than 80% of the stamping failures
occur when the strain state is close to plane strain conditions. The
main drawback of this test lies in the difficulty in determining the
critical sample width for a given sheet metal, due to the difficulty of
reproducing stable plane strain conditions over large regions of the
sheet sample. The OSUFT (the Ohio State University Formability
Test) [237] was introduced to overcome the limit dome height test
limitations, using a punch whose geometry was optimized by
numerical simulation to guarantee plane strain conditions.

The most common test for evaluating the material drawability
is the Swift cup test [212], which involves the drawing of circular

Fig. 25. Sketch of the limit dome height test on the left [21], and sketch of the Swift
cup test on the right [212].

samples of various diameters into cups by the action of a flat-
bottomed cylindrical punch (sketch in Fig. 25 on the right). The
formability index is in general defined as the Limiting Draw Ratio
(LDR), namely the ratio between the sample maximum diameter
drawn without tearing and the punch diameter. The Swift method
is widespread, even if various tests are needed to determine the
formability index. Conversely, the Fukui test [84], based on a
conical die deep drawing, gives a measure of the material
drawability with only one test, but its results are less accurate
than those of the Swift test. Since many forming operations involve
both stretching and drawing, combined tests were developed. The
Swift round-bottomed cup test [45] resembles the Swift cup test
except that the punch has a hemispherical head that causes the
sheet stretching besides the draw-in of the flange into the cup wall.
Furthermore, the Fukui conical cup test uses the same tools as the
Fukui test apart from the hemispherical shape of the punch.

3.4.3. Tests to determine the Forming Limit Diagrams

Basically, two different types of tests are currently used to draw
FLDs, namely stretching tests producing out-of-plane deformation,
and tests producing only in-plane deformation. For both the test
types, the sheet is marked with a grid pattern, and then deformed.
The deformation of the grid pattern is measured in those regions
where either necking or fracture occurs, giving the values of the
major and minor strains. In the stretching tests, sheets of different
widths are clamped between the die and the blank-holder and
stretched by the action of a punch, providing adequate lubrication
between the sheet and the punch. The Nakajima test [137] uses a
hemispherical punch, a circular die, and simple rectangular sheets,
providing a simple way to cover the whole FLD domain, but with
some difficulties in measurement caused by the bending effect due
to the punch curvature. Among the tests producing in-plane
deformation, the Marciniak test [169] is the most used: it adopts
punches of different cross sections (circular, elliptical, rectangular)
with a central hole and sheets of different widths. The Marciniak
test provides better accuracy in measurement, but has negative
aspects, such as the complex shape of the tools, the need for a
carried blank, and the limitation in the thickness of the sheets that
can be tested. The comparison of results between the two types of
tests shows a close agreement for negative minor strains, whereas
the stretching methods give slightly higher values of formability
for plane strain and positive minor strains.

Over the past few years, automated optical strain measurement
methods, such as Digital Image Correlation (DIC), have been
integrated into such testing methods, allowing for the direct and
accurate measurement of the three dimensional strains on the
metal sheet surface with minimal surface preparation [230]. The
primary limitation of the mentioned forming limit measurement
techniques is that the strain field, rather than the stress one, is the
only directly measureable quantity that can be obtained, whereas
stress measurements are often convoluted with issues related to
friction and evolving geometry during testing. To overcome this
limitation, in [83] a stress measurement technique using X-Ray
Diffraction (XRD) was integrated within a Marciniak in-plane
biaxial stretching testing setup to directly measure multi-axial
stresses: an image of the testing setup is shown in Fig. 26. This
advanced testing setup demonstrated to be an effective measure-
ment method for the direct characterization of the evolving yield
loci of sheet metals, such as the AA5754-0 [120].

An additional advancement linked to conventional forming
limit measurement techniques is related to the in situ measure-
ment of microstructural features. By using a miniaturized
Marciniak testing setup, in [216] the entire stretching test was
conducted inside the chamber of a Scanning Electron Microscope
(SEM) in order to probe micron-scale strain fields, damage
mechanisms, and microstructure evolution. Fig. 27 shows the
testing setup and some results in terms of strain field, damage
evolution, and microstructural features.

In [179], the failure prediction in the region of biaxial stretching
of the FLD was improved thanks to the implementation of a new
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Fig. 26. Experimental setup for the in situ stress measurement in a Marciniak test
[83].

Fig. 27. Experimental setup for the in situ measurement of the strain field, damage
evolution, and microstructural features during a Marciniak test carried out inside a
SEM [216].

time-dependent analysis method that made use of a regression
analysis of the strain rate to automatically detect the onset of
necking. The proposed method also enhances the reproducibility of
the tests by eliminating the impact of the user’s decisions.

In [30] a new method for the experimental determination of the
FLDs was proposed, based on the hydraulic bulging of two
specimens. The most significant advantages of the method are its
capability of investigating the whole strain range specific to the
sheet metal forming processes, the simplicity of the equipment,
and the reduction of the parasitic effects induced by the friction, as
well as the occurrence of the necking in the polar region.

3.4.4. Other formability tests

A non-conventional testing equipment to study the different
failure mechanisms arising due to the imposed stress state was
proposed in [77]: a Continuous Bending under Tension (CBT) test
was developed to generate cyclic stretch-bending.

An interesting aspect related to the formability characterization
can be seen in the field of incremental sheet forming. Since the
deformation mechanisms in incremental forming differ from the
ones of conventional deep drawing [76,125], there is a need for
alternative characterization and evaluation methods. In [81],
different tests to achieve different strain paths and states were
developed for that purpose, obtaining FLDs that are quite different
from the conventionally obtained curves. Another strategy is
proposed in [119] to test the thinning limits of sheet metals for

negative incremental forming: to achieve this, an axi-symmetric
geometry was designed with a side wall slope varying with depth,
therefore leading to differential thinning along the side wall in the
depth direction. In [104] similar geometries were used and several
tests were performed to derive a response surface for predicting
the process forming limits. Some research studies state that the
formability enhancement in incremental sheet forming is still
limited by the sheet necking but improved thanks to different
stabilizing effects [125], whereas others debate the necking
avoidance before fracture [76]. In [206], a unified theory is
proposed, based on a critical threshold of a process geometrical
parameter.

Tube expansion tests are also applied to study the formability of
sheet metals. In [147], a new multi-axial tube expansion test was
proposed: a multi-axial tube expansion testing machine was
developed that can realize different principal stress or strain paths
by controlling the axial force and internal pressure. The required
tubular specimens are fabricated from the sheets by roll bending
and laser welding. The proposed setup makes it possible to obtain
the FLD and FLSD at the same time since the stresses can also be
calculated analytically. However, though the method was deemed
appropriate for large strain ranges, the in-plane cruciform test
method was still suggested to characterize behaviour more
accurately at low levels of strain [147]. Similar research subjects
also appear in the field of hydroforming of tubular products. In
[208] a new equipment and testing method for determining both
the flow stress and formability of tubes was proposed, making use
of a simple stand-alone hydraulic bulging fixture that enables
testing under bi-axial stress state.

3.4.5. Formability tests at elevated temperature

Some of the formability tests presented above were modified
and adapted in terms of equipment and testing procedures to
enable the sheet metal formability limits at elevated temperature
to be determined.

The bulge test was carried out at different strain rates on
superplastic aluminium alloy sheets in [31], by using different
punch geometries and varying the process parameters, namely
temperature, strain rate, and counter-pressure: it was reported
that the shape of the superplastic FLDs was different from the
shape of the conventional FLDs.

In the field of hot stamping of high strength steel sheets, a new
experimental procedure was proposed in [34], based on two
complementary tests aimed at analysing the phase transformation
kinetics and strain paths that lead to necking and then fracture. The
proposed experimental setup has a control system to keep the
temperature of the sheet constant during the test by using
induction heating to heat the blank, cartridge heaters to heat the
tools, and air nozzles to cool the blank to the desired testing
temperature. A similar testing setup was also used to obtain the
formability of magnesium alloys as a function of the temperature,
strain and strain rate in [7]. In [49], the formability of magnesium
alloys at high temperature was also studied with regard to the
sheet rolling direction, leading to the conclusion that the
formability in the rolling direction is higher than the one in the
transverse direction.

Recent studies addressed the hot formability curves for the
AZ31B magnesium alloys at near-constant strain rates, by utilizing
the pneumatic stretching test. In [3] a methodology using
pneumatic bulging for assessing formability and limiting strains
of sheet metals at elevated temperatures is discussed: the study
was shown to rectify the major limitations of mechanical
stretching tests, mainly in terms of strain rate control, and proved
to be capable of eliminating frictional effects at very high
temperatures. In spite of that, the formability curves extracted
via pneumatic stretching are confined to the right side of the
forming limit diagram, since the test cannot generate negative
minor strains. To overcome this limitation, in a more recent study
[4], a hybrid numerical/experimental approach that targeted the
development of near-constant strain rate loading paths in
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mechanical stretching tests was developed. The proposed ap-
proach takes into consideration the strain localization in the sheet,
which is found to have a significant impact on the strain rate
evolution, and hence on the testing speed. Several specimen
geometries, corresponding to different major-to-minor strain
ratios, were studied, and the results are used to construct complete
FLDs as shown in Fig. 28.

Fig. 28. FLD obtained at constant temperature and strain rate through mechanical
stretching [4].

3.4.6. Formability tests at high strain rate

High values of strain rate can affect the sheet metal formability
limits. In [138], static and high-speed FLDs obtained through
punch-stretch tests with circular and square-shaped specimens
are compared; the high-speed tests were performed on a crash
testing machine with a high-speed forming jig. As a result of this
comparison it was clear that the high-speed FLDs are lower than
the static ones in the biaxial stretch forming region.

In [213], a deep drawn part was produced by using a testing
equipment for impulse forming integrated with a deep drawing
punch: after forming a circular cup with a soft punch edge radius,
the impulse forming was applied to sharpen the edge radius of the
cup. This method enabled strain values to be attained that were not
possible using the single deep drawing process, and showed that,
even if the static forming capacity of the material was fully used by
deep drawing, the impulse forming can form the material further,
and thereby significantly exceed the static forming limit curve (see
Fig. 29). A photon doppler velocimeter is introduced in [65] to
characterize the material behaviour under electro-magnetic
forming conditions.

Fig. 29. Improvement of the sheet formability thanks to electromagnetic forming
after deep drawing [213].

3.4.7. The benefits and limitations to formability testing

Several tests are commonly used to determine the forming
limits of sheet metals, some of them widely diffused and
recommended by international standards. They are characterized

by a different degree of abstraction, ranging from material-testing
type, such as the intrinsic tests, to physical simulation experi-
ments, such as the simulative tests, which however, cannot assure
the transferability of the results to stamping processes other than
the one they replicate. Even if they are able to cover almost the
whole range of strain states arising in sheet forming operations, the
tests devoted to the determination of the FLDs show several
shortcomings, above all the dependence of their results on
different parameters, such as the blank thickness, anisotropy,
imposed strain path.

On the other hand, the introduction of innovative forming
processes has pushed either the development of new formability
tests or the adaption of existing ones to replicate the new process
conditions, forcing the implementation of new measuring tech-
niques and data analyses, which, in turn, could be of benefit also to
the more conventional tests.

4. Discussion and outlook

Since the nineteenth century, the response of a metal sheet
subjected to sheet working conditions has been afforded much
attention, especially as regards hardening, anisotropic and
formability behaviour, giving raise to a large amount of literature.
A wide range of tests is actually available to reproduce the material
behaviour as well as numerous models to describe the different
phenomena that characterize the metal response. For this reason,
the last two chapters have given an overview of both the most
consolidated and the emerging tests and models on the basis of the
recent advent of new sheet materials and processes. The major
evolution trend in modelling research appears to be the progres-
sive shift from phenomenological to physical modelling, whereas
testing is moving from uniaxial towards multi-axial loading
conditions, able to reproduce industrial operating conditions more
faithfully.

This last chapter is divided into three parts: the first one
summarizes the evidence provided in the paper of how well
existing models and tests meet the needs of the sheet forming
industry; the second one deals with the need to fully integrate the
materials design stage with process design in order to improve
both the process and the product performances; the third part lists
the challenges in testing and modelling the material response in
sheet forming.

4.1. Do current models and tests meet the needs of the sheet metal
forming industry?

Numerical simulation tools are more and more widespread in
the sheet metal forming industry, which is requiring more and
more sophisticated numerical models to simulate forming
processes characterized by complex strain paths and severe
process conditions, in order to provide more accurate predictions
in terms of geometrical features and post-forming characteristics
of the formed components. This requirement can be fully fulfilled
only through the implementation of models of sheet metal
behaviour and forming limits general enough to be able to
reproduce the material response under any process conditions.
Phenomenological and physical models answering to this demand
have been already implemented to a certain extend, but their
application is still limited in practice. This is mainly due to the fact
that material data available for the model calibration are generally
obtained through conventional uniaxial tests, which forces to use
of single models that can be calibrated through these tests. There is
then a strong need to provide industry with not only adequate
models, but also with testing procedures and related material data
that may be of help in calibrating the required models.

4.2. Future needs in material design for forming

Materials design is typically a goal-driven process by which the
properties and response of a material can be modified for a given
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application. In [60], the need is contemplated for the development
and implementation of novel materials capable of increasing the
process capability window and of helping to provide an answer to
the question: how do we produce more with less? The tremendous
advances in materials and manufacturing technologies have
occurred in parallel in the last decades, all too clearly evident due
to the increased product performance and productivity. However,
most of those advances have occurred in separate fields, e.g.
materials science and mechanical engineering. Engineers optimize
manufacturing processes relying on available materials. For example,
the automotive industry went through a large 10-15 year learning
curve when aluminium alloys were introduced for lightweight
applications. The forming of composites is still in its development
stage as most of the composites have been developed for other
processes, such as resin transfer moulding or autoclave processes.
There are very few instances, if any, in which material design, product
design and manufacturing process design are performed concur-
rently to meet the requirements in an “optimal” sense. Yet it is
clear that these three aspects are intricately interwoven. The reason
for this situation rests in existing gaps in the understanding of
the intricate relationships between material properties and
responses to the different manufacturing processes used.

Here, we call for a step more advanced than what was expressed
up to now, i.e., fully integrating material design and forming
processes. This integrated approach is necessary as we have arrived
at the conclusion that the process-level performance is a necessary
consideration for the design process since: (1) Processing changes
the microstructure of the material and hence changes its properties;
(2) Final product performance is based on both the properties of the
synthesized material and also the processing techniques used; and
(3) Designing materials to have improved processability in a
particular process will allow for faster deployment of multiple
new products by increasing the process capability window.

Through in-depth understanding of the mechanics of existing
processes we can redirect materials design to give improved
process-level performance, leading to materials with enhanced
processability, i.e., formability, machinability, etc. As an example,
Fig. 30 illustrates a successful material design process [108] that
was developed from a concept to flight qualification in only 8.5
years using only 5 prototype alloys, saving $50 million compared to
the traditional empirical process.

Fig. 30. [llustration of multi-scale material design [108].

Note that the complexity of the above example increases as
more advanced forming technologies are involved, for example,
hybrid forming processes, forming of heterogeneous or gradient
materials, or electrically-assisted processes. To shorten the
materials design cycle, it is essential to understand material
deformation mechanics from nano-scale for precipitates, for
example, to macroscopic characterization of large deformation.
Topics discussed in this paper can serve as the bridging mechanism
in the integrated material design for forming.

4.3. Challenges in current and future scientific and technological
research

In recent years, on one hand, it is evident an increasing trend
in developing new tests and models and/or extending the
capabilities of the existing ones in order to reproduce more
and more closely the phenomenology underlying both the
traditional and new sheet processes and metals we are
nowadays facing.

This is orienting the research efforts towards:

e developing more sophisticated testing equipment and proce-
dures, integrating different measuring devices with the aim of
acquiring as much as possible information within a single test;
developing physically-based models capable of describing the
physical phenomena occurring during the forming process, often
coupled with evolutionary equations of the microstructural
features;

extending and improving the current knowledge about new
classes of materials that are increasingly being processed under
conditions that are typical of sheet forming (e.g. polymers,
composites, sandwich structures), giving rise to new fields of
investigation for bridging the gap between material behaviour
and process performance;

extending the current testing standards or developing new ones
that are applicable to the emerging processes, especially those
that are already industrially applied (e.g. sheet forming at
elevated temperature, incremental sheet forming).

On the other hand, the request to simplify the testing
approaches and the modelling techniques is even more demand-
ing, coming not only from the industry, which often still relies only
on trial-and-error approaches, but also represents an evolution-
ary trend in the scientific community that attempts to provide
unified theories capable of linking the basic knowledge of
materials science and the different phenomena arising during
the forming processes. This scenario brings out new challenges,
forcing us to:

o rethink testing and modelling approaches that are considered
already consolidated, by taking hints from other research fields,
such as fracture mechanics and crystal plasticity;

develop models reproducing the phenomenon, either at a macro-
or a micro-scale, which should be general enough to be
applicable to different states of stress and strain. These models
should be not only accurate in predicting the material behaviour,
but also prove to have transferability characteristics;

couple the material-, process-, and product-oriented modelling
domains in order to offer models capable of predicting material
behaviour and product characteristics during and after the sheet
forming stages;

provide useful guidelines to process designers for calibrating the
numerical models, using the most suitable models on the basis of
the material/process pair and the adopted design strategies, as
well as good practice guides to the industrial practitioners for a
fast in-line verification of product quality.
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