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Abstract
Plastic deformation of sheet metals during forming induces complex residual stresses in the component owing to its
geometry and material anisotropy. The residual stresses affect the durability of the components. Fatigue life estimation
incorporating the forming-induced residual stresses is limited. In the present work, the state-of-the-art in modelling
sheet metal forming, residual stress estimation and fatigue life prediction are reviewed. The challenges in integrating the
residual stress owing to forming and fatigue life prediction are brought out. The parameters influencing the sheet metal
forming, residual stresses and fatigue are discussed to emphasize the complexity of the present problem.
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Introduction
Sheet metal products are increasingly used in a variety
of engineering applications. In recent years, lightweighting of automotive structures has gained much
attention owing to the stringent fuel economy norms.
The sheet metal assembly with residual stresses owing
to forming and joining are subjected to road loads in
service,1 which are very different from the ideal constant amplitude load sequences (Figure 1). The cyclic
stresses owing to complex road loads lead to early fatigue failure. To compound this, the anisotropy of the
sheet metal alters the fatigue characteristics.
The forming process alters the stress state of the
component, inducing residual stresses. The residual
stress plays an important role in the fatigue behaviour
of the components. The influence of residual stress in
fatigue life is complex owing to its inter-dependency on
the various parameters. The advancements in finite element methods allow a reasonably accurate prediction
of residual stresses imparted in a sheet metal component during forming. The integration of the predicted
residual stresses in fatigue-life calculation is essential
for a realistic life prediction of components.
The present development in the modelling of a sheet
metal forming process, residual stress prediction and
fatigue-life calculation are reviewed and the presentday’s challenges faced by the engineers in integrating

the forming effects in fatigue are analysed. The material
and process parameters influencing the sheet metal
forming and fatigue are discussed before reviewing the
advancements on modelling.

Sheet metal forming
Sheet metal forming is a process of imparting a desirable
geometry by plastically deforming the material using a
set of tools. The sheet metal forming is influenced by the
geometry, material and processing parameters.

Effect of material properties in forming
The material behaviour during deformation is influenced by several parameters, including chemical
composition. The presence of carbon and nitrogen in a
low-carbon steel sheet influences the grain growth during annealing and prevents formation of favourable
texture.2 Elements like titanium, niobium, vanadium
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Figure 1. Road data measured on an automotive suspension arm.
(Reprinted from Abdullah et al.,1 with permission from Elsevier.).

Figure 3. Comparison of yield loci predicted by different yield
criteria for mild steel.

Figure 2. Schematic representation of influence of anisotropy
in yield locus.

and aluminium fixes the free carbon and nitrogen by
forming carbonitrides, thereby introducing favourable
texture,3,4 which in turn influences the stress distribution during forming. The alloy composition controls
the formation of unfavourable precipitates; for example, excess titanium precipitates with sulphur and oxygen to form inclusions.4,5 The inclusions can affect the
plastic deformation during forming and further fatigue
behaviour. In addition to chemical composition, the
processing parameters, like reduction during hot rolling
and annealing type, influence the mechanical properties
of the sheet metal.5,6 These mechanical properties, yield
strength, strain hardening exponent and strain rate sensitivity can be related to the deformation behaviour of
the sheet metal during forming.7,8
Among several material properties, the anisotropy
induced in sheet metals owing to cold rolling and
annealing has a major influence in the plastic deformation and subsequent residual stresses.9 The yield criteria
that indicates the stress state of initiation of plastic
deformation is influenced by the anisotropy of materials (Figure 2). Considerable research has been done in
developing anisotropic yield criteria and it forms the
basis of mathematical treatment of the sheet metal
forming process.
Constitutive modelling of anisotropy in yield criteria. Hill
modelled the yielding and flow behaviour of an

anisotropic material (henceforth referred to as Hill 48)
by suitably modifying von-Mises isotropic yield criterion.10 Woodthorpe and Pearce11 reported conflicting
results when using the Hill criterion on certain aluminium alloys. This phenomenon, termed as ‘anomalous
behaviour’ led to the formulation of several nonquadratic yield criteria. Hill12 later proposed a generalized, non-quadratic criterion with four special cases.
Hill13,14 further generalized his previous criterion to
accommodate a wider range of materials. It may be
noted that Hill’s criteria and many other non-quadratic
yield criteria are phenomenological in nature and do
not reflect the underlying crystallographic basis.15–18
Logan and Hosford19 proposed a non-quadratic yield
criterion (referred to as the Hosford criterion) based on
crystallographic calculations. The Hosford criterion
does not include a shear stress term. Barlat and Lian20
overcame the limitation for the plane stress condition
(referred to as the Barlat 89 criterion) using stress invariants in a general coordinate system. Barlat et al.21–24
later proposed a series of yield criteria for aluminium
alloys. Karafillis and Boyce25 used a linear transformation rule and accommodated non-orthotropic material
behaviour in their criterion. The linear transformation
proposed by Karafillis and Boyce was later used by
Barlat et al. in their advanced yield criteria.
Independently, Banabic et al.26 proposed a new criterion for a plane stress condition by extending the
Barlat 89 criterion. Banabic et al.27 modified the criterion by including a biaxial anisotropy coefficient (referred
to as BBC 2004). The yield loci predicted by three different criteria, Hill 48, Barlat 89 and BBC 2004 are compared in Figure 3 with experimental results of steel plate
coldrolled elongation (SPCE) mild steel.27 It is found
that the best fit of experimental data is obtained from
the BBC 2004 criterion followed by Barlat 89. Banabic
et al.28 further enhanced the flexibility of the BBC 2004
criterion by adding weight coefficients to the model.
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More recently, different approaches have been
attempted to describe the yield behaviour. Aretz29 generalized the Barlat 89 criterion using two additional material constants and used simple numerical methods to
calculate the yield surface gradient. Tong30 proposed a
yield criterion for plane stress condition using a Fourier
series to represent anisotropic material functions. Vegter
and van den Boogaard31 used an interpolation function
to directly fit the experimental points determined along a
yield locus. Over the last decade, several advanced yield
criteria have been proposed with additional material
coefficients to model anisotropy.9,32–34 Although most of
the advanced yield criteria use the stress exponent based
on crystallographic calculations, they are phenomenological in nature. This leads to a complex mathematical
description demanding many experimental data points.
It is to be noted that most of the initial developments in anisotropic yield criteria were applicable for
steel sheets. Development of yield criteria after the
1970s focused on aluminium alloys and in the recent
years, attention has been towards hexagonal close
packed (HCP) crystal structured metals like magnesium
alloys, where the additional twinning effect introduces
asymmetry of yield surface.33 Thus, the choice of yield
criterion is highly dependent on the material being
modelled.35 In addition to material, the experimental
constants required to completely define a yield criterion
plays a major role. An appropriate choice of yield criterion is essential for accurate prediction of yield locus
with minimum experimental data.

Effect of friction in sheet metal forming
The interface between the sheet metal and tool surface
influences the deformation behaviour and residual stress
in a sheet metal component. The resistance to metal
flow increases with friction coefficient causing premature failure.36 The effect of restricted metal flow owing
to friction is highly sensitive in the region of maximum
deformation.37 In the case of sheet metal forming analysis, the role of friction in deformation behaviour is complex and is dependent on the surface of sheet, die and
lubricant. The friction coefficient varies with the deformation mode of the material and different tests are
developed to understand the behaviour.38 The influence
of friction in metal forming has gained considerable
interest and several studies have been carried out.39–43
By and large, it is understood that the influence of friction varies with location depending on its strain history;
however, no acceptable model of friction, considering
the strain history, is attempted so far. The friction effect
is generally modelled using the Coulomb friction model
with a constant friction coefficient.

Residual stress owing to sheet metal
forming
The sheet metal component, upon unloading from the
forming tools, attempts to release the stored elastic energy,

which is termed spring back. Owing to its complex shape,
sheet metal components undergo different levels of deformation and hardening at different locations. This restricts
the complete release of stored elastic energy within the
component, resulting in residual stresses.44 Residual
stresses, or locked-in stresses, could also be generated at
microscopic level owing to incompatibility between the
co-existing different phases of material and non uniform
hardening within the same component.36,45
Residual stress distribution in a sheet metal component is usually complex as the deformation behaviour
in the component differs at each location owing to geometry.46 The residual stress (simulation and experiment) built in a simple hemispherical cup specimen
along two directions is shown in Figure 4. The residual
stress varies through the thickness of the component.
Besides, the anisotropy in sheet metals explained above
also influences the residual stress distribution. The variation of residual stress (tangential and axial components) with thickness and sheet direction in a section of
a deep drawn cup is shown in Figure 5.
Owing to the complex distribution of residual stresses in a sheet metal component, experimental measurement of residual stresses are limited.48,49 However, the
residual stresses play an important role in the structural
life of components. The longitudinal cracking commonly observed in austenetic stainless steel components
is owing to the detrimental effect of residual stresses
induced by the martensitic transformation during the
forming process.36,50 This indicates that the material
being formed and the process parameters play an
important role on the residual stress distribution in a
sheet metal component.51–53

Fatigue of sheet metal components
The majority of structural components are subjected to
cyclic fatigue loadings. The residual stresses predicted
in a formed component made of anisotropic sheet metal
need to be integrated with fatigue analysis. However,
material anisotropy, in addition to the residual stress,
independently influences the fatigue behaviour. The
effects of anisotropy and residual stress in fatigue life of
sheet metals are discussed in the following sections.

Effect of sheet metal anisotropy in fatigue
Although the effect of mechanical properties and microstructure on the strain-life fatigue is widely studied, limited attempts have been made to understand the
influence of anisotropy on the fatigue behaviour.54 Hong
et al.55 investigated fatigue behaviour of a rolled Mg–
3Al–1Zn alloy and observed the difference between fatigue behaviour in rolling and normal direction owing to
twinning–detwinning characteristics of the HCP crystal
structure. The influence of texture in fatigue behaviour
in magnesium alloys was also investigated by Wu et al.56
and Park et al.57 Fatigue life along the normal direction
was observed to be inferior when compared with fatigue
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Figure 4. Residual stress in a simple hemispherical cup specimen: simulation and experiment. (a) Geometry of cup specimen
indicating the directions of residual stress measurement; (b) residual stress along rolling direction; and (c) residual stress along
transverse direction. The experimental results are based on the residual stress measurement using an x-ray diffraction technique.
(Reprinted from Hariharan et al.46 with kind permission from Springer Science + Business Media.)

Figure 5. Variation of residual stress with thickness and direction in a deep drawn cup; RD-rolling direction, TD- transverse
direction. (Reprinted from Gnaeupel-Herold et al.,47with permission from Elsevier.)

behaviour along the rolling and transverse directions
(Figure 6).56 Poor fatigue life along the normal direction
compared with rolling and transverse directions was
observed in rolled 03KhI6N9M2 steel.58 The deformable
sulphur inclusions (MnS) in steel can induce anisotropic

effects in hot rolled steel, which in turn results in poor
fatigue properties along transverse directions.59,60
Most of the work discussed above and other similar
work concentrated primarily on the experimental investigation of anisotropy effect.61,62 Attempts to model

Downloaded from pib.sagepub.com at CARLETON UNIV on June 13, 2015

971

Hariharan and Prakash

Figure 6. Schematic representation of rolling, transverse and
normal directions in a rolled sheet.

anisotropic fatigue behaviour using constitutive plasticity equations are scarce, though not unavailable.63 Lin
and Nayeb-Hashemi63 modelled the cyclic stress–strain
behaviour of orthotropic Al–6061–T6 alloys using the
Hill 48 anisotropic yield criterion, which was subsequently extended to predict the fatigue-life relation.64
However, the fatigue constants used to correlate the
directional properties are applicable only to the particular orientation and cannot be related to other orientations.65 This results in experimental determination of
constants from fatigue tests for every orientation of
interest. Subsequent to the work of Lin and NayebHashemi,63 efforts on modelling anisotropic behaviour
in fatigue are scarce.
A new strain-life model incorporating the effects of
anisotropy in fatigue-life calculation, free from the limitations of prior work is needed.

Effect of residual stress in fatigue
The residual stress induced in a sheet metal component
alters the mechanical behaviour. The residual stress effect
in fatigue can be considered as an equivalent mean stress–
strain. In general, tensile pre-strain improves the life in a
high cycle region and has an adverse effect in a low cycle
region, as shown in Figure 7. The influence of pre-strain is
dependent mainly on the material under study. Dual phase
steels exhibit negligible influence on fatigue behaviour at
pre-strains less than 8%,67,68 whereas significant influence
is observed at pre-strains greater than 10%.69–70 Similar
behaviour is observed in other high-strength steels like
high strength low alloy (HSLA) steels67,71 and transformation induced plasticity (TRIP) steels.72 Phase transformation during pre-straining has an additional influence in the
case of multi-phase materials like dual phase (DP) steels,
stainless steel and TRIP steels.71,72 For constant phase
materials like low carbon steels, pre-straining leads to fatigue life improvement in the high cycle region and vice
versa in low cycle region.73 Thus it is observed that the
effect of pre-strain on fatigue life varies with the material
under study.
The manufacturing process variables and heat treatment have considerable influence on the fatigue behaviour under pre-strain.74 Laser formed HSLA steels
exhibited superior fatigue behaviour owing to surface
hardening by laser irradiation.71 Similarly, Nikitin and
Besel75 observed that surface treatment of AISI 304
and SAE 1045 steels by prior rolling enhanced the constant stress amplitude fatigue behaviour in increasing
order when compared with untreated conditions.

Figure 7. Influence of pre-strain (50% to 90%) on the strainlife fatigue behaviour of a dual phase steel. (Reprinted from Le
et al.,66 with permission from Elsevier.)

In addition to the above, the strain path and anisotropy in sheet metals play an important role in the fatigue life of materials.66,73 The fatigue life along the
transverse direction is observed to be higher than that
of the longitudinal direction in high cycle fatigue, however, negligible difference was noticed in low cycle fatigue owing to cyclic softening.73 Improvement of
fatigue life in the high cycle region and detrimental
effect in the low cycle region was noticed in all strain
paths.73 However, this is in contrast to the observation
of Le et al.,66 where fatigue life in plane strain mode
improved in both the low cycle and high cycle fatigue
region. The discrepancy could be owing to the difference in material and pre-strain levels used in the study.
It is inferred from the above discussion that the
influence of pre-strain on fatigue life is dependent on
the level of pre-strain, material, microstructure, load
type, strain path and geometry. Heinilä et al.76 reported
the adverse effect of through thickness residual stresses
induced by cold forming on the fatigue failures of rectangular hollow cross section steel tubes. The fatigue
behaviour is highly sensitive to the level of prior cold
working; a 25% cold rolled AISI 301 steel exhibited
stress relaxation under bending fatigue load, whereas
an increase in stress amplitude was observed in 50%
cold rolled condition.77 This indicates a complex interaction of prior cold working and fatigue. By mapping
the results from sheet metal forming to further structural analysis, attempts have been made to predict fatigue behaviour, including forming effects.78–80 Wang
et al.80 included residual stress and thickness distribution
of an engine bracket owing to forming in the fatigue
analysis. The fatigue life and location of failure changed
when forming effects were taken into consideration.

The need to integrate sheet metal
forming effect on fatigue life
Though modelling of sheet metal forming has witnessed
active research in the past decade, forming simulation
has been primarily used in the die making industry.
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Figure 8. Schematic representation of a complex interaction of material anisotropy in residual stress and fatigue. (a) Monotonic
tensile behaviour indicating different pre-strain on unloading. (b) Directional behaviour of fatigue.

Consideration of residual stresses predicted in forming
for further structural analysis like fatigue is limited.80
However, assembly and residual stresses, which are
generally present in pressed-panel assemblies, play a
significant role in the life of a structure and need to be
accounted for.81
Controlled fatigue tests with induced pre-stress in
sheet metal samples indicate that residual stress influences the life of a component. Traditional sheet metal
component design for automobile does not account for
the prior residual stresses. A suitable factor of safety is
adopted to account for the fatigue in design. In general,
the structural finite element analyses of automobile components use isotropic material models assuming homogeneous material properties and zero residual stresses.82
The material anisotropy, in addition to the residual
stress distribution, influences the fatigue behaviour of
materials. The influence of sample orientation on the fatigue life has been widely reported. As shown in Figure 8,
the pre-strain and residual stress for similar external loads
varies with specimen orientation owing to anisotropy.
Similarly, for a similar cyclic strain amplitude, fatigue
behaviour of material varies with orientation. The variation of residual stress owing to anisotropy and its complex interaction with the anisotropic fatigue behaviour
should be accounted for while estimating fatigue life of
sheet metal components. Lack of appropriate constitutive
models to account anisotropic effect on fatigue and a
methodology to incorporate the forming-induced residual
stress in fatigue analysis, limits the realistic estimation of
fatigue life in sheet metal components.
Thus, the manufacturing process is modelled by tool
makers who are less concerned with residual stresses, and
fatigue analysis is carried out by component designers who
ignore the prior residual stress in the component owing to
the manufacturing process. The ideal flow of modelling
and the present practice is represented in Figure 9.

Finite element modelling of forming
and fatigue
The finite element method is an useful technique to
understand the material behaviour and residual stress

Figure 9. Flow chart describing the ideal and present scenario
of utilizing sheet metal forming analysis.

induced during complex large deformation plasticity
problems like sheet metal forming.83,84 Though the
underlying fundamental plasticity relations were developed as early as the mid-twentieth century, finite element modelling of the sheet metal forming process
using plasticity relations began after the 1970s.85 The
initial work on large deformation plasticity began as an
extension of conventional finite element methods.86
Historical development in the area of modelling sheet
metal forming is discussed in Kobayashi et al.86,
Makinouchi et al.87 and Tisza.88 It is generally agreed
that, for large deformation and high strain rate problems like sheet metal forming, an explicit method is
more suitable than an implicit method.89,90 On the contrary, for predicting spring back after forming, an
implicit method, which is effective for quasi-static
problems, is used.91 However, convergence issues are
faced while using an implicit method for spring-back.92
The deforming blank is generally modelled using
two-dimensional (2D) quadrilateral shell elements,
though attempts on using three-dimensional (3D)
elements have also been made.93 While using shell
elements for sheet metal forming, the variation of
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stress–strain behaviour through the thickness owing to
bending is captured using integration points along the
thickness direction. The solution accuracy of the metal
forming analysis is improved by using an adaptive
mesh refinement technique, where the initial coarse
mesh automatically subdivides into finer elements
based on effectiveness of the strain or stress gradient.92
The forming tools, through which the forming force
is transferred to the deforming material, are treated as
rigid. The contact and sliding boundary condition
between tools and blank are complex and non-linear.
The contact algorithm should ensure that nodes on the
sheet should not penetrate or adhere on the tool mesh.
Some of the commonly used contact algorithms are discussed by Wagoner and Chenot.94 The Coloumb friction model, with constant friction coefficient, is used
for sheet metal forming applications.3,89

Material models in sheet metal forming
The accuracy of forming a prediction mainly depends
on the choice of material model. The material model
for plastic deformation analysis consists of a yield criterion to describe initiation of yield, a flow rule to relate
the stress and strain state and a hardening rule to
describe the subsequent yield behaviour. In the case of
sheet metal forming, yield behaviour and corresponding
flow rules can be modelled by any of the yield criteria
discussed in the previous sections. Limited literature is
available on the influence of yield criteria on the prediction of forming strains in a component.95–97 Wang and
Lee97 investigated the strain distribution in a spherical
dome shape and inferred that strain distribution predicted by Hill 48 and Hill 90 are similar. Mattiasson
and Sigvant96 investigated the results of hemispherical
cup forming experiments with Hill 48, Barlat 89 and
BBC 2000 criteria and inferred that forming strains are
less sensitive to the choice of yield criteria. It is interesting to note that, unlike limiting strains, forming strains
are less sensitive to the choice of yield criteria.95,96 It is
inferred from the available literature that the influence
of yield criteria is dependent on the strain modes; a
plane strain mode seem to be more sensitive to choice
of yield criteria than other strain modes.98
The hardening behaviour to model subsequent yield
behaviour can be isotropic, kinematic or a combination
of both. In most of the sheet metal forming simulations, isotropic hardening is used, where the yield locus
expands uniformly with plastic strain. Since forming
process modelling involves monotonic loading without
any intermittent load reversal, assuming isotropic hardening behaviour does not affect the accuracy of the prediction significantly.99 Hill 48 yield criterion with
isotropic hardening is commonly used for modelling
the sheet metal forming process.100 The finite element
results of an automotive bumper simulated assuming
Hill 48 yield criterion and isotropic hardening is compared with the experimental results in Figure 10. The
major strain at the end of forming is compared between

Figure 10. Comparison of simulation results (major strain) of
an automotive bumper with experiment. (Reprinted from
VanHoek101 with permission.)
Argus: refers to the commercial optical strain analysis equipment; LSDyna: refers to commercial software for sheet metal forming analysis.

simulation and experiment. However, the isotropic
hardening is not suitable for modelling subsequent
forming stages and spring back, which involves reversal
of load path.99

Simulation of spring back
The sheet metal component undergoes spring back
after forming. Accurate modelling of spring back is a
much debated topic. Accuracy of spring back prediction depends upon the stress state at the end forming,
appropriate hardening rules to account for the stress
reversal and choice of element formulation.102 As discussed in the previous section, isotropic hardening is
not sufficient to describe the spring back behaviour.103
Alternately, a mixed isotropic–kinematic hardening
rule is needed for accurate prediction of spring back.104
The spring back process is essentially a single stage
stress relaxation. Therefore, accuracy of the final stress
state of the formed component decides the accuracy of
the spring back prediction. However, most of the validation for the sheet metal forming process compares
the surface strain and thickness distribution and not
the final stress state.
Thus, choice of material model for sheet metal forming simulation, based on experimental validation of surface strains, need not necessarily guarantee an accurate
spring back prediction. Mattiasson and Sigvant96
observed that Hill 48 and Barlat 89 criteria predicted
similar strain distribution, however the peak load, which
can be related to the stress state at the end of forming,
had considerable difference between the two criteria.

Fatigue simulation of sheet metal components
The advances in modelling of the sheet metal forming
process are utilized extensively by the tool making

Downloaded from pib.sagepub.com at CARLETON UNIV on June 13, 2015

974

Proc IMechE Part B: J Engineering Manufacture 226(6)

industry, as simulation substantially reduces the development time and tryouts for die making.102 However,
relating the predicted residual stresses to durability of
formed components is not practised in general; as a
consequence, life of components is affected.
The residual stresses retained in the component
influences the fatigue behaviour of components. Since
most of the forming simulations use adaptive meshing,
the forming results should be mapped to suitable mesh
for structural fatigue analysis.105 The presently available mapping algorithm has several restrictions; only
one stress or strain component can be mapped,106,107
whereas six stress components and six strain components are needed to describe the complete stress–strain
state of the component. A mapping algorithm for complete mapping of stress and strain components is still
under research.
The residual stresses obtained should be integrated
with the fatigue modelling for realistic life prediction of
components. Let us consider a smooth specimen subjected to constant amplitude load cycle. During high
cycle fatigue, though the net section stresses are elastic,
localized plastic deformation occurs in the grains that
are not favourably oriented to the loading direction.
This is further amplified by microscopic stress raisers
like inclusions and inhomogeneous microstructure.
During low cycle fatigue, as the specimen is subjected
to cyclic loads, the material cyclically hardens or softens
depending on the prior straining history and mechanical properties of the material.108 The fatigue behaviour
is further complicated with the presence of mean stress
or mean strain, where ratcheting or cyclic relaxation
occurs.109 The fatigue behaviour is highly dependent on
the surface finish, microscopic structure, size, heat
treatment and other prior processing effects.110
Constitutive modelling of the complex material behaviour during fatigue is difficult and empirical relations
have been developed to equate the cyclic stress or strain
to the life of the smooth specimens.111 Owing to the
complex interaction of several variables, such

experimentally determined empirical relations are
highly statistical in nature.112 The effect of mean stresses and other variations, like surface finish, can be
accounted for by suitable correction factors.108 Unlike
mean stress, the residual stresses owing to forming are
not uniform and vary with location, which leads to
complex interaction of fatigue behaviour between locations. The above discussions on fatigue modelling are
further complicated when the component is subjected
to a multiaxial state of stress. Besides, most of the components are not smooth as tested in laboratory conditions. The component geometry results in stress
concentrations of specific zones, which results in nonhomogeneous fatigue behaviour.
Thus, finite element modelling of cyclic loading, considering the localized damage in each repeating cycle, is
difficult owing to the complex material behaviour. In
the present scenario, static analysis of one half cycle of
the component is performed and the stress amplitude
obtained is correlated with the stress life or strain life
relations obtained experimentally. Commercial
packages like MSC.Fatigue, FEMFAT and fe-safe are
available, where the stress states of component can be
correlated with the experimental empirical relations.
This approach may be suitable for high cycle fatigue.
However, when plastic deformations occur in each
cycle, the cyclic hardening or softening cannot be
accommodated by this approach. Figure 11 shows the
fatigue analysis of a tubular automotive engine
bracket.80 The thinning of the tube owing to forming is
accounted in the fatigue analysis and it is observed that
the failure location and fatigue life changed when the
forming effects are incorporated. However, as discussed, the complete stress and strain state of the component is not included in the fatigue analysis.
In the finite element simulation, though it has witnessed advancements in predicting the deformation
behaviour during forming, incorporation of residual
stress owing to forming in the subsequent fatigue analysis is very poor. The challenges in integrating the

Figure 11. Fatigue analysis incorporating thinning owing to forming in an automotive engine bracket. (a) Results of fatigue analysis
without thinning effect. (b) Results incorporating thinning due to forming. (Reprinted from Wang et al.,80 with permission from Elsevier).
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Figure 12. Adaptive meshing: (a) coarse initial mesh, (b) adaptive mesh with subdivided elements.

forming results in fatigue life prediction are summarized in the next section.

4.

Challenges in integrating the forming
results in life prediction
Despite the advancement in modelling of sheet metal
forming, the residual stress induced during cold forming is generally not considered in design. Some of the
challenges involved in accounting for the forming
effects are discussed below.
1.

2.

3.

As discussed, the major application of sheet metal
forming simulation is for the tooling industry113,114
and as a result, formability of the component
rather than the functionality of the component has
gained primary importance.82
Material models are generally validated with surface strain in the component.115–117 The spring
back phenomena involves stress release postforming and is preferable to correlate the final
stress state; however the final shape of the component after spring back is used to validate the spring
back behaviour.102 Ideally, residual stress should
be used to validate the material models for sheet
metal forming and spring back.74
Typical sheet metal components undergo a multistage deformation process, forming, trimming and
flanging. The sheet metal components are subjected to different strain paths during multistage
deformation.118 However, the present methodologies of strain-based evaluation are highly sensitive
to strain path119 and hence it is difficult to determine the final stress state of the component. This
is aided by the difficulties in the measurement of
residual stress as there is no method that is independent of the residual strain.120

5.

6.

In addition to the above, the sheet metal component undergoes stress reversals between forming
stages in multi-stage forming and during spring
back. Such stress reversals cannot be modelled
using conventional isotropic hardening.121 Mixed
hardening models, to account for stress reversals,
are under research.122,123
Adaptive meshing is employed in large deformation problems like metal forming. The forming
simulations with adaptive mesh result in poor
mesh quality (Figure 12). Robust mapping algorithms are essential to map the forming results to
further structural analysis, which are still under
research.105 A commercially available mapping
algorithm from Altair – Hyperworks software –
can map only one component of stress or strain,
whereas all six components of stress and strain tensors are required for further structural analysis.
The commercially available software for fatigue
analysis, like MSC-Fatigue, fe-safe, ANSYSFatigue module and FEMFAT code, superimposes
the stress results of finite element analysis and calculate the life by extrapolation. This approach is
not suitable for the high strain range where plastic
deformation occurs during cyclic loading.

Conclusion
From the survey of available literature, it is inferred
that, though the finite element modelling of sheet metal
forming processes have witnessed rapid development in
the past decade, the focus has been primarily on the
formability and not functionality. The mixed hardening
models to describe the multistage forming and spring
should be concentrated to ensure the accuracy of the
final stress state prediction in the component. The validation of sheet metal is based on surface strains and
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not on the residual stresses imparted, which imposes
the difficulty in choosing appropriate material models
for the accurate prediction of residual stresses. The lack
of established stress-based formability models and
mixed hardening laws, coupled with the experimental
difficulties in direct measurement of residual stress, limits the application of forming results in further structural analysis.
The material anisotropy independently influences
the residual stress distribution and fatigue behaviour,
and hence, accounting for material anisotropy in fatigue modelling is critical. However, most of the fatigue
models for uniaxial and multiaxial fatigue criteria are
valid for isotropic materials only. Suitable modification
of the existing criteria or development of new criteria
incorporating the material anisotropy is essential.
Limited work has been done on the fatigue life estimation of sheet metal components accounting for the
initial anisotropy and residual stresses. The importance
of residual stress in the fatigue life of sheet metal components is understood from simple tensile specimens.
Fatigue analysis of sheet metal components with a
complex residual stress distribution is experimentally
challenging. The commercially available software for
fatigue analysis extrapolates the half-cycle stresses in
the fatigue life curves. An intensive finite element
model that computes the cycle-by-cycle deformation
with localized plasticity is necessary for accurate fatigue
simulation. The present material models used for metal
forming may not be sufficient to model the cycle-bycycle deformation behaviour and new constitutive
equations to accommodate the cyclic hardening and
softening needs to be developed for appropriate numerical modelling.
Funding
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76. Heinilä S, Marquis GB and Björk T. Observations on
fatigue crack paths in the corners of cold-formed
high-strength steel tubes. Engng Fracture Mech 2008; 75:
833–844.
77. De Giorgi M. Residual stress evolution in cold-rolled
steels. Int J Fatigue 2011; 33: 507–512.
78. Chen G, Liu S D, Knoerr L, et al. Residual forming
effects on full vehicle frontal impact and body-in-white
durability analyses. SAE paper 2002-01-0640, 2002.
79. Dannbauer H, Gaier C and Aichberger W. Integrating
the results from process simulation into fatigue life prediction. SAE paper 2007-26-071, 2007.
80. Wang W, Chen G and Lin Z. The study on the fatigue
FEM analysis considering the effect of stamping. Mater
Des 2009; 30: 1588–1594.
81. Gustavsson A, Larsson M and Melander A. Fatigue life
of pressed steel sheet components. Int J Fatigue 1997; 19:
613–619.
82. Barlat F. Constitutive modeling for metals. In: Banabic D
(ed) Advanced methods in material forming. Berlin Heidelberg: Springer-Verlag, 2007, pp.1–18.
83. Hariharan K and Balaji C. Material optimization: a case
study using sheet metal-forming analysis. J Mater Process
Technol 2009; 209: 324–331.
84. Hariharan K, Balachandran G and Sathya Prasad M.
Application of cost-effective stainless steel for automotive
components. Mater Mfg Process 2009; 24: 1442–1452.
85. Wifi AS. An incremental complete solution of the stretchforming and deep-drawing of a circular blank using a
hemispherical punch. Int J Mech Sci 1976; 18: 23–31.

86. Kobayashi S, Oh SI and Altan T. Metal forming and the
finite element method. Oxford, UK: Oxford University
Press, 1989.
87. Makinouchi A, Teodosiu C and Nakagawa T. Advance
in FEM simulation and its related technologies in sheet
metal forming. CIRP Ann – Mfg Technol 1998; 47:
641–649.
88. Tisza M. Numerical modelling and simulation in
sheet metal forming. J Mater Process Technol 2004;
151: 58–62.
89. Taylor L, Cao J, Karafillis AP, et al. Numerical simulations of sheet-metal forming. J Mater Process Technol
1995; 50: 168–179.
90. Worswick MJ. Numerical simulation of sheet metal
forming. In: Lenard JG (ed) Metal forming science and
practice-a state-of-the-art volume in honour of Professor
J.A.Schey’s 80th Birthday. UK: Elsevier Science Ltd,
2002. pp.135–181.
91. Li KP, Carden WP and Wagoner RH. Simulation of
springback. Int J Mech Sci 2002; 44: 103–122.
92. Yang DY, Kim TJ and Yoon SJ. Recent trends in
numerical simulation of three-dimensional sheet forming processes. Proc IMechE, Part B: J Engineering Manufacture 2003; 217: 1553–1570.
93. Menezes LF and Teodosiu C. Three-dimensional
numerical simulation of the deep-drawing process using
solid finite elements. J Mater Process Technol 2000; 97:
100–106.
94. Wagoner RH and Chenot JL. Metal forming analysis.
Cambridge, UK: Cambridge University Press, 2001.
95. Liao KC, Pan J and Tang SC. Effects of yield surface
shape on sheet metal forming simulations. Int J Numer
Meth Engng 1998; 41: 559–584.
96. Mattiasson K and Sigvant M. On the influence of the
yield locus shape in the simulation of sheet stretch forming. In: Smith LM, Pourboghrat F, Yoon JW, et al.
(eds) Numisheet 2005. American Institute of Physics,
2005, pp.395–400.
97. Wang L and Lee TC. The effect of yield criteria on the
forming limit curve prediction and the deep drawing
process simulation. Int J Mach Tools Mf 2006; 46:
988–995.
98. Hariharan K, Prakash RV and Sathya Prasad M. Influence of yield criteria in the prediction of strain distribution and residual stress distribution in sheet metal
formability analysis for a commercial steel. Mater Mfg
Process 2010; 25: 828–836.
99. Moreira LP and Ferron G. Influence of the plasticity
model in sheet metal forming simulations. J Mater Process Technol 2004; 155–156: 1596–1603.
100. Banabic D, Bunge HJ, Pohlandt K, et al. Formability
of metallic materials. Springer-Verlag Berlin Heidelberg,
2000.
101. vanHoek T. The history influence of forming on the predicted crash performance of a truck bumper. MSc thesis,
Eindhoven University of Technology, Netherlands, 2006.
102. Wagoner RH and Li M. Simulation of springback:
through-thickness integration. Int J Plasticity 2007; 23:
345–360.
103. Morestin F, Boivin M and Silva C. Elasto plastic formulation using a kinematic hardening model for spring
back analysis in sheet metal forming. J Mater Process
Technol 1996, 56: 619–630.

Downloaded from pib.sagepub.com at CARLETON UNIV on June 13, 2015

979

Hariharan and Prakash
104. Chung K, Lee MG, Kim D, et al. Spring-back evaluation of automotive sheets based on isotropic-kinematic
hardening laws and non-quadratic anisotropic yield
functions. Part I: theory and formulation. Int J Plasticity 2005; 21: 861–882.
105. Kose K and Rietman B. Plasticity effects in subsequent
simulations of car structures. In: Proceedings of the VII
international conference on computational plasticity,
COMPLAS 2003 (eds Onate E and Owen DRJ), Barcelona, Spain, 7–10 April 2003.
106. Huh H, Song JH, Kim KP, et al. Crashworthiness
assessment of auto-body members considering the fabrication histories. In: Smith LM, Pourboghrat F, Yoon
JW, et al. (eds) Numisheet 2005. American Institute of
Physics, 2005, pp.167–172.
107. Kirby D, Roy S and Kunju R. Optimization of tube
hydroforming with consideration of manufacturing
effects on structural performance.. In: Smith LM, Pourboghrat F, Yoon J W,et al. (eds) Numisheet 2005. American Institute of Physics, 2005, pp. 585–590.
108. Morrow J. Cyclic plastic strain energy and fatigue of
metals. In: Internal friction, damping and cyclic plasticity. ASTM STP 378, 1965, pp.45–84.
109. Manson SS and Galford GR. Fatigue and durability of
structural materials. Ohio: ASM International, 2006.
110. Schijve J. Fatigue of structures and materials. New York:
Springer, 2009.
111. Manson SS. Fatigue: a complex subject-some simple
approximation. Experimental Mech 1965; 5: 193–226.
112. Kato M and Mori T. Statistical consideration of fatigue
damage accumulation. Mech Mater 1992; 13: 155–163.
113. Wenner ML. Overview – simulation of sheet metal
forming. In: Proceedings of NUMISHEET 2005. 2005,
pp.3–7.

114. Firat M. Computer aided analysis and design of sheet
metal forming processes: Part III: stamping die-face
design. Mater Des 2007; 28: 1131–1320.
115. Mattiasson K and Sigvant M. An evaluation of some
recent yield criteria for industrial simulations of sheet
forming processes. Int J Mech Sci 2008; 50: 774–787.
116. Liu J, Ahmetoglu M and Altan T. Evaluation of sheet
metal formability, viscous pressure forming (VPF) dome
test. J Mater Process Technol 2000; 98: 1–6.
117. Narayanaswamy R and Sathiya Narayanan C. Experimental analysis and evaluation of forming limit diagram
for interstitial free steels. Mater Des 2007; 28:
1490–1512.
118. Chen W, Liu ZJ, Hou B, et al. Study on multi-stage
sheet metal forming for automobile structure-pieces.
J Mater Process Technol 2007; 187–188: 113–117.
119. Kuroda M and Tvergaard V. Effect of strain path
change on limits to ductility of anisotropic metal sheets.
Int J Mech Sci 2000; 42: 867–887.
120. Withers PJ and Bhadeshia HKDH. Residual stress: Part
1 – measurement techniques. Mater Sci Technol 2001;
17: 355–365.
121. Choi Y, Han CS, Lee JK, et al. Modeling multi-axial
deformation of planar anisotropic elasto-plastic materials, part II: applications. Int J Plasticity 2006; 22:
1765–1783.
122. Tarigopula V, Hopperstad OS, Langseth M, et al. An
evaluation of a combined isotropic-kinematic hardening
model for representation of complex strain-path changes
in dual-phase steel. Eur J Mech A/Solids 2009; 28:
792–805.
123. Thuillier S, Manach PY and Menezes LF. Occurence
of strain path changes in a two-stage deep drawing
process. J Mater Process Technol 2010; 210: 226–232.

Downloaded from pib.sagepub.com at CARLETON UNIV on June 13, 2015

