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Abstract The aim of this article is to study the accuracy
of finite element simulations in predicting the tool force
occurring during the single point incremental forming (SPIF)
process. The forming of two cones in soft aluminum was
studied with two finite element (FE) codes and several consti-
tutive laws (an elastic–plastic law coupled with various hard-
ening models). The parameters of these laws were identified
using several combinations of a tensile test, shear tests, and an
inverse modeling approach taking into account a test similar
to the incremental forming process. Comparisons between
measured and predicted force values are performed. This
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article shows that three factors have an influence on force
prediction: the type of finite element, the constitutive law and
the identification procedure for the material parameters. In
addition, it confirms that a detailed description of the behav-
ior occurring across the thickness of the metal sheet is cru-
cial for an accurate force prediction by FE simulations, even
though a simple analytical formula could provide an other-
wise acceptable answer.

Keywords Single point incremental forming ·
Finite element modeling · Force prediction ·
Material parameters identification · Inverse modeling

1 Introduction

Unlike many other sheet metal forming processes, incremen-
tal forming does not require any dedicated dies or punches to
form a complex shape and is therefore well adapted to rapid
prototyping, as confirmed by several authors [1–5]. The pro-
cess uses a standard smooth-end tool, the diameter of which
is far smaller than the part being made, and which is mounted
on a three-axis CNC milling machine, a multi-axis robot, or
a dedicated machine.

The sheet metal blank is clamped around its edges using
a blank-holder. During the forming process, the tool moves
along a succession of contours, which follow the final geom-
etry of the part, and deforms the sheet incrementally into
its desired shape. A schematic description of the process is
shown in Fig. 1a and b and an example of the tool path in
Fig. 2.

The prediction of forming forces occurring during incre-
mental forming is a crucial piece of information, since it
governs the choice of the hardware setup. Indeed, most clas-
sic milling machines only tolerate a relatively limited axial
force and exceeding this limit could potentially damage the
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Fig. 1 Single point incremental forming (a) schematic description of
the process [6], (b) sheet metal clamping device (picture courtesy of
Johan Verbert, KUL)

Fig. 2 Tool path for a conical shape [7]

machine or, at least, its bearings. Furthermore, performing
the SPIF process on an industrial robot with more than three
axes causes additional part inaccuracies due to the limited
stiffness of the hardware set-up, unless the force acting on
the forming tool can be predicted and compensated for [8].

Several papers have been published about prediction and
analysis of forming forces as a function of experimental setup
parameters [9–12]. Duflou et al. [13] presented a model for
force prediction during the forming of a cone as a function
of the step-down amplitude, the wall angle, the tool diameter
and the sheet thickness. This model was based on a simple
regression equation that could predict the peak, steady-state,
and in-plane forces with a high degree of confidence. For

more complex geometries, they could not reach such a sim-
ple equation but showed that the geometry of the part should
be taken into account in the model. This work was later con-
tinued by Aerens et al. [8]. They were able to develop a new
model with a highly efficient strategy to identify the parame-
ters based on experimental measurements. Several materials
were tested. For each material, the authors fitted an analyti-
cal formula able to predict the level of the steady-state tool
force accurately for various part geometries. The ultimate
tensile strength of a given material seemed to be the key mate-
rial parameter governing the level of the forces. As verified
below, the application of these simple analytical formulas is
quite efficient as well for the two cones studied in this article.

In Flores et al. [14], the effect of the constitutive law on the
force prediction by FE simulations of SPIF was studied. A
strong discrepancy between the simulation results based on
an elastic–plastic law with isotropic or kinematic hardening
model could be seen, demonstrating the high sensitivity of
the force prediction. In the present paper, experimental results
will be compared to the forces predicted using both shell and
brick elements linked to different yield loci coupled with var-
ious hardening models. A section will also be devoted to the
material parameter identification method which can affect
the FE predictions.

Two different cones have been analyzed, whose wall
angles α (Fig. 3) of 20◦ and 60◦ were chosen because of the
following observations by Eyckens et al. [15]. The authors
experimentally quantified the through-thickness shear occur-
ring during SPIF by drilling small holes into the sheet prior
to forming and by measuring their orientation at the end of
the forming process. They demonstrated that the through-
thickness shear characterized by the angle γ13 is negative (see
Fig. 3) and that it becomes closer to 0 with a decreasing wall
angle α (Fig. 4a), which means that this through-thickness
shear component would be nearly negligible for a cone with
a wall angle of 20◦ and large for a cone with a wall angle
of 60◦. On the other hand, the through-thickness shear angle
γ23 in the perpendicular plane, i.e., the plane containing the
local direction of the tool movement, showed to be practically
independent on the wall angle in the tested range (Fig. 4b).

In their paper Emmens and van den Boogaard [16] focus
on the implications of the through-thickness shear on the
strain definition. The presence of through-thickness shear
will cause the principal strains to be no longer contained
within the sheet surface and the local normal direction for
the sheet. Also, the von Mises equivalent strain, which is
used in many hardening law definitions, can no longer be
obtained from the surface strains alone.

Allwood et al. [17] developed a simplified version of
incremental forming called paddle forming. By modeling
this process with a finite element (FE) method, the authors
were able to demonstrate that the through-thickness shear
is significant in the direction of the tool movement. These
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Fig. 3 Definition of wall angle α and a negative through-thickness
shear angle γ13; material lines initially aligned across the sheet thick-
ness direction are illustrated in both the cone’s wall and its flat part

Fig. 4 Measurement of the through-thickness shear angles (a) γ13 and
(b) γ23 as a function of wall angle α [15]

authors attributed this phenomenon to the fact that the mate-
rial on the top surface of the sheet metal tends to move in
the direction of the tool displacement. In a different arti-
cle [18], the same authors incorporated through-thickness
shear into a Marciniak–Kuczynski (MK) model. They proved
that the forming limit curve increases with increasing
through-thickness shear γ13 or γ23, regardless of the direc-
tion, positive or negative, of the latter.

Similarly, Eyckens et al. [15,19,20] also extended the MK
framework to include through-thickness shear, even though
the authors used very different assumptions. According to
this model, the shear component in plane 23 (see Fig. 3) has a
much higher effect on the forming limit diagram (FLD) than
the one in plane 13. Formability predictions of both these

models are thus fundamentally different. For the moment,
there is a lack of experimental evidence that proves or dis-
proves the dependence of the formability on the direction of
through-thickness shear.

Besides through-thickness shear, other mechanisms have
been proposed to explain the high formability in SPIF,
an overview of which is given in Emmens and van den
Boogaard [21].

After this introduction, which explained the interest of
force prediction in SPIF as well as of the non negligible effect
of the through-thickness shear during the process, Sect. 2
will present the experiments. Different simulation param-
eters (element type, boundary conditions and meshes) are
presented in Sect. 3 as well as the constitutive laws used.
Then Sect. 4 will describe how the parameters of the mate-
rial behavior model have been identified. The simulation pre-
dictions of cones 20◦ and 60◦ are summarized in Sect. 5
and compared to experimental results. A discussion of these
results will provide guidelines to accurate force predictions
with FEM.

2 Experiments

2.1 Experimental set-up

Figure 5 shows the standard three-axis CNC ACIERA mill-
ing machine with a horizontal spindle used to form the cones.
For incremental forming, the tool speed was reduced to
2,000 mm/ min and the spindle rotation speed was set so
that a rolling contact was established at half the theoretical
contact height along the cone wall. That meant, according to
formula (1) in [22], using a rotation speed between 80 and
250 rpm depending on the wall angle of the part being made
and on the tool size.

The tool was a hemispherical head mounted on a shaft
and was manufactured by Uddeholm [23] using a chromium
molybdenum tungsten and vanadium alloyed high-speed
steel, called Vanadis 23.

The forces acting on the tool were measured using a
force platform [8,24]. This platform was a Kistler 9265B
six-component force dynamometer, used with a multichan-
nel charge amplifier 5017A capable of measuring a vertical
force between −15 and 30 kN and two horizontal forces of
±15 kN (see Fig. 6). The stiff dynamometer makes it possible
to measure the three orthogonal components of the forming
force Fx , Fy and Fz (see Fig. 6). The axial force Fz (applied
in the axial direction of the tool) is easily identified whereas
the other two components evolve as sinusoidal signals. The
sum of these two components, located in the xy-plane, can be
decomposed into radial Fr and tangential Ft (with respect to
the tool displacement) components, which are more physical
quantities.
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Fig. 5 Experimental SPIF device (picture courtesy of Johan Verbert,
KUL). a Close-up view of backing plate and tool. b Side view of the
complete clamping system

In addition to force measurements, Digital Image Corre-
lation Technique was also used to measure the forming of
the 20◦ cone. The analysis of the FEM predictions in terms
of displacements and strains can be found in [25].

2.2 Parts’ geometries

Two cones have been studied. Their geometries and the SPIF
parameters are summarized in Table 1.

The scallop height �h is related to the depth increment
�z, the tool diameter dt and the wall angle α [8]:

�z = 2 sin α
√

�h · (dt − �h). (1)

It is more convenient to use the scallop height as a process
characteristic parameter than the depth increment since the
scallop height is more closely linked to surface quality.

Fig. 6 Definition of SPIF axial, radial and tangential force
components [8]

Table 1 Cone geometry and SPIF parameters

Cone geometry Cone 20 Cone 60
and SPIF parameters

Cone diameter 150 mm 150 mm

Initial sheet thickness t 1.2 mm 1.2 mm

Wall angle α (see Fig. 3) 20◦ 60◦

Number of contours (see Fig. 2) 45 50

Scallop height �h (see Fig. 7) 15.0 µm 18.5 µm

Depth increment between 0.2647 mm 0.7440 mm

contours �z (see Fig. 7)

Tool diameter dt 10 mm 10 mm

2.3 Material and analytical force prediction

The material used was a soft Al–Mn–Fe aluminum alloy in
fully annealed state: AA3003-O, supplied by Corus. The ini-
tial thickness of the metal sheet was 1.2 mm. When forming
a cone with this material and thickness, the maximum wall
angle that can be achieved before failure is around 71◦ [26].
Its ultimate tensile strength (Rm) is 103 N/ mm2.

The axial force Fz in steady state can be predicted by the
experimental parameters: the tensile strength Rm , the sheet
thickness t , the tool diameter dt , the scallop height �h and
the wall angle α following the formula established by Aerens
et al. [8]:

Fz = 0.0716 · Rm · t1.57 · d0.41
t · �h0.09 · α · cos α (2)

with Fz in N, Rm in N/ mm2, t , dt and �h in mm and α in
degrees.

123



Comput Mech (2011) 47:573–590 577

Fig. 7 The scallop height �h versus the depth increment �z [8]

For the cones with 20◦ and 60◦ wall angles, Eq. 2 gives
axial force predictions Fz equal to 325 and 529 N, respec-
tively. These values match the experimental forces with a
high degree of confidence, as shown by Fig. 17 (showing the
total force Ftot of the 20◦ cone, which can be transformed
into axial force knowing the Fz /Ftot = 0.97, according to
Table 5) and 19 (showing the axial force Fz of the 60◦cone).

3 Finite elements simulations

Two finite element codes were applied and compared. The
first one was Lagamine, a research code developed since 1980
at the university of Liege [27]. It contains a huge variety of
element types and material model and has been used success-
fully for years for material forming applications. In addition,
it could easily be customized for SPIF simulations since the
source code was available.

The second FE code was the implicit version of Abaqus
(Abaqus/Standard v. 6.5-4). This was used as a reference for
validation purposes.

3.1 Lagamine model

The Lagamine code uses a Lagrangian approach taking into
account large strains and displacements. The following ele-
ments are used:

Fig. 8 Shell Lagamine mesh used for the 40◦ pie simulations of the
20◦ and 60◦ cone (Lagamine pie model)

– the solid element BWD3D is an 8-node 3D brick ele-
ment with a mixed formulation adapted to large strains
and large displacements with only one integration point
and an hourglass control technique. It applies methods
proposed by Wang and Wagoner [28] to prevent shear
locking and volumetric locking, associated with a co-
rotational reference system. Its description can be found
in Duchêne’s article published in 2007 [29];

– the contact element CFI3D [30] is coupled with the
BWD3D solid element. It checks the contact at the surface
integration points of the metal sheet with the spherical
tool, which is assumed to be rigid (i.e., non-deformable).
It assesses pressure based on a penalty approach and fric-
tion as predicted by Coulomb’s friction law. It computes
contact nodal forces used to search for equilibrium. An
adapted version is used for the shell element COQJ4.

– the shell element COQJ4 [31] is a 3D quadrilateral ele-
ment with four nodes. Owing to the developments of
Jaameil et al. [32], it is based on Marguerre’s shallow
shell theory. The global behavior of the element can be
divided into two modes. On the one hand, its bending
behavior is based on the classic discrete Kirchhoff the-
ory (DKT) and uses a bi-cubic interpolation. On the other
hand, the membrane behavior uses a bi-quadratic inter-
polation.

The Lagamine code was used in a first step to simulate
a line test, which presents a deformation mechanism close
to SPIF [33–35]. This study generated a sensitivity analysis
of the force prediction to the element type, the material law
parameters and the identification method of these parame-
ters. Its results are summarized briefly in Sect. 4 to justify
why only certain constitutive models and sets of parameters
were applied to predict SPIF forces.

The Lagamine simulations used to predict the tool force
in the 20◦ and 60◦ cones processed by SPIF were done only
with shell elements. The mesh used is presented in Fig. 8.
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Fig. 9 Rotational boundary conditions and their virtual tools
(schematic view of a 90◦ pie)

In order to minimize the impact of the material missing at
both edges of the pie, rotational (or cyclic symmetry) bound-
ary conditions were imposed, which consist of a link between
the displacements of both edges, as presented schematically
in Fig. 9. The reason for this improvement is that the rota-
tional boundary conditions do not prevent the material at the
edges of the pie mesh from being carried along in the tan-
gential direction of the tool movement. Indeed, even without
friction between the tool and the metal sheet, the tool induces
a force component in the tangential direction of the tool dis-
placement because of the material that surrounds the tool dur-
ing its movement. Since the tool always moves in the same
tangential direction, the whole cone has a small tendency
to twist around its axis of rotational symmetry, a movement
that can be simulated with these boundary conditions even
at the edges of the pie, but not with the symmetry bound-
ary conditions. Even though these conditions do not exactly
reproduce the missing material, they induce a smaller devia-
tion from experimental displacement observations at the pie
edges than symmetry boundary conditions [36], whereas both
lead to similarly accurate results far from the edges towards
the center of the pie.

3.2 First-order brick element model and submodel
of Abaqus

In all the Abaqus models, the sheet is composed of three
layers of first-order, eight-node brick elements with reduced
integration (C3D8R). For the elements at the pie-tip, wedge-
shaped elements (6 nodes) of first order and with reduced
integration are used. The forming tool is modeled as an ana-
lytical rigid sphere, with a rigid body translation according to
the experimental tool path. The contact definition is “hard”,
i.e., the nodes on the contact surface of the sheet are not
allowed to penetrate the analytical rigid body of the tool. A
Coulomb tool-sheet frictional contact behavior is adopted,
with a friction coefficient equal to 0.05.

Two different models were employed with different
meshes, as shown in Fig. 10. In the 40◦ pie model (see
Fig. 10a), symmetry boundary conditions were applied on

Fig. 10 Brick Abaqus meshes used for simulations of the 20◦ and 60◦
cone. a 40◦ pie model. b Submodel

the 0◦- and 40◦-sections. The nodes on the outer circular
edge and in contact with the backing plate were fixed to
model the sheet clamping. The Abaqus submodel had a much
finer mesh and a smaller part of the sheet was modeled
compared to the pie-model with brick elements (Fig. 10b).
The boundary conditions on the four edges of the submodel
(shown in bold in Fig. 10a and b) are imposed to be equal
to the nodal displacements of the Abaqus pie model. This
was accomplished through linear interpolation (in space and
in time) of the nodes of the pie model shown in bold in
Fig. 10a, which had been saved for each time step. The
“submodeling” option in the Abaqus software allows this
procedure to be done in an automated way. As shown in
Fig. 10, the submodel was located around the center of the
pie model in order to avoid edge effects of the non-phys-
ical symmetry boundary conditions imposed on the latter.
This submodeling strategy has also been followed in Eyc-
kens et al. [37,38] and Aerens et al. [8]. In the latter article, a
more detailed description can be found for the same process
parameters.
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3.3 Constitutive laws

Due to the choice of material, the static loading and the room
temperature, an elastic–plastic behavior law seemed to be
the most suitable. The elastic range is described by Hooke’s
law where the Young’s modulus E = 72, 600 MPa and the
Poisson’s ratio ν = 0.36 were identified using an acoustic
method.

The isotropic von Mises yield locus as well as the aniso-
tropic Hill yield loci have been taken into account, in order
to show the effect of the sheet anisotropy on the force predic-
tions. The experimental Lankford coefficients, r0, r45 and r90

at 0◦, 45◦ and 90◦ from the rolling direction, are equal to 0.68,
0.73 and 0.66, respectively. We assume that the laminated
sheet remains orthotropic during the deformation, whereas
the orthotropy axes may be subjected to a time-dependent
rotation R. This rotation is either derived from the polar
decomposition of the deformation gradient, or defined by
the evolution equation Ṙ = � · R where � is the total spin,
i.e., the antisymmetric component of the velocity gradient.
We take the form of Hill’s quadratic yield function:

FHill(σ ) = 1

2

[
(H + G)σ 2

11 + (H + F)σ 2
22

−2Hσ11σ22 + 2Nσ 2
12

]
− σ 2

F = 0 (3)

where the parameters F , G and H are defined using the fol-
lowing relations:

F = 2r0

r90(1 + r0)
, G = 2

(1 + r0)
, H = 2r0

(1 + r0)
.

The N parameter was simultaneously fitted by an inverse
method with the hardening parameters as presented in Sect. 4.

σ is the Cauchy stress tensor, whose components are
defined assuming that direction 1 is the sheet RD, 2 is the
transverse direction (TD) and 3 the normal direction.

Various hardening models were used:

– an isotropic Swift hardening law (no saturation):

σF = K
(
ε0 + ε p)n

. (4)

The material parameters ε0, K and n were identified using
a single test (either a uniaxial tension or simple shear test)
or preferably by using the averages of the stress–strain
curves obtained by such tests at various orientations with
respect to the rolling direction. The initial value of the
yield stress is given by the relation σ0 = K εn

0 . Swift’s law
is adequate to describe the behavior of materials which
exhibit non-saturated isotropic hardening, but very weak
or negligible kinematic hardening.

– an isotropic Voce hardening law (saturation):

σF = σ0 + K
(

1 − e−n · ε p)
, (5)

where ε p is the plastic strain, and K , σ0, and n are the
material parameters.

– a kinematic Armstrong–Fredericks law, coupled with
one of the previous isotropic hardening models (a mixed
hardening law is used, instead of a purely kinematic one).
The stress tensor σ is replaced by σ − X where X is the
back-stress. The material is assumed to have the same
behavior under tension and compression at the begin-
ning of the process, the evolution of the back stress being
described by a saturation law thoroughly investigated by
Lemaître and Chaboche [39]:

∇
X = CX

(
Xsat ε̇ p − X ˙̄ε p

)
, (6)

where
∇
X is Jaumann’s objective derivative applied on the

back-stress, Xsat characterizes the saturation value of the
kinematic hardening, and the material parameter CX char-
acterizes the rate of approaching saturation and ˙̄ε p is the
anisotropic equivalent plastic strain rate for Hill or the
isotropic one for Von Mises.

– a kinematic Ziegler law:

∇
X = CA

1

σF

(
σ − X

) ˙̄ε p − G A X ˙̄ε p, (7)

where CA is the initial kinematic hardening modulus and
G A is the rate at which the kinematic hardening modu-
lus decreases with increasing plastic deformation. Both
kinematic hardening models are available in Lagamine
but only Ziegler’s was available in the version of Abaqus
used.

4 Identification of the material parameters

4.1 Introduction

An inverse method was used to fit the material data. This
method, coupled with a FE code, can be used to determine
the material parameters of a complex material law. The prin-
ciple of this method is to choose a set of tests, whose results
are sensitive to the material data to adjust. These tests are
simulated using an initial set of data, chosen arbitrarily—
the better this initial guess, the faster the method. Then,
the numerical results are compared with the experimental
measurements, and the non-linear least-squares problem is
solved using a Levenberg Marquardt minimization algorithm
[40]. The material data are adjusted iteratively until the dif-
ference between the numerical and experimental curves is
minimized. The advantage of this method is the possibility
of choosing non homogeneous tests to fit the parameters,
thereby inducing heterogeneous stress and strain states close
to the ones reached during the process to be simulated.
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Fig. 11 Description of the classic tests: a tensile, b shear and c Bausch-
inger tests

Figure 11 shows the so-called classic tests. Unlike these,
the line test, presented in Fig. 12, is an additional test cho-
sen because its stress and strain states are similar to the ones
occurring during SPIF. Indeed, this test shows localized strain
gradients and through-thickness shear that do not occur in
classic tests. The square sheet had a thickness of 1.5 mm and
the spherical tool radius was 5 mm. The tests were performed
three times and the bolts of the frame were tightened using
the same torque value. This point is essential for ensuring a
repeatability of the test results. The displacement of the tool
was composed of five steps with an initial position tangent
to the top surface of the sheet: a first indent of 5 mm (step 1),
a line movement at the same depth along the x-axis (step 2),
then a second indent up to a depth of 10 mm (step 3) followed
by a line at the same depth along the x-axis (step 4) and by
unloading (step 5).

Only the first step of this test was used during the inverse
method procedure to determine accurate material data. How-
ever, the whole test was used as an experimental validation
as it is sensitive to kinematic hardening.

Table 2 presents the nine sets of material parameters iden-
tified in this study and detailed in the next sections. Some of
these will not be used for the cone simulations but only on
the line test simulations discussed hereafter.

For the Abaqus simulations, the Swift parameters of Sets
1, 1* and 2 were chosen to be different from the ones
used for the Lagamine simulations and shown in Table 2:
K = 183 MPa, ε0 = 1.49 · 10−3 MPa and n = 0.222. Nev-
ertheless, the respective flow curves do not deviate more than
4 MPa for ε p < 100%.

4.2 Material parameter sets 1 and 2

The tests described in Fig. 11 were used to determine the
material data. As these tests are assumed to be homogeneous

(this have been verified using Digital Image Correlation),
only an analytical adjustment was performed using the rela-
tions (3–7) and the usual correlations between Lankford coef-
ficients and the Hill material parameters, except for N, which
was improved using the inverse method. The type of element
(brick or shell) does not affect these parameters, which are
assumed to be the true material parameters.

For Set 1, the Swift isotropic hardening law was coupled
with Armstrong–Frederick’s kinematic hardening and Hill’s
yield locus. However, the optimizer provided a set of param-
eters where both CX and Xsat were equal to zero, indicat-
ing an optimal solution without kinematic hardening. The
good correlation between the experimental and simulation
results can be checked in a paper published by Bouffioux
[35]. Only a small number of validations will be presented
in this section. Set 1* was derived from Set 1 and was not
obtained using inverse modeling. Its sole purpose was to
check the effect of taking into account the anisotropic Hill
yield locus, in comparison with the isotropic Von Mises one
for an identical hardening model (see Fig. 17 for the 20◦
cone).

For Set 2, the von Mises yield locus was coupled with
Ziegler hardening, available in both Abaqus and Lagamine.
Unlike for Set 1, the optimizer converged towards a set
of parameters containing a significant amount of kinematic
hardening. In addition, this set provides a good predic-
tion of experimental results, except for the tensile test. The
Bauschinger test in Fig. 11 could indicate that kinematic
hardening happens. A second confirmation was provided
through the simulations of the whole line test, using brick
elements and the Lagamine code with Set 1* and Set 2, which
were then compared (see Fig. 13) with experimental results.
The brick simulation prediction with Set 2 is slightly closer to
the experimental measurements, giving a possible indication
of the usefulness of kinematic hardening.

However, with both laws, the gap between the simula-
tion and the experimental measurement was still so large
that either these material parameters are incorrect or else the
type of finite element, the material law or the mesh density
is not able to model the material flow accurately. In order
to find an answer to this delicate question, the sensitivity of
the line test in relation to the following simulation parame-
ters, either numerical or physical, was evaluated using brick
elements: in-plane mesh density with a fixed number of lay-
ers across the thickness (i.e., 3 layers), inaccuracy in the
thickness measurement, defect of flatness of the sheet, slip-
ping of the sheet in its blank-holder, rigidity of the machine,
geometry of the tool, or friction with the tool. None of these
parameters could have a significant enough influence so as
to explain the large difference between the experiments and
the simulation, as shown by Bouffioux et al. [35].

Since neither of these two material parameter sets seemed
to be able to capture the actual material behavior during the
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Fig. 12 Description of the line
test

Table 2 Parameters of the material laws used in line test and cone simulations (K , CA, Xsat , and σ0 in MPa)

Set Name and hardening Yield surface coefficients Swift/Voce Back-stress
number type parameters data

Set 1 Hill/Swift F = 1.224, G = 1.193, H = 0.8067 K = 183, n = 0.229, CX = 0

Isotropic hardening N = L = M = 4.06 ε0 = 0.57·10−3 Xsat = 0

Set 1* Von Mises/Swift F = G = H = 1 K = 183, n = 0.229 CX = 0

Isotropic hardening N = L = M = 3 ε0 = 0.57·10−3 Xsat = 0

Set 2 Von Mises/Swift F = G = H = 1 K = 146.7, n = 0.229 CA = 240.6

Ziegler (kine. hard) N = L = M = 3 ε0 = 1.5 · 10−3 G A = 11.2

Set 4 Von Mises/Swift F = G = H = 1 K = 175, n = 0.328 CA = 800

Bricks Ziegler (kine. hard) N = L = M = 3 ε0 = 0.15 · 10−3 G A = 45.9

Set 5 Hill/Swift F = 1.224, G = 1.193, H = 0.8067 K = 111, n = 0.266 CX = 51.4

Shells Arm-Fred (kine. hard) N = L = M = 4.06 ε0 = 0.5 · 10−3 Xsat = 46

Set 5* Von Mises/Swift F = G = H = 1 K = 111, n = 0.266 CX = 51.4

Shells Arm-Fred (kine. hard) N = L = M = 3 ε0 = 0.5 · 10−3 Xsat = 46

Set 6 Von Mises/Swift F = G = H = 1 K = 94, n = 0.266 CA = 3,000

Shells Ziegler (kine. hard) N = L = M = 3 ε0 = 0.083 · 10−3 G A = 56.9

Set 7 Von Mises/Voce F = G = H = 1 K = 109, n = 21 CA = 0

Bricks Isotropic hardening N = L = M = 3 σ0 = 15 G A = 0

Set 8 Von Mises/Voce F = G = H = 1 K = 89, n = 22.5 CA = 83

Bricks Ziegler (kine. hard) N = L = M = 3 σ0 = 20 G A = 0

line test, a different approach was required and a new iden-
tification method was developed.

4.3 Material parameter sets 4, 5, and 6

For these sets, a new identification procedure was used. It
consists in applying the inverse method coupled with FE sim-
ulations (Fig. 14) of both a tensile test and a simple indent
test (i.e., step 1 of the line test shown in Fig. 12). The line

test, performed with the SPIF set-up, contains heterogeneous
stress and strain fields with tension, compression and shear
stresses. The material parameters obtained were expected to
be more accurate, since these heterogeneous stress and strain
fields are also present in the SPIF process.

Indeed, the data adjusted by such a method gave a bet-
ter prediction of the global material behavior when look-
ing at the line test simulation results (Fig. 15). However,
the notion of “true material parameter” is not accurate as
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Fig. 13 Experimental and
predicted (Set 1*, 2, 4)
force–displacement curves for
the line test

performing exactly the same identification with brick or shell
elements (Set 4 Brick and Set 6 Shell) generated different sets
of material data. Another way to see this effect is to compare
the predictions of Set 4 used with shell elements or brick
elements in Fig. 15. Apparently, the phenomenological con-
stitutive models used with a given mesh and contact model
do not make it possible to obtain a unique set of material data.
The inaccuracy of the FE simulations (due to overly coarse
meshes, elements not able to model actual behavior within
the thickness, or an inaccurate rheological model) can be
corrected by using well-chosen material data, which thereby
lose some of their physical meaning.

The predictions based on Sets 2 and 4 differ only in their
identification method. The improved simulation results of Set
4 Brick (not only for step 1 of the line test for which it was
identified but for the whole test) confirm the interest of this
new identification procedure.

Simulations performed with shell elements (with five inte-
gration points across the thickness) seem to provide a slightly
better modeling of the bending state occurring in the line test
than the ones performed with three layers of brick elements.
However, the through-thickness shear cannot be taken into
account by these shell elements and the results from the 20◦
and 60◦ cones will show the limitations of using such ele-
ments (see e.g. Figs. 17 and 20).

Finally, note that the brick element C3D8R of Abaqus
supplies a remedy for the shear locking problem, but the
rank-deficiency of the stiffness matrix may produce spuri-
ous singular (hourglassing) modes, which can often make
the elements unusable, unless it remains under control [41].

4.4 Material parameter sets 7 and 8

The line, tensile and shear tests do not reach sufficiently large
strains to clearly decide whether or not a Voce law (with sat-
uration of isotropic hardening) is preferable to a Swift law
(with strictly increasing hardening). However, the analysis of

Fig. 14 Description of the tests chosen for the second method of data
identification: a tensile test, b indent test

the usual stationary force level reached in all the SPIF exper-
iments [8,13,22] suggests that a Voce law is more adapted
to the large deformation behavior of the studied aluminum
sheet. In particular, the links that can be established between
the Kocks and Mecking dislocation-based hardening models
[42] and the phenomenological Voce model are in favor of
this saturation model for very large strains.

For these two sets of material parameters, the identifica-
tion method consisted in fitting material data using a tensile
test (with a maximal experimental equivalent strain of 0.335),
a monotonic shear test (with a maximal experimental equiv-
alent strain of 0.431), two Bauschinger shear tests (using two
different levels of pre-strain Gamma = d/b = 10 and 30%,
as illustrated in Fig. 11) and a simple indent test. As this
hardening model was not available with Lagamine’s shell
element, only the set of material data of the brick elements
is provided.

Figure 16 compares the evolution of the predicted force
with a Swift or Voce law with the experimental values. At this
stage, given the relatively small level of deformation reached
during these simple tests, the Voce law does not seem to be
more accurate than the Swift law. Indeed, the predictions
with Set 6, which uses a Swift law, are more accurate than
the other ones but this is probably due to the fact that this
simulation was performed with shell elements. However, it
will be shown later, with the cone simulations, that the Voce
law is more adapted when larger deformations take place.
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Fig. 15 Experimental and
predicted force–displacement
curves for the line test (with Set
2, Set 4 Brick and Shell, and
Set 6)

Fig. 16 Experimental and
predicted force–displacement
curves for the line test (with Sets
4, 6, 7, and 8)

4.5 Conclusion about the identification procedures

The line test simulation results lead us to the conclusions that
the second parameter identification method is preferable to
the first one. In addition, the presence of large strain in SPIF
process justifies the use of a third method.

Finally, these simulations proved that the choice of the
material parameter set cannot be made separately from that
of the element type and the simulations to be performed.

5 Force results in cone simulations

5.1 Introduction

When modeling Single Point Incremental Forming, obtain-
ing accurate force predictions is always a difficult task. In
order to evaluate the influence of various material models
and of the elements used, 10 simulations were performed.

Two different FE codes were used: Lagamine with shell
elements and Abaqus with brick elements, using two differ-

ent mesh densities (see Figs. 8 and 10). Unlike during the
experimental tests, no tool rotation was imposed in the FE
simulations but only a rigid body displacement according to
the experimental tool path. A Coulomb friction coefficient
of 0.05 was used in all simulations, except those shown in
Fig. 24 since they were used to evaluate the influence of
friction. The characteristics of those 10 simulations are sum-
marized in Table 3.

When interpreting the FE force predictions, an essen-
tial difference between shell (Lagamine) and brick (Abaqus)
FE simulations should be kept in mind. Brick elements are
allowed to shear (plastically) in a plane containing the sheet
thickness direction. Indeed, as shown by Table 4, which gives
the values of the through-thickness shear angles for several
simulations, such a shear does take place, especially for the
larger wall angle of 60◦. The shear angle values were com-
puted using the final position vector from a node on the outer
cone surface towards the corresponding node on the inner
surface and expressing it in the local reference frame 1-2-3
attached to the outer sheet surface. For this frame, the third
axis is aligned with the local sheet normal direction (see
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Fig. 17 Total force for the 20◦
cone simulations

Table 3 Characteristics of FEM simulations

Name FE code Model Yield locus Isotropic Kinematic Parameter set
hardening hardening and element

Sim1 Lagamine Global Hill Swift – Set 1 Shell

Sim2 Lagamine Global Hill Swift Arm.-Frederick Set 5 Shell

Sim3 Lagamine Global Von Mises Swift – Set 1* Shell

Sim4 Lagamine Global Von Mises Swift Arm.-Frederick Set 5* Shell

Sim5 Lagamine Global Von Mises Swift Ziegler Set 6 Shell

Sim6 Abaqus Global Von Mises Swift – Set 1* Brick

Sim7 Abaqus Global Von Mises Voce Ziegler Set 8 Brick

Sim8 Abaqus Submodel Von Mises Swift – Set 1* Brick

Sim9 Abaqus Submodel Von Mises Voce – Set 7 Brick

Sim10 Abaqus Submodel Von Mises Voce Ziegler Set 8 Brick

Table 4 Through-thickness shear angles γ13 and γ23 obtained with brick (Abaqus) simulations of the 20◦ and 60◦ cones

Name Model Yield locus Isotropic
hardening

Kinematic
hardening

Cone 20◦ Cone 60◦

γ13 γ23 γ13 γ23

Sim6 Global Von Mises Swift – 0◦ 1◦ −13◦ 5◦

Sim7 Global Von Mises Voce Ziegler – – −11◦ 1◦

Sim8 Submodel Von Mises Swift – 0◦ 3◦ −16◦ 18◦

Sim9 Submodel Von Mises Voce – – – −19◦ 17◦

Sim10 Submodel Von Mises Voce Ziegler 1◦ 3◦ −7◦ 9◦

The negative values of γ13 correspond to the sketch in Fig. 3

Fig. 3). The exact calculation method of the corresponding
unit vectors is given in Eyckens et al. [25]. The angles given
in Table 4 are the average values of nine such position vectors,
located in the center of the submodel mesh (see Sect. 3.2),
i.e., at a distance of about 55 mm from the pie model’s tip in
the undeformed configuration.

It can be noted in Table 4 that for the 20◦ cone, through-
thickness shear is practically absent. For the 60◦ cone, how-
ever, it is significant and dependent on the mesh density used
(compare Sim6 to Sim8 and Sim7 to Sim10). A depen-
dence on the material model used can also be seen by com-
paring Sim7 to Sim6 and Sim10 to Sim8 or Sim9: the use

of kinematic hardening appears to reduce the total through-
thickness shear prediction, at least for 60◦ cone.

In the following discussion, the force components will
always be given as an average per contour. This average is
computed, for each contour separately, for the time interval
during which the tool angular position is within the central
third part of the respective mesh, in order to avoid edge effects
due to the boundary conditions.

In addition, it has been verified in Henrard’s PhD the-
sis [43] that the results of a 360◦ (whole blank), 90◦ (one
quarter of the blank) and 45◦ (one eight of the blank) simula-
tions produce very similar results. In particular, the maximum
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Fig. 18 Radial force for the
20◦ cone simulations

relative error of the partial simulations with respect to the full
one was, for the axial force Fz , smaller than 10%.

Comparing the respective ratios between the different sta-
bilized force components is an additional way of detecting
the strong differences in material flow happening in the 20◦
and 60◦ cones. First, the axial force is in both cases the main
component and it is the most important one for the valida-
tion of the simulations. Then, the radial force level strongly
depends on the wall angle: this component varies both in
terms of magnitude and direction, as will be proved later.
Finally, the tangential force is directly related to the friction
and contact characteristics. During the experimental tests,
the tool’s rotation speed was chosen to be proportional to
the tool’s linear speed in such a way that there would be a
point of its surface with a rolling contact. Since the contact
zone is approximately a line, as shown by Eyckens [38], two
distinct zones appear: one with local relative tool velocity
in the same direction as the tool movement, and the other
one opposite to the tool movement. These two zones either
(partly) compensate each other or not, depending on the wall
angle. The FE models, which neither take the tool rotation
into account nor have an accurate contact zone due to overly
coarse meshes (even for the submodel), cannot accurately
predict this phenomenon. For this reason, one cannot expect
accurate predictions of tangential force values Ft .

5.2 FE force predictions for the 20-degree cone

The evolution of the experimental and predicted (7 simula-
tions) total tool force is shown in Fig. 17 for the 20◦ cone.
One can observe the following regarding force predictions:

– The effect of anisotropy can be estimated through the
comparison of the results fromSim1 andSim3using iso-
tropic hardening or Sim2 and Sim4 using mixed harden-
ing. This effect is relatively small. This can be explained
by two causes: firstly, the Lankford coefficients show a
weak planar anisotropy, and secondly, the use of a pie
model (with the Rollind Direction (RD) aligned with the

x-axis as shown in Fig. 8) is not a reliable approach to
check the overall variation due to anisotropy. However, a
global 360◦ simulation did not highlight strong sinusoi-
dal variations of the predicted force during one contour,
and the average force per contour predicted using a Hill
anisotropic material model showed very similar results to
the one predicted with an isotropic Von Mises model [43].

– Sim1, Sim3, and Sim6 using Swift isotropic hardening
with either shell or brick elements produced poor results.
The use of a brick submodel, having a more refined mesh
(Sim8 and Sim10), seems to improve the prediction sig-
nificantly. This could suggest that even for a wall angle
as low as 20◦, which does not show significant through-
thickness shear (as shown in Table 4), the reduced inte-
gration elements are very sensitive to mesh density. Finer
meshes coupled with better hardening model bring the
predictions closer to the converged solution.

– Sim6, Sim8, and Sim10, performed with Abaqus’s
brick element, display more oscillations than the other
four simulations performed with Lagamine’s shell ele-
ment, even though their mesh densities are similar. Lag-
amine’s shell element has four in-plane integration points
and for each of them, the stress gradient was integrated
using five integration points across the thickness. Its
associated contact element checks the contact state and
computes the contact pressure at four integration points
located at the element’s surface. Lagamine’s nodal forces
are then energetically equivalent to any contact happen-
ing on the surface layer. Abaqus, on the other hand,
merely computes a contact force at each surface node and
has only three integration points (both for the pie model
and the submodel) across the thickness (three layers of
reduced-integration elements having each just one inte-
gration point).

– Even though they use the same law, Sim8 proved more
accurate than Sim6. With the submodel technique, the
same number of elements is used across the thickness,
but the in-plane mesh is much more refined compared
to the Abaqus and Lagamine pie model meshes. There-
fore, it can make a much better prediction of the localized

123



586 Comput Mech (2011) 47:573–590

Table 5 Experimental stabilized absolute and relative force components for cone 20◦ and 60◦

Fr [N] Fr /Ftot Ft [N] Ft/Ftot Fz [N] Fz/Ftot Ftot [N]

Cone 20 −42.00 −0.14 57.00 0.19 293.00 0.97 302.00

Cone 60 203.00 0.35 100.00 0.17 530.00 0.92 576.00

Fig. 19 Tangential force for the
20◦ cone simulations

plastic zone around the tool contact zone, as illustrated in
Eyckens’s paper [38].

– Sim2 and Sim4, which both use Armstrong–Frederick’s
kinematic hardening law, predicted more accurate forces
than did Sim1 and Sim3, using Swift isotropic harden-
ing for shell elements. The experimental stationary value
is almost perfectly predicted by Sim2 and Sim4. Note
that the analytical formula given by Eq. 2 predicted a
quite accurate value of 325 N.

– Sim10 is less accurate than Sim8. The underestimation
of Fz may be due to the apparent underfitting of the uniax-
ial tensile test in the identification procedure. Note that in
the wall of the 20◦ cone, accumulated plastic strains up to
about 30% are reached, which is not higher than the level
reached during the tests used in the identification proce-
dure. It appears that with the material laws currently used,
the line test (featuring bending of the sheet) and the tensile
test cannot be accurately captured with the same material
parameters. Increasing the number of elements across the
thickness (three layers) in the model used during the iden-
tification would likely improve the bending state predic-
tion and increase the accuracy of the results even more.

Clearly, the use of a kinematic hardening law combined
with a saturating isotropic Voce hardening is one way of
reducing the predicted vertical tool force and bringing it
closer to experimental measurements. Another one is the use
of the submodeling technique, which likewise decreases the
global force level and yields to accurate force predictions
even without kinematic hardening. Both brick and shell ele-
ments provide accurate results for this small wall angle cone
geometry because the through-thickness shear remains lim-
ited (as illustrated by Fig. 4 and Table 4).

Note that the total force is mainly due to the axial force,
as shown in Table 5 (Fz/Ftot equals 0.97). The experimental
and predicted radial force values, shown in Fig. 18, are sig-
nificantly lower as Fr/Ftot is limited to 0.14. The predicted
radial force depends more on the choice of element and mesh
refinement than on the constitutive law.

For the first contours (1–10), experimental and numeri-
cal forces computed using shell elements were very accu-
rate, regardless of the constitutive laws (Sim1 to 4). On the
other hand, the value predicted using brick elements pre-
sented strong oscillations.

For the next contours (12–50), a large discrepancy
appears between numerical and experimental results. More
specifically, the brick model and its submodel predicted an
underestimated compressive force whereas the shell element
predicted a tensile force. None of the FE models is refined
enough to model the process accurately and predict the small-
est force component. Even the very fine submodel, which
uses the coarse global mesh as boundary conditions, cannot
improve the radial stress state.

Figure 19 presents the predicted tangential component.
An increase in the friction coefficient will increase the pre-
dicted force level. For this tangential component, the Lag-
amine shell simulations (Sim1 to4) are less accurate than the
global brick simulation (Sim6), which is in turn less accurate
than the submodel simulations (Sim8 and 10). This seems
logical since friction generates local shear strain and stress
gradient through the thickness, which cannot be simulated by
shell elements and are poorly described by the global brick
model. The fact that, with a Coulomb friction coefficient of
0.05, all the models underestimate the absolute value of the
transversal experimental force for the 20◦ cone while (as will
be seen later in Fig. 22) they overestimate it for the 60◦ cone,
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Fig. 20 Axial force for the 60◦
cone simulation

Fig. 21 Radial force for the
60◦ cone simulation

highlights the poor ability of these FE simulations to model
the actual contact behavior.

As explained above, two contact zones with friction in
different directions are separated by a point with no relative
speed between the tool and the wall. These two zones do not
compensate each other for the 20◦ cone, which explains the
large (negative) experimental values. The FE simulations,
which do not model the tool rotation and have an overly
coarse a mesh (leading to poor contact conditions), cannot
accurately reproduce the actual phenomenon [25].

5.3 FE force predictions for the 60◦ cone

The evolution of the experimental and predicted (8 simula-
tions) axial tool force is shown in Fig. 20 for the 60◦ cone.
Looking at the shell element simulations, it can be said that, as
it was already the case for the 20◦ cone, the isotropic harden-
ing generates an exceedingly high prediction (Sim1), which
can be decreased by the use of kinematic hardening (Sim2).

TheSim5 results confirm the fact that the choice of an iso-
tropic or anisotropic yield locus and of the exact formulation
of the kinematic hardening is negligible for this material.

While the Sim2 results were close to experimental val-
ues for the 20◦ cone, it now presents an error of 40%. This

result can be explained by the fact that for the 60◦ cone, the
through-thickness shear is high (see Fig. 4 and Table 4), and
it cannot be taken into account by the shell element.

For the five simulations performed with Abaqus and brick
elements, the conclusions about the prediction of the total
force can still be applied here for the axial force compo-
nent shown in Fig. 20: the use of a submodel decreases the
force prediction (as results from Sim8 are lower than those
from Sim6); for the global model, the use of kinematic and
saturated isotropic laws also decrease the force prediction
(as results from Sim7 are lower than those from Sim6).
The effect of the choice of hardening is stronger than that of
the use of the submodeling technique (Sim7 results lower
Sim8). With the submodeling technique, saturated isotro-
pic hardening (Sim9) strongly decreases the force predic-
tion compared to Swift isotropic hardening (which is always
increasing) as in Sim8.

Note that in the wall region of the 60◦ cone, accumulated
equivalent engineering strains reached 200%, which explains
why the choice of isotropic hardening (saturating or not) has
such an influence on the result. It is surprising, however, that
for the submodel with a saturating isotropic model, the use
of a kinematic hardening law (Sim10) or not (Sim9) seems
to have little effect: both results are quite similar and provide
the best solution when compared with experimental values.
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Fig. 22 Tangential force for the
60◦ cone simulation

Fig. 23 Total force for the 60◦
cone simulation

Fig. 24 Tangential force with
and without friction for the 60◦
cone simulation

The evolution of the other force components (radial in
Fig. 21 and tangential in Fig. 22) shows that kinematic
hardening increases the predicted force level for the sub-
model (Sim10 compared to Sim9) but decreases it for all
the other simulations (Sim2 or Sim5 compared to Sim1;
Sim7 compared to Sim6).

For the submodel, the tangential force (Fig. 22) is less
accurate with kinematic hardening (Sim10) than without
(Sim9), while the opposite observation is made for the radial
component (Fig. 21). As the relative weight of the radial com-
ponent is higher than the tangential one for the 60◦ cone (see

Table 5), Fig. 23’s total force value shows a very slight advan-
tage over Sim10 (with kinematic hardening) compared with
Sim9 (without).

For Lagamine and Abaqus global simulations, the con-
clusions are different: the choice of kinematic hardening
improves the prediction for each of the three force compo-
nents (see Figs. 20, 21 and 22) and the best prediction is given
with kinematic hardening.

Finally, Fig. 23 shows the effect of a change in the fric-
tion coefficient on the tangential force component. It can be
observed that an accurate steady-state force component can
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be reached by using a lower friction coefficient. The level
reached by Sim10 without friction is almost perfect. This
result only proves that for the 60◦ cone, the two contact zones
compensate each other but it does not mean that the true Cou-
lomb friction coefficient is zero. As stated earlier, accurate
modeling of the contact is not reached due to an overly coarse
mesh and the absence of rotation of the tool.

6 Conclusion

The simulations and experiments performed show that the
material flow is different for 20◦ and 60◦ cones, resulting in
different stress and strain states.

In addition, the line test force prediction confirms that
including an inverse approach with an indent test and fitting
the material parameter with the finite element used are key
factors in accurate force modeling in the SPIF process. All
material data sets (Sets 5, 7 and 8) that provided numerical
SPIF force predictions close to experimental values rely on
such an identification procedure.

In the 20◦ cone, the model based on shell elements, which
neglects through-thickness shear, could predict accurate axial
forces provided that the material model take into account both
isotropic and kinematic hardening and that an identification
procedure uses an inverse approach including an indent test,
which unlike classic tensile and shear tests, features sheet
bending. The model based on brick elements with a fine mesh
(submodel) did in fact provide results nearly as accurate as
those using shell elements when using the same type of con-
stitutive law.

For the 60◦ cone, only the brick FE models were able to
model through-thickness shear, which takes place in the SPIF
process. The amount of predicted shear depends on the mesh
density, while the more finely meshed model (submodel) also
shows more accurate force predictions.

For this large wall angle cone, it has been clearly dem-
onstrated that a saturating hardening law such as Voce’s is
essential for accurate force prediction for the aluminum alloy
used. A less significant improvement in force prediction can
be seen when taking into account kinematic hardening.

In this study, the highest accuracy was reached in the case
where brick elements with a fine mesh were used with a
material model that combined the isotropic yield locus of von
Mises with the mixed isotropic–kinematic hardening model
of Voce–Ziegler.
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