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Abstract

Plane stress tests such as tensile tests on smooth and notched samples as well as shear tests are used to identify the set of material
parameters associated with two damage models: a micromechanically-based Gurson model and a continuum Lemaitre and
Chaboche model. Finite element simulations and inverse modelling are applied on these tests to characterize the mechanical
behavior of a DCO1 steel sheet. The capabilities of these two damage models to predict the maximum wall angle before failure of
cones formed by single point incremental forming are analyzed, showing that the Lemaitre and Chaboche model appears to be
more reliable when applied on this steel sheet.

© 2019 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/)
Selection and peer-review under responsibility of the organizing committee of SHEMET 2019.

Keywords: GTN model; Lemaitre model; SPIF; FE simulation

1. Introduction

Incremental sheet forming (ISF) refers to a type of forming process where the deformation is localized in a small
zone and is applied by repeated contact between a tool and a clamped sheet metal. One of the most prominent
characteristics of ISF is that the final part is almost entirely defined by the CAD-CAM instructions, requiring minimal
specialized tooling. Hence, ISF stands as a remarkable option to deep drawing or stamping, being particularly suitable
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for rapid prototyping and small batch productions. One variant of ISF is the single point incremental forming (SPIF),
which is the main focus of this paper. SPIF is the simplest version of ISF, and it is characterized by a single forming
tool which incrementally deforms a clamped sheet metal. Several review papers have addressed the latest
developments around SPIF, e.g. Duflou et al. 2017 [1].

One of the remarkable features of SPIF is the formability, which is exceptionally high for a sheet metal process
[1]. Researchers have undergone several studies to analyze this complex phenomenon, due to the localized stress state
and the cyclic strain path induced by the tool. It has been shown that the classical forming limit diagram (FLD)
underestimates failure strain in SPIF, with a process achieving strains closer to the forming fracture limit [1] or even
higher [2].

Despite different researches on the formability characteristics of SPIF, the damage mechanisms leading to material
failure are not totally well understood. In this respect, the literature offers some examples of finite element analysis
with damage models. For instance, Malhotra et al. [3] used the Xue damage model [4], predicting faster damage
accumulation in SPIF than in deep drawing [3]. However, fracture in SPIF is delayed because the plastic strain in the
piece is distributed more evenly in ISF than in deep drawing.

The Gurson-Tvergaard-Needleman (GTN) model [5,6] is one of the most widely used damage models applied to
ductile fracture. Its use in SPIF simulations is, nevertheless, not widespread. Li et al. [7] used the GTN model with a
Hill '48 anisotropic matrix to predict failure in a SPIF cone. The material parameters were identified using a tensile
test in three orthotropic directions. Gatea et al. [9] used a GTN model extended to shear to predict failure in a truncated
SPIF cone and pyramid of pure titanium sheets. Guzman et al. [8] also analyzed the results of the GTN model extended
to shear but applied on a DCO1 steel sheet and a cone shape. It was concluded that this extended GTN model
underestimates the maximum wall angle, due to an imprecise coalescence modeling. New simulations of this case
were described in [8] where this GTN model was coupled with the physically-based Thomason criterion and lead to
better results than the classical coalescence model proposed by Tvergaard and Needleman [10]. However, the damage
predictions during SPIF were still far from the experimental observations. In a subsequent paper, the authors further
explained this behavior and attributed the inaccurate results to inner limitations of the GTN model, which can also
explain why the Xue damage model behaves better for SPIF Finite Element (FE) analyses [8].

Another popular damage model, the Lemaitre model [11], has been scarcely used in the SPIF FE context. For
instance, Hapsari et al. [12] performed an identification of the damage parameters using the micro-SPIF process
variant. The parameters were validated with force measurements in a truncated pyramid of copper alloy. Kumar et al.
[13] coupled the Johnson-Cook model with the Lemaitre model to predict the behavior of an aluminum alloy in
truncated cones.

In the present study, both the GTN and the Lemaitre damage approaches are compared in their ability to predict
the damage evolution in SPIF. The paper is organized as follows. Section 2 presents the experiments used to
characterize the plastic and damage behavior of the material. The SPIF process parameters are also briefly described.
Section 3 shortly summarizes the constitutive models, the GTN and Lemaitre models. The material parameters used
in the Gurson and Lemaitre model, and the comparisons between the numerical and the experimental results under
different triaxialities, are presented in Section 4. The application of these two models for SPIF FE simulations and the
discussions of the obtained results are exhibited in Section 5. Finally, some concluding remarks are synthetized in
Section 6.

2. Experiments

A DCO1 steel sheet of 1.0 mm in thickness has been selected. Its plastic behavior, including anisotropy and
hardening, was characterized by an experimental campaign involving tensile tests, monotonic and cyclic shear tests
performed in three orthogonal directions to the rolling direction (RD). Digital Image Correlation (DIC) was used to
extract experimental displacements and strain fields. The DCO1 presents some anisotropy as confirmed by its Lankford
coefficients (ro=1.513, r45=1.141, r9o=1.854). However, as shown in [18] the stress-strain curves in RD and transversal
direction are very close, while the curve at the 45° direction is slightly lower than the other ones. The damage behavior
was studied using another experimental campaign, with different geometries (notched and shear specimens) shown in
Fig. 1. FE meshes used to simulate these tests were chosen after a convergence analysis. They are presented in Fig. 1,
while experimental Force-displacement curves are presented in Fig. 4, together with numerical results.
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Fig. 1. (a) Tensile test with a notch of 5 mm; (b) tensile test with a central hole (c) shear test; (d) FE mesh for (a); (¢) FE mesh for (b); (f) FE
mesh for (d); (g) Formed DCO1 sheet by SPIF process (front view with the defined wall angle a).

Hereafter, the SPIF geometry studied is a cone of 30mm depth (Fig. 1(g)). The maximum achievable wall angle a
can be used as a measure of the formability limit of the SPIF process: a maximum angle of 67° was reached
experimentally for DCO1 sheets [14].

3. Material model
3.1. Extended Gurson Tvergaard Needleman model

The extended Gurson-Tvergaard-Needleman (GTN) model [5, 6] has been implemented in the in-house finite
element code Lagamine, developed by the MSM research team at University of Liége since the 1980s. The Swift

isotropic and the Armstrong-Frederick kinematic hardening models are used to describe the hardening behavior of the
DCO1 steel. The Swift law has the following form:

UY(qu) = K(qu + & )n (1)

where oy is the flow stress, egq is the equivalent plastic strain and K, n, &, are material constants. The Armstrong-

Frederick law only two parameters are present: Cy and X, related to the saturation rate and saturation value of the
backstress X;;. The classical GTN yield surface is defined by [15]:
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where G, is the macroscopic mean stress, G, the macroscopic equivalent effective stress and f is the void volume
fraction (porosity), defined as the average ratio of the void volume to the total volume of the material. The damage
parameters q; and g, , originally equal to 1.0 in the initial Gurson model, are usually set to 1.5 and 1.0 [6]. The
evolution of voids is additively decomposed in the nucleation f,,, growth f; and shear f; parts. The growth part
contribution is straightforwardly determined by volume conservation while the nucleation part is defined by:

. In _1 5151_31\12 .p
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where £} is the equivalent plastic strain in the matrix and fy , Sy , &y are material parameters. The Nahshon and
Hutchinson shear extension has the following form [16].

. O-devi j égq
fs = kwfw(ffij) - 4)
Oeq
where k,, is a material parameter, g,, the macroscopic equivalent stress, Odevy is deviatoric part of the stress tensor
and w(oj;) is a stress scalar function. Finally, coalescence is triggered when the porosity reaches a critical value f..
The phenomenon is mathematically represented by an acceleration of the effective void evolution f* which evolution

is based on the failure porosity fz and the critical coalescence porosity f,. The latter is a material constant in the
classical GTN model, while the critical porosity is supposed to be reached when the following criterion is no more
fulfilled in the Thomason coalescence model [17]:

2
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where o, is the maximum principal stress, ¢ is a material parameter defined as a function of the hardening exponent

n, P is equal to 1.24 and y is the void space ratio [17]. This extended Gurson model is summarized with more
details in [18].

3.2. Chaboche and Lemaitre model with 2 damage variables

In order to make the link between the damaged state and the virgin state, the hypothesis of energy conservation has
been selected for more physical significance. Zhu [19] proposed an extension of this hypothesis in the case of two
damage variables:

d
—d g — Om
g = G, = (6)
- 1-d mo1-6
with o is the deviatoric stress tensor, o,, is the hydrostatic stress (the bar superscript means effective value) and the
coefficients d and § are the damage variables.
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Fig. 2. Input data for Lemaitre model and DCO1 (with t=1): (a) effective stress- Fig. 3. Influence of (t) on the initial damage surface in

strain; (b) damage hardening behaviour. the stress space.
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In his model Zhu [19] proposed a modified energy-based damage evolution criterion:
d. .d 2

gtia (1) om
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where Y,; and Yy are the damage energy release rates, G and X are the shear and bulk moduli respectively, B, is the
initial damage strengthening, B the damage strengthening, 8 the overall damage (8 = d), (7) the tensile effect
coefficient and it is defined such that the model generates no damage growth in a compression state (Fig. 2) [19]:
6
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4. Material set of parameters and model validation

The material parameters for DCO1 are identified through the comparison between the experimental and numerical
results, under different triaxialities, using inverse modelling.

Table 1: DCO1 materials parameters for the GTN model

Elastic parameters Swift+Armstrong and Fredrick
E (MPa) v K (MPa) £ n Cy Xsqr (MPa)
210000 0.3 542.49 0.0178 0.4328 113.63 81.96
Hill’48 coefficients Damage parameters
F G H N L M q qs
0.8103 0.9927 1.4660 2.9246 2.9246  2.9246 1.5 1.0
Nucleation Coalescence Shear (Nahshon and Hutchinson) and
correction parameters
fo fn Sn En Jer fr ke T T,
0.0008 0.0025 0.175 0.42 0.0055 0.135 0.25 0.35 0.7

The parameter f, is the initial porosity and k, T;, and T, are the material constants used in shear extension model,
more details can be found in [8]. Either the coalescence of void is triggered by the critical porosity f, or defined by
Thomason criterion (5).

The simulated force-displacement curves for different triaxialities are close to the experimental results when the
parameters k,, = 0.25 and f_, = 0.0055 are used (Fig. 4).
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Fig. 4. Comparison between numerical results and experimental results: (a) tensile test with a notch of 5 mm; (b) tensile test with a central hole; (c)
the shear test.
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These sets of GTN parameters result from a deep investigation with different staggered approaches [18], while
the research dedicated to Lemaitre and Chaboche model is at a preliminary state. For the sake of simplicity, von Mises
yield locus and isotropic hardening and (t) value of 1 were chosen for the Lemaitre and Chaboche model. The
effective stress-strain curve as well as curve defining damage evolution are defined in Fig. 3.

5. Application of SPIF FE simulation models

In the experimental process, the maximum wall angle @ reached without generating failure is 67°. In SPIF
simulations, a 8-node solid-shell element, called RESS was used [20]. This element uses the enhanced assumed strain
method with one additional deformation mode. Three integration points across the thickness were defined in the
present study.

5.1. Extended Gurson Tvergaard Needleman model

By coupling different extensions of Gurson model, the SPIF FE simulations were performed with different variants:
e GTN: classical GTN model where the coalescence is triggered by the material parameter f,..
e  GTN+Thomason: classical GTN model with the critical coalescence porosity determined by the Thomason
criterion.
e  GTN+Shear: classical GTN model coupled with Nahshon and Hutchinson shear extension.
e  GTN+Shear+Thomason: combination of GTN model with shear extension and Thomason criterion.

The results summarized in Table 2 and Fig. 5 show that all the variants with different extensions underestimate the
experimental maximum wall angle. For the GTN variant, the maximum wall angle without failure is 47°, which is
smaller than the experimental one. When coupling with the Thomason criterion, the numerical results are improved
up to 51°. However, the influence of Nahshon and Hutchinson shear extension seems to be limited.

Table 2: Comparison between numerical and experimental results for SPIF process

GTN GTN+Thomason = GTN+Shear GTN+Shear+Thomason  Experiment

Maximum achievable

47° 51° 47° 51° 67°
wall angle
Maximum porosity at
initiation of 0.0055 0.01357 0.0055 0.01363 /
coalescence
Maximum effective -, ;300 0.1644 0.2004 0.1546 /
porosity reached
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Fig. 5. Numerical results of SPIF simulation for the wall angle of 52° with the variant GTN+Shear+ Thomason: (a) the distribution of effective
porosity at the end of the simulation; (b) the difference between left hand side and right hand side of Thomason criterion (5), coalescences of void
occurs when positive.
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In Fig. 5, an example of the numerical results for 52° (minimum wall angle leading to failure) of wall angle is
illustrated when the GTN+Shear+Thomason variant is used. Fig. 5 (a) presents the distribution of the effective porosity
f* at end of the simulation. It is clearly that the f* has already surpassed fr which is the indicator of the failure of the
material. For the same moment, the difference between left hand side and right hand side of Thomason criterion (5)
is illustrated in Fig. 5 (b). The coalescence occurs when the latter is positive. In addition, it shows a similar distribution
field as the effective porosity.

5.2. Chaboche and Lemaitre model

In Fig. 6, we present the distribution of damage at the end of the simulation for Lemaitre and Chaboche model. For
the wall angle of 55° (Fig. 6 (a)), the maximum value of damage (d,,,, = 0.29) does not reach the critical value while
for the wall angle of 57° (Fig. 6 (b)), the value of damage (d,,,4,, = 0.39) surpassed the critical value. As a conclusion,
the critical wall angle using the currently identified parameters is 57° whereas the experimental failure angle is 67°.
This error could be partially caused by the material parameter identification procedure.

_ 3.000e-01 3.000e-01
S e S8sE: 2.700e-01 2.700e-01 '
2.400e-01 2.400e-01
2.100e-01 2.100e-01
1.800e-01 1.800e-01
1.500e-01 1.500e-01 H
1.200e-01 1.200e-01
9.000e-02 | 9.000e-02
6.000e-02 6.000e-02
3.000e-02 3.000e-02 I
0.000e+00 0.000e+00

(a) (b)

Fig. 6. Numerical results of SPIF simulations with Lemaitre model: damage value (a) for the wall angle of 55°; (b) for the wall angle of 57°.
6. Conclusions

Two models, namely an extended Gurson model and a Lemaitre and Chaboche model, are applied to study the
SPIF process in a truncated cone geometry. The Gurson model shows a good capability to predict the mechanical
behavior and to capture the failure of the material under different triaxialities within in-plane mechanical tests.
However, when the same set of parameters is used in SPIF simulations, it underestimates the maximum achievable
wall angle. Coupling classical GTN model with Thomason coalescence criterion only slightly improves the simulated
maximum wall angle. Limited influence of Nahshon and Hutchinson shear extension of GTN model can be noticed
in the SPIF simulation.

A potential explanation for the poor accuracy of the GTN model in failure prediction during SPIF (47° or 51°

compared to 67°, see Table 2) would rely on its inability to describe the strain localization and the associated thinning
of the metal sheet in the coalescence regime [18]. This could be attributed to the fact that the onset of strain localization
is solely driven by the evolution of porosity.
The Chaboche and Lemaitre model permitted to obtain significantly better results in failure prediction (57°), even if
the identification of the material parameters was not conducted thoroughly at this stage. For instance, improvement
of the results could be expected with the use of an advanced optimization algorithm. Another possible strategy to
improve the failure prediction would be to partially include SPIF results in the identification process, e.g. identification
of the parameters including one SPIF process and to check the predictive capabilities of the model on another SPIF
process. Additionally, the richness of the set of experimental results could be analyzed mathematically with
approaches such as the proposed by Ben Hmida [21], in order to obtain accurate material parameters.
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