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Abstract

To accurately predict the ductile rupture or failure using uncoupled rupture models for a given material, specific model parameters
are required. These parameters are difficult to determine in a direct approach from experiments and need to be estimated using a
hybrid experimental and numerical analysis, which accuracy relies on the quality of the anisotropy and hardening model calibration.
In this study, material model parameters are estimated for AA6016-T4 and AA5182-0O thin sheets. The methodology to determine
material parameters of a combination of Swift-Voce hardening law and Y1d2004-18p yield criterion is based on inverse
identification over a full database made of quasi-homogeneous tests and specific rupture tests. The experimental data are obtained
from sheet metal samples in the form of either stress-strain curves or load-displacement curves and local strain evolution measured
by digital image correlation. To validate the simulation results, three additional tests on notched specimen are considered. The
failure model parameters for a shear modified uncoupled Lou’s rupture criterion are then determined using an average value of the
triaxiality ratio and the Lode parameter at the material point of maximum equivalent plastic strain. The final aim of this study is
the numerical prediction of the strength of a clinched joint of dissimilar AA6016-T4/AA5182-O sheets and the occurrence of
rupture is numerically investigated at different stages.
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1. Introduction

The stringent environmental norms increase the use of advanced materials to manufacture lightweight vehicles.
Often these advanced materials (aluminium alloy, polymer and composite) are difficult to join using conventional
methods; in addition, dissimilar materials are used for reducing the weight. Clinching process gives an advantage over
conventional joining process where sheet metals can be joint by plastic deformation at room temperature without any
external material and heat source. It is an efficient and low-cost method of joining similar and dissimilar sheets. The
clinched joint quality depends on the amount of undercut, neck thickness and bottom thickness of the sheet (Bielak et
al., 2021).

Lambiase and Di lilo (2013) used a 3D finite element model for clinching simulation with isotropic hardening
(Ludwik law) to describe flow behaviour of the mild steel sheet. To predict the strength of clinched joints, a detailed
finite element modelling approach was discussed by Coppieters et al. (2011). They developed 2D axisymmetric and
3D finite element model for clinching process using Abaqus/Explicit. The model predicts maximum force accurately
during subsequent pull-out test, however underestimates the ductility. They reported that Voce hardening law-based
model predicts a larger interlock of the joint. The accuracy of finite element predictions also depends on the material
model parameters. Coppieters et al. (2011) used two different methods for post-necking hardening parameters
identification, i.e., either multi-layered upsetting test with inverse identification method or digital image correlation
(DIC) based tensile test experiments. Two different hardening law parameters were identified and both approaches
showed an improved joint geometry prediction compared to the classical extrapolation method. Breda et al. (2017)
used a mild steel sheet for evaluation of clinched joint strength and Swift hardening law was used for modelling the
material behaviour. They calibrated the hardening law using force-displacement results of pull-out and shear lap tests.
Identification of mechanical properties for clinching simulation could also be performed by bulge test, tensile test and
layered compression test as discussed by Kupfer et al. (2022). These test methods represent different stress conditions
which are important during clinching simulation.

Another important aspect of clinching simulation is damage or rupture prediction. Occurrence of failure during
clinching was predicted by Lambiase and Di Ilio (2016) by incorporating Rice and Tracey criterion for an aluminium
alloy. They calibrated the damage parameter using punch-out test, by matching the numerical results of force-
displacement curve with experimental values. Coppieters et al. (2017) used finite element analysis to understand the
bottom defect formation in clinched joint and its effect on the strength of a subsequent single lap shear specimen. For
material behaviour, they used Swift and Voce-Xue laws and to predict the failure, Cockroft & Latham criterion, Rice
& Tracey criterion, Modified Rousselier and the Inversely calibrated Modified Rousselier models were considered in
the analysis. The parameters for hardening models were determined based on a methodology explained above
(Coppieters et al., 2011) and damage parameters were determined by inverse method (Gou et al., 2013). Ma et al.
(2022) studied the clinched bond formation during clinching of steel (JSC780) and aluminium (A5052-H34) alloy.
They used Cockroft-Latham damage criterion to study the root cause of failure during clinching. In their study, a finite
element model for clinching process was developed in Simufact Forming software. They predicted that a higher
clamping force could result in neck cracking. Xu et al. (2021) studied the clinching process and strength of the clinched
joint through numerical and experimental studies. They used Johnson-Cook hardening and damage model using
Abaqus/Explicit software. They predicted the joint strength of A17075 alloy and found that single lap joint strength
was higher compared to the cross joint.

The framework of this study is the virtual clinching and subsequent mechanical testing of the clinched joints. As a
first step, a hybrid experimental and numerical methodology was used to identify the material parameters for both
AA6016-T4 and AA5182-0 sheets. The parameters of an uncoupled shear modified Lou’s rupture criterion are then
estimated with the help of numerical analysis. Lou’s rupture criterion is applied for failure prediction during clinching
process. Further, clinched joint strength prediction is compared with experimental observations.
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2. Methodology
2.1. Materials

The materials used in this study are AA6016-T4 and AA5182-O provided as 1 mm and 0.85 mm thick sheets,
respectively. Basic mechanical properties of these materials are output from tensile tests and are given in Table 1. The
aluminium alloy of 5000 series exhibits a higher stress level compared to the 6000 series one, a similar normal
anisotropy coefficient but a rather insignificant planar anisotropy.

Table 1. Mechanical properties of the materials used for model calibration and clinching.

Material Initial yield Tensile strength (MPa)  Young’s modulus Normal anisotropy Planar anisotropy
strength (MPa) (GPa) coefficient coefficient

AA6016-T4 113.8+1.29 229.0+£0.83 73.051 0.61 0.10

AA5182-0 152.0 293.0 72.073 0.68 0.03

2.2. Experiments

The mechanical behavior of the two materials was investigated at room temperature and under quasi-static
conditions, with an average strain rate of the order of 10~} s™!, to characterize the anisotropy, hardening and occurrence
of rupture. Tensile tests on dog bone specimen with a uniform central section, at 7 different orientations to the rolling
directions, simple shear tests on rectangular specimen, in 3 orientations with respect to the rolling direction, hydraulic
bulge test on circular blanks were performed. Repeatability was investigated over 3 to 5 samples and a representative
test is chosen. Moreover, tensile tests on notched specimen, with different values for the notch radius, and specimen
with a central hole and shear-type geometry were also performed for the rupture characterization in the rolling
direction. Data given in Table 1 are calculated from these experimental results. Young’s modulus values given in
Table 1 are calculated as an average value of the initial slope of 5 loading-unloading cycles below the initial yield
stress, using an extensometer. The strain field for all the other tests was captured using Digital Image Correlation
(DIC) system ARAMIS. The geometries used are detailed in (Kacem et al., 2021, 2022). It must be emphasized that
the full experimental database, including repeatability tests, amounts to a total of around 65 tests for each material.

2.3. Constitutive equations
The mechanical behavior is modeled within the large deformation framework, using isotropic hardening, described

with a weighted Swift-Voce expression given by Eq. 1 coupled to the anisotropic yield criterion Y1d2004-18p (Barlat
et al. 2005), cf. Eq. 2.

0,(5) = alA(e + &) "]+ (1 — a)[op + Q (1 — exp(—b&,))] (1)

where &, is the equivalent plastic strain and «, 4, &y, n, gy, Q and b are the parameters to be identified.

The Y1d2004-18p criterion is given by Egs. 2 to 4:
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The parameter a in Eq. 2 is fixed and for FCC material its value can be considered as 8. The other 18 parameters
of Eq. 3 were determined using hybrid numerical and experimental calibration process.

Lou’s 2012 (Lou et al., 2012) rupture criterion can be given by Eq. 5. Here D = 1, represents the rupture and for
this purpose C;, C, and C3 parameters were determined through experimental rupture tests and numerical analysis.

e & 1 ()" (422)" e

o1+0,+03

(%)
_ 20,— 0,03
e Lode parameter (L) = B

Triaxiality ratio (1)) =
Here 0,> 0,>03 represents the three principal stresses. For each material, there are 21 material parameters to describe
hardening and anisotropy plus 3 more for the uncoupled rupture criterion. The model is implemented in a user
subroutine for Abaqus/Standard. The calibration procedure is described in the following section.

2.4. Calibration procedure

The calibration for anisotropy and hardening is performed using all the tests, i.e., 7 tensile tests at different
orientations to the rolling direction (including the stress level and the width strain), 3 simple shear tests also at different
orientations to the rolling direction, a bulge test and 5 heterogeneous tests on notched specimen, specimen with a hole
and tensile-like shear specimen. The first ones (tension, simple shear and hydraulic bulging) were considered quasi-
homogeneous, and a finite element model made of only one cubic element, with boundary conditions leading to a
homogeneous mechanical state is used for each type of test, to obtain numerical stress and strain data. However, a full
finite element model is used for 3 rupture tests and the load, and the maximum local strain are output. The boundary
conditions are output directly from the experimental measurements. The remaining 2 rupture tests are considered for
a validation of the model.
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where N is the number of tests and ny; the number of points for a given test, x the set of material parameters. Z le *P and
Z$™ are the output variables coming from experiments and numerical simulation respectively. The weighting factor
W, ensures the standardization of unit from diverse output signal of the test, enabling comparability.

Inverse identification is carried out using SiDoLo software (Pradeau et al, 2016; Souto et al., 2015). The cost
function, defined in the least square sense, quantifies the gap between the numerical predictions and the experimental
values as given in Eq. 6 and 7. For each iteration, 14 finite element simulations are run, i.e., 11 with a single element
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and the 3 others with a full model, for a given set of material parameters. The optimizer SiDolo determines a new set
of parameters, and the cost function is then updated. When the gap is lower than a fixed value and/or the maximum
number of iterations is reached, an optimized set of parameters is reached. The algorithm is based on Levenberg-
Marquadt one and may be sensitive to local minima. Several sets of initial values were tried, to test the robustness of
the presented values. This methodology ensures that a compromise is reached for the representation of all the tests in
the database, both for hardening, anisotropy and rupture tests.

Finally, concerning Lou’s model calibration, a classical hybrid experimental-numerical methodology is used. The
maximum equivalent plastic strain, at a local displacement corresponding to the experimental value, is output. The
average triaxiality ratio and Lode parameter at this material point are calculated and Lou’s criterion parameters are
then determined.

3. Results and discussion
3.1. Model calibration

In this section the inversely identified parameters are presented and the results are compared with experimental
ones. In Fig. 1, the experimental and numerical comparison for some selected test results are shown. A good
correlation for tensile loading in the rolling direction can be observed for both materials in Figs. 1 (a) and (d).
Similarly, the results for shear tests, also performed in the rolling direction, are shown in Figs. 1 (b) and (e); however,
bulge test results show a slight discrepancy both materials.
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Fig. 1: Experimental and numerical results comparison for different test conditions for model calibration (a-c) AA6016-T4 (d-f) AA5182-0O.

Table 2: Y1d2004-18p parameters calibrated from the experimental and numerical inverse identification procedure.

: ® @ ® D 1) (€3] @ (@] ) (2) ) ) ) @)
Material C12 C13 Ca1 Ca3 C31 C3z Cee C12 C13 Ca1 Ca3 C31 C32 Ce6

AA6016 1.12 0.71 1.05 0.98 1.03 1.11 0.69 1.08 1.08 0.75 1.36 120 084 121
AA5182 1.11 0.95 0.92 1.22 1.12 0.78 1.08 0.86 0.86 0.92 0.90 1.02 1.09 0.85

Furthermore, the numerical predictions for the rupture tests were also compared with experimental observations for
maximum strain values in critical region where the possible failure occurs, as shown in Fig. 2. Here it can be observed
that the numerical results predict the maximum strain values and failure location with good accuracy under various
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tests for both materials. The plastic anisotropy coefficients are very well predicted, as well as the stress levels, for all
the orientations. These results confirm the effectiveness of the calibration methodology considered in the present
study. The optimized set of parameter values are given in Tables 2 and 3.

Table 3: Swift-Voce parameters calibrated from the experimental and numerical inverse identification process.

Material a A (MPa) £ n 0, (MPa) Q (MPa) b
AA6016 0.525 195.47 0.00335 0.118 123.76 355.21 11.219
AA5182 0.49 60.23 0.0059 0.0012 215.64 482.93 9.71
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Fig. 2: Experimental (DIC) and numerical maximum strain comparison under various test conditions before rupture for (a) AA6016-T4 and (b)
AA5182-0 alloy.

Lou’s rupture parameters were determined from the numerical results of the NR5, HR4 and SH geometries. Here,
NRS5 represents notch radius of 5 mm, HR4 hole diameter of 4 mm and SH is shear test sample. These parameters are
given in Table 4 for both materials. The model calibration results can depend on the set of experiments considered
(Yang et al., 2021) and the aluminium alloys may show weak effect on the Lode parameter as found previously by
Qian et al. (2015). However, Zhang et al. (2020) found strong influence of Lode parameter for aluminium alloy and
concluded the Lou’s rupture criterion predicts fracture with good accuracy. In present study C; was found to be
negative for both materials, as the limiting value of C; is 0 (Lou and Huh, 2013), therefore for failure analysis C; was
considered as 0.

Table 4: Lou’s 2012 rupture model parameters for identified from the numerical and experimental rupture analysis.

Material C, C, Cy
AA6016-T4 0 0.562 0.605
AA5182-0 0 0.472 0.462

3.2. Clinching

The validation of the calibrated models was performed by the 3D finite element analysis of clinching process for
AA6016-T4 and AAS5182-0O alloys and subsequent strength test of the clinched joint. In Fig. 3, clinching simulation
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results can be observed, elements from the neck and bottom region (Fig. 3 (a)) are considered for the rupture and stress
state analysis. In clinched joints, failure occurs mostly at the neck and bottom region of the sheet [8]. To understand
the stress state in these regions, material points are selected from the top sheet for stress state analysis. Fig. 3 (a) shows
the stress state for neck and bottom regions in stress triaxiality-Lode parameter plane. It can be observed that the stress
state in the bottom region mostly remains as compression while in the neck region, points undergo near shear
deformation (Jickel et al., 2020). The stress state shows negative stress triaxiality for most of the considered points,
only few material points show positive stress triaxiality, which might be due to a stretching of the sheet during
clinching. To understand the possibility of failure during clinching, Lou’s damage (D,,,,) values are calculated in the
neck region for the upper sheet. Multiple material points are selected for the damage value calculation, however only
4 points could be used for the final analysis. This is due to the assumption of Lou’s criterion that, at high negative
stress triaxiality (< - 0.33), no failure occurs. The final damage value in the neck region w.r.t. equivalent plastic strain
is shown in Fig. 3 (b). Here, failure in the material can be considered if the damage value reaches 1. The results in
Fig. 3 (b) shows that the damage value remains below 1 in the neck region, hence no failure during clinching is
predicted, which is in good agreement with experiments.

To further analyse the effectiveness of the present model, joint strength is predicted with a shear lap test. Fig. 4 (a)
shows the different stages of the joint strength test, where instantaneous displacement of the bottom sheet is
mentioned. These displacements are measured at the location corresponding to the displacement measured during
experiments. This result shows the evolution joint condition where upper sheet detaches from one end of the joint and
at the other end, strain localization occurs. The maximum strain value increases in the sheet neck region as observed
in Fig. 4 (a).
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Fig. 3: Numerical results of clinching process (a) stress state after joint formation between AA5182-O and AA6016-T4 alloy (b) damage
values after clinching process. PEEQ stands for the equivalent plastic strain.

A similar observation for similar aluminium alloy joint was noticed in a previous study (Kohler et al., 2021), however,
the present study also shows similar failure evolution for dissimilar aluminium alloy joint. Another important factor
for joint strength test is the maximum load capacity of the joint during shear loading. In Fig. 4 (b) a comparison of
experimental and numerical joint strength can be observed. It can be seen that the present model predicts a lower
maximum joint strength during the shear test. This might be due to neglecting the material anisotropy. However, the
trend for the force evolution for the joint strength test was captured with good accuracy.
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Fig. 4: Numerical prediction of the rupture process during joint strength test for dissimilar joint of AA5182-O and AA6016-T4 alloy (a)
evolution of the joint during shear test (b) force-displacement comparison of the clinch joint.

4. Conclusions

In this study, a hybrid methodology was used to calibrate the hardening, anisotropy and uncoupled rupture model
parameters. The numerical and experimental observations show that the model was calibrated with good accuracy
under different loading conditions to capture several stress states. These optimized material parameters were used for
clinching simulation, which shows stress state evolution after clinch joint. Moreover, present model predicts no failure
after clinching as observed during the experiment. Finally, the clinched joint strength for a shear-lap test is predicted
and compared to the experimental.
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