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Abstract: The analysis of possible approaches to the numerical simulation of tensile flat specimen made
from 718 superalloy is presented. Three plasticity models were employed, with various numbers of material
parameters and, therefore, complexity. The influence of simplifying the three-dimensional geometry into the
plane was researched in the view of force response, deformation and stress state in the crack initiation location,
which was in the centre of the specimen.
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1. Introduction

The correct description of the deformation, stress state and failure of polycrystalline materials is very im-
portant in many areas, such as automotive, aerospace or energy. Various advanced approaches have been
developed. However, there is still room for improvement.

The stress state is often characterised by the stress triaxiality, which describes the volumetric part of the
stress tensor. It is defined as

η =
σ1 + σ2 + σ3

3σ̄
, (1)

where σ1 ≥ σ2 ≥ σ3 are the principal stresses and σ̄ is the equivalent von Mises stress. The deviatoric part
of the stress tensor may be described by many quantities. One of the most widespread is the normalized
third invariant of deviatoric stress tensor defined as

ξ =
27

2

det (s)

σ̄3
, (2)

where s is the deviatoric stress tensor (Dou et al., 2023).

The flat specimen (Fig. 2) is usually used along with other geometries for the calibration of plasticity as well
as ductile fracture criteria (Park et al., 2018; Zhu et al., 2021; Nouira et al., 2023). The plane strain occurs
along the width (zero strain approximately) in the centre of this specimen, while the plane stress occurs
through the thickness (zero stress approximately) there. At this point, the initial values of stress triaxiality
and normalized third invariant of deviatoric stress tensor are approximately 0.577 and exactly 0, which is
the same case as for the tensile notched tube (Šebek et al., 2019).
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2. Experimenting

The rolled plate of 15.875 × 300 × 600 mm made from nickel-based superalloy Inconel 718 was used to
manufacture the specimens. Their axes were aligned with the rolling direction estimated by metallography.

Three tensile tests of cylindrical specimens 6 mm in diameter and three tensile tests of flat plates were
carried out. The flat plate has a thickness of 2.5 mm in the process zone and 10 mm in the shoulders. The
width was 50 mm. All tests were carried out on the Zwick Z250 Allround-Line, tCII, testing machine with
the Zwick multiXtens extensometer with a gauge length of 30 mm.

3. Numerical calculations

The constants of elasticity, Young’s modulus of 202 GPa and Poisson’s ratio of 0.34, were estimated on the
basis of the impulse excitation measurement.

Three plasticity models were considered for the simulations. The first was the von Mises yield criterion with
associated flow rule, which has no material parameter. Another one was the model proposed by Ghazali et
al. (2020), which has 6 material parameters. It is dependent on the stress triaxiality and the normalized third
invariant of deviatoric stress tensor. The flow rule was deviatoric associated so that the plastic incompress-
ibility was fulfilled. It meant that the direction of flow was normal to the yield surface only in the deviatoric
plane. The last plasticity model was the one proposed by Vobejda et al. (2022). It was non-associated with
the yield function having 7 material parameters, the same number as the plastic potential, since it took the
same form. All models were implemented using user subroutines in Abaqus/Explicit software.

The flow curve was determined on the basis of the tensile cylindrical specimen, similarly as in Šebek et al.
(2019). Average experiment and simulation are compared in the left Fig. 1. The von Mises yield criterion
was used. The geometry was meshed with CAX4R axisymmetric elements of size 0.075 mm.

Displacement [mm]

Fo
rc

e
[k

N
]

Average experiment
Simulation (von Mises)

Displacement [mm]

Fo
rc

e
[k

N
]

Average experiment
2D simulation (von Mises)

2D simulation (Ghazali et al.)
3D simulation (von Mises)

2D simulation (Vobejda et al.)
3D simulation (Ghazali et al.)

3D simulation (Vobejda et al.)

0 4 8 12 16
0

10

20

30

0 2 4 6
0

20

40

60

80

100

120

140

Fig. 1: Force–displacement responses for average experiments and computations for tensile cylindrical
specimen (left) and tensile flat specimen modelled as plane strain, 2D, and tree-dimensionally, 3D, (right).

Two levels of modelling the flat specimen geometry were used. One eighth of three-dimensional geometry
was modelled taking into consideration all planes of symmetry. The geometry was discretized by C3D8R
elements with 0.075 mm size in the process zone. The mass scaling was employed in order to save some
computational time. This model served for the calibration of plasticity models, except for the von Mises
one. The material parameters cs = 0.98 and kb,y = 0.3 for the models of Ghazali et al. and Vobejda
et al., respectively, were estimated based on the force responses. These were compared with the average
experiment until a satisfactory match was reached (right Fig. 1). The other material parameters of both
plasticity models remained the same as in Vobejda et al. (2022). Then, also the two-dimensional case was
modelled, assuming the plane strain condition in the centre of the flat specimen (cut B – B in Fig. 2). No
plane of symmetry was considered then. The geometry was meshed with CPE4R elements having again
a size of 0.075 mm.
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Fig. 2: Necking dimensions and cuts for the tensile flat specimen at the instant of failure.

4. Results and discussion

The force responses are comparable to the average experiment in the case of plasticity models of Ghazali
et al. and Vobejda et al. for three-dimensional geometry, while the classical von Mises yield criterion
overpredicted the response (right Fig. 1). Force responses were also overpredicted in the case of plane
strain condition for all models of plasticity. Tab. 1 summarizes the relative errors with respect to the average
experiment in order to quantify these findings.

Tab. 1: The percentage errors of plasticity models related to the average experiment.
Plasticity model Geometry Error [%]

Von Mises 2D 17
Von Mises 3D 7.4

Ghazali et al. 2D 7.4
Ghazali et al. 3D 1.6
Vobejda et al. 2D 5.1
Vobejda et al. 3D 1.2

The two-dimensional modelling yielded similar results for models in the view of state variables extracted
from the crack initiation location (Fig. 3), consistent with the theoretical initial values. Different results
were observed for the three-dimensional geometries, which should be closer to reality. The models of von
Mises and Vobejda et al. predicted similar results. The average stress triaxiality was 0.327 and 0.303
for the models of von Mises and Vobejda et al., respectively, while the average normalized third invariant
of deviatoric stress tensor was 0.538 and 0.540, respectively. The model of Ghazali et al. predicted the
average stress triaxiality of 0.493 and the average normalized third invariant of deviatoric stress tensor of
0.609, which is almost two times higher compared to other models.

Significant necking developed before fracture in the case of a tensile flat specimen. Three neck dimensions
were measured and averaged for comparison with numerical simulations (Fig. 2). Those were the width
w, the thickness on the sides t1 and the thickness on the centre t2. The results for the three-dimensional
geometry are given in Tab. 2, while the results for the two-dimensional models are given in parentheses
there. The best prediction was obtained by the plasticity model proposed by Vobejda et al.

Tab. 2: Three neck dimensions for three-dimensional geometry (for two-dimensional in parentheses).
w [mm] t1 [mm] t2 [mm]

Average experiment 46.19 2.01 1.70
Simulation (von Mises) 45.69 2.23 1.74 (1.68)

Simulation (Ghazali et al.) 47.40 2.18 1.66 (1.68)
Simulation (Vobejda et al.) 45.78 2.22 1.73 (1.69)
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Fig. 3: State variables at centre of flat specimen (legend for simulations identical with that in right Fig. 1).

5. Conclusions

Three- and two-dimensional modelling was performed for the tensile flat specimen made from the nickel
alloy Inconel 718 to see the influence of simplification. The results show that the plane strain case correctly
predicted the stress state in the centre of the specimen, where the onset of the fracture occurred. On the
other hand, force responses were overpredicted for all material models considered. The three-dimensional
modelling brought good prediction of forces, apart from the von Mises model. However, the state variables,
stress triaxiality and normalized third invariant of deviatoric stress tensor, deviated significantly for the
model of Ghazali et al. with associated flow rule. The difference between predicted neck dimensions is
marginal within the plasticity models considered. The non-associated model of Vobejda et al. captured the
reality the closest overall.
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