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Experimental and numerical analysis of the effect of stress triaxiality and Lode angle
on ductile failure of Ti-6Al1-4V alloy
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ABSTRACT: In this article, the effect of stress triaxiality and Lode angle on the ductility of titanium
grade 2 alloy has been investigated. For this research, four samples with different geometries, including
Dog-bone samples, notched samples, and two shear samples, were designed and manufactured. A
uniaxial tensile test at ambient temperature was performed on these samples. A Dog-bone sample
was used to extract the mechanical properties of titanium alloy. The simulations were done in Abaqus
software and the failure behavior of the samples was analyzed until the end of the plastic zone. To
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match the force-displacement diagrams, Swift’s combined equation and fourth-order polynomial were  Keywords:

used. Comparing the results of experimental tests and simulation with Abaqus shows a good agreement . 1[4y

between the diagrams up to the end of the plastic zone. In this research, the stress triaxiality varied Lode Angl
ode Angle

between zero and 0.5 for four different samples. Specifically, for one of the triaxial shear samples, the

stress value was zero, and for the other shear sample, 0.2. Also, the stress triaxiality for Dog-bone and Stress Triaxiality

notched sample was recorded as 0.33 and 0.5 respectively.

Fracture Strain

1- Introduction

Titanium alloys are excellent candidates for aerospace
applications due to their high strength-to-weight ratio and high
corrosion resistance. Also, one of the primary justifications
for using titanium in the aerospace industry is weight saving,
operating temperature, corrosion resistance, and composite
compatibility [1]. Steelways et al. [2] investigated the results
of tensile and shear loading tests as well as simulations for
6061 aluminum samples. The numerical results showed that
the stress triaxiality ranges from 0.07 to 0.58. The fracture
strain values of the samples were measured using digital
image correlation. Also, the failure strain decreased uniformly
with increasing triaxiality. In the research work of Zistel et al.
[3], damage was investigated in aluminum 6082. The failure
of this alloy was mainly caused by the creation of holes, their
growth, and integration; While the formation of fine cracks
is caused by shear and compressive stress conditions. In
addition, the damage behavior also strongly depends on the
loading direction of the material sample. Common Dog-bone
samples are used to identify the parameters of elastic-plastic
materials. With different grooved samples, the effect of the
stress state on the behavior of the material can be investigated
because the triaxial stress increases with the decrease of the
groove radius. This article examines the fracture behavior
of samples of titanium grade 2 sheet and four different
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samples have been simulated using Abaqus software. The
geometry of these samples was selected by numerous
analyses and simulations and subjected to tensile loading at
room temperature. The results show that the plastic behavior
is specific to the material and the common models for the
hardening of metals do not simulate the behavior of titanium
well. To match the simulation results with the experimental
data, a new hybrid relation is used. Also, by changing the
geometry at the point of failure, the state of stress has changed
and an analysis of the failure behavior has been performed on
the material.

2- Method

In this article, titanium grade 2 alloy is used, which is a
two-phase alloy and has mechanical properties such as a high
strength-to-weight ratio, high-temperature creep resistance,
microstructure stability, and corrosion resistance. Usually, in
fracture studies, two stress triaxiality parameters and Lode
angle have a significant effect on material behavior. The
stress triaxiality is considered as an unavoidable parameter to
check the damage of the sample and it is defined as the ratio
of the average stress or hydrostatic pressure to the von Mises
equivalent stress:
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Fig. 1. Two sheared samples, Dog-bone and grooved
specimen.
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In equation (1), 7 is stress triaxiality and greatly affects
the amount of plastic strain before soft failure occurs. In
relation (2) o,, the stresses are the stresses of the main
direction.

This research examines the effects of stress triaxiality and
Lode angle on the spread of damage in materials. Static tensile
loading was performed for four samples, including Dog-bone,
grooved, and two sheared samples, and the deformation in the
plastic region was investigated. For loading, one side of the
sample is fixed in the jaw of the tension device, and loading
is applied from the other side. The samples were loaded at a
speed of 3 mm/min with an Instron 8502 machine and force-
displacement diagrams were recorded. All samples have
a thickness of two millimeters and 120*25 mm? length and
width, and each sample has been tested four times to increase
the accuracy of the results.

In order to obtain the mechanical properties of the
desired material, the tensile test of the Dog-bone sample was
used. In this work, the Dog-bone sample was designed and
manufactured based on ASTM E8/E8M 16a [4]. The diagram
of force-displacement and true stress-strain of the Dog-bone
specimen of experimental test and numerical simulation can
be seen in Figure 2. Also, in figure 3. the force-displacement
diagram of all four samples can be seen.

The true stress-strain diagram of the experimental test
of the Dog-bone sample is compared with the test done in
the work of Gatti et al [S]. To match the experimental and
numerical diagrams, the combined hardening relationship of
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Fig. 2. Force-displacement and true stress-strain of the
Dog-bone specimen of experimental test and numerical
simulation
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Fig. 3. Force-displacement and true stress-strain of the
Dog-bone specimen of experimental test and numerical
simulation

the Swift model and a fourth-order polynomial as relation (3)
were used to describe the stress-strain behavior of second-
grade titanium alloys in a way that could describe the stress-
strain behavior of the material for uniaxial tension [6]:

Oy = qk(gy +¢,)" +(1—q)(a5; +bg; +cs12, +de, +e)  (3)

For the Dog-bone sample, element independence analysis
has been done to reach a more accurate result. The results
of this analysis are presented in Figure 4. In all samples, 0.5
mm element has been used in the fracture area. The boundary
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Fig. 4. Effect of element size on force-displacement
convergence of Dog-bone specimen.

conditions are considered in such a way that one end of
the samples is fixed from one side and does not move, and
displacement is applied from the other side.

To express stress triaxiality and Lode angle, the critical
element was selected in the fracture area and the corresponding
parameters were drawn according to Figure 5 during loading.
As can be seen from Figure 5, the Lode angle changes are not
uniform. Also, in these four samples, the stress triaxiality was
obtained from the range of zero to 0.5.

3- Conclusion

This research deals with the numerical and experimental
analysis of four titanium grade two samples under tensile
loading and examines the effect of different grooves on
fracture behavior. Creating a groove in the samples causes
a change in the stress triaxiality and Lode angle. The results
show that with the increase of stress triaxiality, the Lode
angle does not have a constant trend and the strain behavior
is different based on the structure of the material. To simulate
the hardening behavior, a hybrid equation is fitted on the
stress-strain data, and the dependence of the fracture strain
on the stress triaxiality and Lode angle is introduced. Finally,
the findings show that in different stress conditions, variable
parameters have an effect on material failure and there is a
good agreement between theoretical and experimental data.

triaxiality of samples.
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Fig. 1. Geometric dimensions of samples; (a) shear 1, (b) shear 2, (¢c) Dog-bone, (d) notched (all
dimensions are in mm).
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Fig. 2. (a) Shear specimen 1 with stress triaxiality of 0.08, (b) Shear specimen 2 with stress triaxiality of 0.2, (¢)
Dog-bone specimen with stress triaxiality of 0.33, (d) notched specimen with stress triaxiality of 0.5.
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Fig. 3. (a) Force-displacement diagram (b) True stress-strain experimental test and simulation of Dog-bone sample.
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Table 2. Mechanical properties and constant parameters in the hardening model for titanium grade 2.
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Fig. 4. Form of mesh the gauge length of the samples; (a) Shear sample 1, (b) Shear sample 2, (c) Dog-bone sample,
(d) notched sample.
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Fig. 5. Effect of element size on force-displacement convergence of Dog-bone specimen.
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samples.
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stress 0.2), (c) Dog-bone (triaxial stress 0.33), (d) notched sample (triaxial stress 0.5).
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Fig. 8. Strain contour of samples (a) shear 1, (b) shear 2, (c) Dog-bone, (d) notched.
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Table 3. The amount of fracture strain, stress triaxiality and Lode angle of samples in the fracture zone.
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