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Abstract: The stress state has an important effect on the deformation and failure of metals. While
the stress states of the axisymmetric notched bars specimens are studied in the literature, the studies
on the flat metal specimen with inclined notch are very limited and the stress state is not clearly
characterized in them. In this paper, digital image correlation and finite element simulations are used
to study the distribution of strain and stress state, that is stress triaxiality and Lode angle parameter.
Flat specimen with inclined notch was tested to extract the full field strain evolution and calculate
stress state parameters at three locations: specimen centre, notch root and failure starting point. It is
found that compared with the centre point and the notch root, the failure initiation point can better
characterize the influence of the notch angle on the strain evolution. Conversely, the centre point
can more clearly characterize the effect of the notch angle on stress state, since the stress states at the
failure point and the notch root change greatly during the plastic deformation. Then the calculated
stress state parameters of the flat metal specimen with inclined notch at the centre point are used in
Wierzbicki stress state diagram to establish a relationship between failure mode and stress state.

Keywords: flat metal specimen with inclined notch; stress triaxiality; lode angle parameter

1. Introduction

The deformation and failure mode of metals are not simply related to the material
itself, but also related to the stress state they endure. Stress triaxiality is an important
parameter of the stress state [1-3], which affects the nucleation, growth and coalescence of
voids in the metal damage process, and affects the ductility [4,5]. The failure mechanisms
of metal are different under different stress triaxialities [6—8]. For example, Bao [4] carried
out extensive experimental researches on the stress triaxiality of 2024-T351 aluminium
alloy, including upsetting test, shear test and tensile test. They found that void growth
was the main failure mode under high stress triaxiality, while under low stress triaxiality,
the crack developed in the way of combined shear and void growth modes, and in the
negative stress triaxiality, the fracture was controlled by shear only. In order to examine the
critical strain at different stress states, Kiran [9] and Liu [10] carried out micromechanical
analysis and proposed that the critical strain was a non-monotonic function with stress
triaxiality. Lin [11] conducted a series of hot tensile tests on notched round bar specimens
with different radii which showed that the fracture strain decreased with the increase of
stress triaxiality. Kondori [12] and Li [13] demonstrated that stress triaxiality had a great
influence on the evolution of micro-voids and ductile fracture of the alloys.

In addition to the stress triaxiality, the Lode angle parameter is another important stress
state parameter that affects the deformation and failure of metals [14,15]. Srivastave [16]
and Zhu [17] observed that the Lode angle parameter affected the evolution of void
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shape and subsequently determined the development of damage and fracture mechanism.
Ma [18] studied the effects of initial porosity, stress triaxiality and Lode parameter on plastic
deformation and ductile fracture, and found that stress triaxiality and Lode parameter
affected the development of the void volume fraction.

Besides notched round bar specimen, notched flat specimen is another important one
to understand the effect of stress state on the mechanical and failure behaviour. Since a
wide range of stress triaxiality and Lode angle parameters can be achieved by changing
the notch angle and notch size of the notched flat specimens, it is convenient to study the
stress state on mechanical and failure behaviour of metals. Maysam [19] used a series
of flat specimens containing notch specimen, central hole specimen, and smiley shear
specimen to construct the correlation of fracture strain with stress triaxiality and Lode
angle parameter by Hosford—Coulomb fracture model. Skripnyak [5] investigated the
effect of stress triaxiality on mechanical behaviour and fracture of Ti-5Al-2.55n alloy by
the notched flat specimen at high strain rate within the stress triaxiality range from 0.33
to 0.6, and proved that the near alpha titanium alloy was ductile in this stress triaxiality
range. Anderson [20] studied the influence of stress triaxiality and strain rate on the failure
behaviour of a dual-phase DP780 steel by vertical notched flat specimen, found that extent
of transverse cracking due to martensitic islands increased with triaxiality. Malcher [21]
studied the fracture behaviour of AA6101-T4 by both the notched rectangular cross-section
specimen and notched round bar specimen for the stress triaxiality ranging from 0-0.6.
A tension-shear specimen covering a wide range of stress triaxialities was designed by
Zhang [22] to study the effect of the stress state on plasticity and ductile failure, and found
that the fracture locus was a nonmonotonic function of the stress triaxiality. Flat notched
plate pure shear test and flat notched plate tensile shear test were performed by Li [23]
to study the effect of the stress triaxiality and Lode angle parameter on the ductility and
fracture mechanism of the structural steel, and found that, the ductility of Q460 steel was
different under different Lode angle parameters, and the stress triaxiality controlled the
ductility and fracture mechanism of the steel.

The research on stress triaxiality and Lode angle parameter of notched tensile spec-
imens mainly focused on axisymmetric bar specimens which supported developing a
system stress state diagram of stress triaxiality and Lode angle parameter by Bai and
Wierzbicki [24]. The diagram assists characterizing the failure of material as a function of
the stress state for different types of notched specimens. However, the research on non-
axisymmetric flat metal specimen with inclined notch is limited and mainly focuses on the
analysis of stress triaxiality. There are very limited reports on the effect of the Lode angle
parameter on the failure behaviour of flat metal specimen with inclined notch. The study
on the stress state of flat plate notched specimen is not only beneficial to complement the
understanding of the stress state for notched flat metal specimens, but also has a potential
engineering value. In this work, digital image correlation (DIC) and finite element simu-
lation (FES) are used to characterize the stress state of flat metal specimen with inclined
notch and analyse the influences of stress triaxiality and Lode angle parameter on the
failure mode.

2. Experiment, Simulation and Characterization
2.1. DIC Experiment and Finite Element Simulation

Since the hot-rolled 316L austenitic stainless steel has good corrosion resistance,
toughness, weldability and deformability, it is widely used in the components of nuclear
equipment, petroleum equipment and chemical equipment. The stress state is important to
understand the mechanical performance of the component made of 316L. The hot-rolled
316L austenitic stainless steel is selected as the researching metal in this paper. The uniaxial
tensile test was performed to understand the true stress-true strain curve, and the result
curve is shown in Figure 1, which proves that it has excellent toughness and deformability.
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Figure 1. True stress-true strain curve of 316L.

In order to study the influence of stress state on the tensile behaviour of notched flat
metal specimen, four inclined notch angles were considered containing 0°, 15°, 30° and 45°.
The dimensions of specimens are shown in Figure 2a. The notch radius and the thickness of
specimens are all the same as 0.5 mm and 3 mm respectively, while the area of net section
is the same. The tensile test specimen is machined from the hot-rolled 316L austenitic
stainless-steel plate by electro-discharge wire cutting, and the longitudinal direction of
specimen is parallel to the rolling direction of metal. The tensile tests of both smooth and
notched specimens are performed by SUNS 50 kN CTM504 electric controlled mechanical
testing machine (SUNS Inc., Shenzhen, China) with the displacement rate of 3 mm/min,
and the test is conducted at room temperature.

Vertical

Vertical 15° 30° 45°
(b)

Figure 2. Notched specimen: (a) geometric dimension; (b) finite element mesh.

In order to obtain the local strain field during test, DIC method is used, which consists
of industrial cameras (Canon EOS 1500D, Canon, Beijing, China), control systems, racks
(XJTOP, Suzhou, China), and other auxiliary equipment. Further, commercial DIC software
GOM ARAMIS (GOM Correlate 2019, GOM GmbH, Braunschweig, Germany) is used to
calculate the local strain field. Since the flat specimen is discussed, 2D-DIC method is
used in this work. Before test, the random speckle pattern is sprayed on the surface of
the specimen. The speckle is detected with GOM software (GOM Correlate 2019, GOM
GmbH, Braunschweig, Germany), in which the face size is set to 19 x 19 pixels and the
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point distance is set to 16 pixels. Through the detection of GOM software, it is found that
the small plane quality and the random speckle quality are good enough, which meets the
experimental conditions, and then the experiment is started. During the mechanical test,
the test process is recorded by industrial camera (Canon EOS 1500D, Canon, Beijing, China),
while the camera lens is Canon EF-S 18-55 mm f/3.5-5.6 IS STM. The frame rate is 24 frame
per second, and the camera resolution is 1920 x 1080 pixel. According to the pictures taken
by the camera, the strain is computed by the commercial DIC software GOM ARAMIS.

Three-dimensional solid model of inclined notched specimen is simulated by finite
element software ABAQUS 2016 (ABAQUS 2016, Dassault Systemes, Paris, France), the
elastic—plastic mechanical properties are used with the elastic modulus of 210 GPa and
Poisson’s ratio of 0.3, while the plastic stress strain data sheet obtained by uniaxial tensile
test in Figure 1 are inputted. In order to simplify the analyses, the anisotropy of 316L is not
considered, similar to other simulation studies of stress state with dual-phase steel [20],
aluminum alloy [21], the same metal [22]. The finite element mesh with the simplified
integral eight-node element type (C3D8R) is shown in Figure 2b, while the mesh size of the
notch area is refined to about 0.1 mm and those of other positions are about 0.5 mm, and
the mesh size in the thickness direction is refined to 0.1 mm with the ratio of 1/30 to the
specimen thickness. To simulate the tensile test, axial displacement is applied on one end
of specimen, where other directions are constrained, while the other end is constrained
in all directions. The boundary conditions used here are the same as those used in the
simulation of notched flat specimen by other researchers [5,22,23].

2.2. Characterization of Stress Triaxiality and Lode Angle Parameter

Stress state can be described by using stress triaxiality and Lode angle parameter.
The concept of stress space is introduced to quantify the effect of stress state on material
fracture strain. For isotropic materials, the mechanical behaviour is independent of the
spatial direction, so three characteristic values of stress tensor, namely principal stresses
(o1, 02, 03), can be considered in three-dimensional principal stress space. Meanwhile, the
orthogonal principal stress space can be equivalently redefined in the Lode coordinates,
which is a cylindrical coordinate system, where the hydrostatic stress is the symmetry axis.
The Lode coordinates can be constructed from the scaled version of three stress invariants
(p, 9, r), which are defined as:

1 1
p=—0m= fgtr(a) = 75(01 + 0y +03) (1)

g—7— \/is;sz \/;[(01—(72)2+((72—(73)2+((73—(71)2] -3 Q)

> ®G)
where S is the deviatoric stress tensor, S = ¢ — pl, I is the identity tensor, ¢ is the stress
tensor, 0, and @ are the hydrostatic stress and Von Mises equivalent stress, whereas J»
and J3 are the second and third deviatoric stress invariants, the parameter p is positive in
compression, but o, is positive in tension.

Stress triaxiality is an important parameter to evaluate plastic restraint and considered
in the plastic damage model, which is defined as the ratio of hydrostatic stress to Von Mises
equivalent stress in Equation (4):
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Lots of experimental observations and numerical studies showed that the effect of
stress state on fracture behaviour could not be fully reflected by stress triaxiality alone in
establishing the damage constitutive equation of ductile materials [25-27]. Therefore, the
stress triaxiality is not sufficient to completely characterize the stress state, and the Lode
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angle parameter relating to the deviating stress state should be jointly used. The Lode
angle 6 is defined through the normalized third deviatoric stress ¢ in Equation (5):

r\° 3vV3 | 27 ]

The Lode angle 6 can be normalized by the parameter 6, which is called the Lode

angle parameter: o

— 2
f=1——=1—— 6
- narccosfj (6)
3. Results and Discussion

3.1. Effect of Notch Angle on Load-Displacement Curve

In order to analyse the influence of the extensometer gauge length on the load-
displacement curve, DIC method is used as a virtual extensometer to characterize the
load-displacement curve, and three gauge lengths of 75 mm, 50 mm and 25 mm are
used. Figure 3 shows the load-displacement curves at different gauge lengths. The load-
displacement curves of three gauge lengths show that the inclined notch angle has a
significant influence on the strength and ductility of the notched specimen, and the maxi-
mum force gradually decreases with the increase of inclined notch angle. It is interesting
that, the affecting degrees of notch angle on the load-displacement curve are different for
different gauge lengths, and the affecting degree at the shortest gauge length of 25 mm in
Figure 3c is greater than that at the longer gauge length of 75 mm in Figure 3a. Since the
gauge length involves not only the notch, but also the parallel length, when the traditional
extensometer method is used to obtain the load-displacement curves of the notched speci-
men, the parallel length will affect the notch angle sensitivity of load-displacement curve.
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Figure 3. The load-displacement curve of specimen with inclined notch at different gauge lengths:
(a) the gauge length of 75 mm; (b) the gauge length of 50 mm; (c) the gauge length of 25 mm.

In order to give more clear comparison on the influence of gauge length, the load-
displacement curves of three gauge lengths (75 mm, 50 mm, 25 mm) are compared in one
figure as shown in Figure 4. Since the strain distribution is not uniformed at the specimen
section, the gauge length affects the load-displacement curve especially at the plastic
and fracture stages, and with the gauge length increasing, the displacement increases.
Moreover, the influence degrees of gauge length are different at different notch angles,
which is caused by the difference of the stress concentration degree. Therefore, the gauge
length will affect the load-displacement curve, and DIC can better meet the requirements
of the strain characterization for the inclined notch specimen then the extensometer with
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a fixed gauge length. For the uniformity in the subsequent analysis the displacement
corresponding to the gauge length of 75 mm is used.
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Figure 4. The load-displacement curves at different gauge lengths for inclined notch specimen: (a) 0°;
(b) 15°; (c) 30°; (d) 45°.

3.2. Effect of Notch Angle on Strain Field
3.2.1. Comparison of Strain Fields by DIC and Finite Element Simulation

The extensometer with a standard gauge length is commonly used to acquire the
load-displacement curve during the uniaxial tensile test. Previous studies on the tensile
behaviour of notch specimen were mainly measured by the extensometer [4,22,28]. Since
the extensometer has the limitation to characterize the local strain of inclined notched
specimen, this work combines the advantages of DIC full field strain measurement method
and finite element simulation to study the strain field and stress state of notched specimen.
Figure 5 compares the Von Mises equivalent strain distributions obtained by DIC and
finite element simulation when the relative displacement is 3 mm with the gauge length
of 75 mm, from both qualitative and quantitative views. From Figure 5a-d, with the
increase of inclined notch angle, the position of strain concentration shifts from notch
root to the tensile direction and the plastic strain area expands. From a quantitative view,
Figure 5e compares the Von Mises equivalent strain distributions of DIC and FES, and the
extracting line is shown in Figure 5a—d. From both strain contour plot and quantitative
strain distribution, the strain value by finite element simulation is in a good agreement with
that of DIC method, which indicates that the finite element simulation can well reproduce
the deformation process of the notched specimen.
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Figure 5. Comparison of Von Mises equivalent strain contour plot by DIC method and finite
element simulation: (a) vertical angle; (b) 15° inclined notch; (c) 30° inclined notch; (d) 45° inclined
notch; (e) Von Mises equivalent strain distribution. DIC: digital image correlation, FES: finite
element simulation.

3.2.2. Strain Distribution and Evolution by DIC

From Figure 5e, it can be observed that: (1) the Von Mises equivalent strain distribution
presents a “U” shape, and the valley floor is at the centre and the value rapidly increases
at the notch root, which is caused by the notch strain concentration; (2) with the increase
of notch angle, the distribution law is unchanging, but the value of Von Mises equivalent
strain increases gradually. Since the change of notch angle leads to the change of stress state,
the Von Mises equivalent strain distribution shows the inclined notch angle dependent, but
at different positions, the inclined notch angle dependence of equivalent strain is different.

In order to comprehensively study the influence of the inclined notch angle on the
strain evolution, Von Mises equivalent strain-displacement curves for specimens with
different inclined notch angles are obtained by DIC method as shown in Figure 6, and three
locations are considered, containing the centre point of the extraction path, notch root and
initial failure point. As shown in Figure 6a, since the strain at the centre point is small
and almost overlapped, it cannot characterize the effect of inclined notch on the strain
concentration. Because the notch angle affects the strain concentration position as shown in
Figure 5, the notch root point Figure 6b also can not characterize the influence of the notch
angle on the strain evolution. As shown in Figure 6¢, the inclined notch angle dependence
of the strain evolution is very clear at the initial failure point. The larger the inclined notch
angle is, the larger the Von Mises equivalent strain value is, and the faster the strain growth
rate is. Comparing the results at different locations, the notch angle dependence of strain
evolution at the centre point is weak in Figure 6a, at the notch root is middle in Figure 6b,
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and at initial failure point is significant in Figure 6¢. Therefore, it is reasonable to use the
initial failure point to analyse the influence of notch angle on strain evolution.
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Figure 6. Von Mises equivalent strain-displacement curve: (a) at centre point; (b) at notch root; (c) at
initial failure point.

3.3. Effect of Notch Angle on Stress Triaxiality and Lode Angle Parameter
3.3.1. Distribution and Evolution of Stress Triaxiality

The exciting theoretical solutions and empirical equations of stress triaxiality and
Lode angle parameter are only suitable for axisymmetric round bar specimens [7,23],
and there is no theoretical equation for non-axisymmetric flat plate specimen. The stress
triaxiality and Lode angle parameter of the inclined notched specimen are calculated based
on Equations (4) and (6), and the principal stress (01, 03, 03) and stress deviation tensor
are obtained by finite element simulation.

Figure 7b quantitatively shows the stress triaxiality distribution along the net section
path of the notch at the relative displacement of 4 mm, and the extraction path is shown in
Figure 7a. Figure 7c—e show the stress triaxiality evolution curves with displacement at the
centre point, the notch root and the initial failure point. It can be seen from Figure 7b that,
the stress triaxiality distribution also presents a “U” shape curve, and the stress triaxiality
is stable within the range of £2 mm from the centre point, but it increases near the notch
root, which is due to the stress concentration and the boundary restraint effect. Moreover,
the stress triaxiality decreases with the increase of the inclined notch angle. At the centre
point in Figure 7c, the dependence of the stress triaxiality on the inclined notch angle
is significant, but weak at the notch root in Figure 7d and the failure point in Figure 7e.
Because the large plastic deformation and plastic damage first occur at the initial failure
point, the geometric dimensions of inclined notched specimens at the failure position
greatly change during the large deformation process, so it is difficult to distinguish the
difference of stress triaxiality at the initial failure point.
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point; (d) at notch root; (e) at initial failure point.

From the comparison of the relationships between stress triaxiality and notch angle
at different locations in Figure 7, the correlation between the stress triaxiality and notch
angle is non-existent at the failure point, and is fuzzy at notch root, but is clear at the centre
point. Therefore, only the centre point is suitable to characterize the relationship between
the stress triaxiality and notch angle.

3.3.2. Distribution and Evolution of Lode Angle Parameter

Besides the stress triaxiality, Lode angle parameter is important to understand the
stress state of the specimen with inclined notch. Figure 8a shows the Lode angle parameter
distributions along the net section path at different inclined notch angles at the relative
displacement of 4 mm, while the path is the same as that in Figure 7a. It can be seen that
the Lode angle parameter distribution presents a “W” shape curve. At the notch root, the
Lode angle parameters for different inclined notch angles are overlapped with the value
ranging from 0.8-0.9. However, at the centre point, their differences are significant, and
with the increase of the notch angle (0-30°), the Lode angle increases gradually, and when
the notch angle is 30°, the Lode angle parameter is at the peak value and close to 1. As
the notch angle continues to increase to 45°, the Lode angle parameter begins to decrease.
Figure 8b—d shows the Lode angle parameter evolution curves with displacement at the
centre point, the notch root and the initial failure point. At the centre point in Figure 8b,
when the notch angle is in the range of 0° to 30°, the Lode angle parameter is stable with
the displacement, and the Lode angle parameter increases with the increase in the inclined
notch angle. From the results at notch root and failure point in Figure 8c,d, the evolution
curves are overlapped and crossed at different inclined notch angles. The reason is that,
at the failure point and notch root, the materials are severely plastic deformed, and the
geometric dimensions are continuously changing.

From the comparison of the correlations between Lode angle parameter and notch
angle at different locations in Figure 8, the centre point is suitable to characterize the
dependence of Lode angle parameter on the inclined notch angle.
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Figure 8. Distribution and evolution of Lode angle parameter: (a) Lode angle parameter distribution;
(b) at centre point; (c) at notch root; (d) at initial failure point.

3.3.3. Characterization of Stress State

The stress state is determined by both stress triaxiality and Lode angle parameter.
Wierzbicki and Xue [29] found that stress triaxiality and Lode angle parameter could
be correlated by normalized third deviatoric stress ¢. Special attention is given to the
plane stress state, and Equation (7) gives the relationship of stress triaxiality and Lode
angle parameter for the plane stress state. The “Z” type curve of Equation (7) is given

in Figure 9 [24].
Czcos[g(l—g)] :—22717(172—;) )

The stress states of ten classical specimens are marked in Figure 9. Because the
previous research of notched specimen did not cover the stress state of the flat metal
specimen with inclined notch, the stress triaxiality and Lode angle parameter of the 0-45°
inclined notched specimen studied in this paper at the same small displacement of 0.07 mm
are added in the Wierzbicki stress state diagram, with the ellipse blue area in Figure 9. As
shown in Figures 7c and 8b, the stress triaxiality and Lode angle parameter are strongly
dependent on the inclined notch angle at the centre point of the specimen. Therefore, the
centre point is used to characterize the stress state of flat notched specimen in Figure 9,
which is also used in the studies of the stress state of notched round bar specimens [7,30]
and notched flat specimens [21-23]. Von Mises stress is an equivalent stress based on
shear strain energy. According to the definition of stress triaxiality, the decrease of stress
triaxiality represents the increase of shear load ratio. Therefore, with the increase of the
notch angle, the shear load ratio increases.

It needs to be mentioned that, since this paper focuses on the effect of inclined notch on
the stress state and the same notch radius is used, the variation range of stress triaxiality is
limited, while that of Lode angle parameter is large, as shown in Figure 9. In further studies,
more combinations of notch angles and radii are needed to construct a comprehensive
stress state diagram for notched flat specimen.
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Figure 9. The stress state of the specimen with inclined notch in the Wierzbicki stress state diagram.

3.4. Effect of Stress State on Failure Mode

In order to analyse the effect of notch angle on failure mode, Figure 10 shows the
specimen fracture diagram, shear strain contour plot, normal strain contour plot, stress
triaxiality contour plot and Lode angle parameter at the initial failure displacement. It
can be seen from the specimen fracture diagram in Figure 10a the failure position of
the specimen with the vertical notch is at the notch root, and with the increase of the
inclined notch angle, the fracture position shifts from the notch root to the tensile direction.
Moreover, for the specimen with the vertical notch, the thickness necking covers the entire
net section of the notched specimen, but with the increase of the inclined notch angle, the
thickness necking only covers the small notch root area. Therefore, the failure mode of
the specimen with the vertical notch is pure ductile fracture, but with the inclined notch
angle increasing, the failure mode changes from pure ductile fracture to mixed ductile
and shear fracture. Comparing the shear strain in Figure 10b with the normal strain in
Figure 10c, with the increase of the notch angle, the shear strain changes greatly and the
shearing area is expanding, but the normal strain distribution does not change obviously,
which indicates that with the increase of the inclined notch angle, the notched specimen
changes from the normal strain controlled to the shear strain controlled, which leads to
the change of the failure mode. From the stress triaxiality contour plot in Figure 10d,
with the increase of the inclined notch angle, the maximum point of the stress triaxiality
shifts from the notch root to the tensile direction, which is similar with the failure point in
Figure 10a. Furthermore, the Lode angle parameter at the centre point non-monotonically
changes with the increase of the inclined notch angle, as listed in Figure 10e. Therefore, the
stress triaxiality and Lode angle parameter work together to affect the failure mode of the
specimen with inclined notch.
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(a) Specimen fracture diagram

(b) Shear strain

(c) Normal strain

(d) Stress triaxiality

(e) Lode angle parameter
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Figure 10. Correlations of specimen fracture diagram, shear strain contour plot, normal strain contour plot, stress triaxiality

contour plot and Lode angle parameter: (a) specimen fracture diagram; (b) shear strain contour plot; (c) normal strain

contour plot; (d) stress triaxiality contour plot; (e) Lode angle parameter.

4. Conclusions

In this paper, DIC and finite element simulation are used to study the stress state
parameters of flat metal specimen with inclined notch, and the relationships between
the stress state parameters and failure mode are analysed. The main conclusions are
as following;:

(1) DIC method has the advantage in presenting the non-uniform deformation, which
can be utilized to characterize the local strain field for inclined notched specimen. Based on
DIC results, it is found that with the increase of inclined notch angle, the failure position of
notched specimen shifts from notch root to the tensile direction.

(2) Based on DIC method and finite element simulation, the distributions of strain,
stress triaxiality and Lode angle parameter and their evolutions with displacement are
revealed. Comparing with the centre point and notch root, the failure point can better
characterize the influence of the inclined notch angle on the strain evolution. On the
contrary, only the centre point can characterize the influence of the inclined notch angle
on the stress state parameter evolution. Then, the stress state parameters at the centre
point of the flat metal specimen with inclined notch are added on the Wierzbicki stress
state diagram.
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