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ABSTRACT: In this study, the effect of stress triaxiality and the Lode angle parameter on the fracture
strain of AISI 321 stainless steel was investigated. Although the influence of stress triaxiality has been
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extensively studied, the role of the Lode angle parameter remains unclear. This research was conducted
with the aim of clarifying these effects in the ductile fracture of AISI 321 stainless steel. To this end,
five specimens under tensile loading and two specimens under compressive loading, each with different
geometries, were designed and simulated in the ABAQUS software. The specimens were also subjected

to experimental tests, and the distributions of strain and stress were recorded up to the point of fracture.  Keywords:

A power-law model was employed to define the stress—strain curve, and experimental data were used Stress Triaxiality

to calibrate the model. The extracted force—displacement results from both experimental and numerical
. C S . Lode Angle Parameter
approaches were found to be in good agreement. The results indicate that stress triaxiality has a direct )
effect on fracture strain, while the Lode angle parameter exhibits a nonlinear influence on fracture Fracture Strain

behavior. Moreover, slight changes in specimen geometry can lead to significant variations in the final ~ Finite Element Simulation

fracture strain values. Overall, it was found that within a stress triaxiality range of —0.63 to 0.6 and a

Lode angle parameter range of —0.78 to 1, the fracture strain varies from 0.6 to 0.9.

1- Introduction

Ductile fracture is one of the most important research topics
inmechanical and damage mechanics due to its significantrole
in the design and manufacturing of engineering components.
Understanding the mechanisms of ductile failure is essential
for achieving higher precision in the production of safer and
more reliable parts [1]. In metallic alloys, fracture usually
occurs through the nucleation, growth, and coalescence of
microscopic voids. These processes are strongly influenced
by microstructural features such as inclusions and second-
phase particles, as well as by the stress state [2].

The stress state in metals is often characterized by two
key parameters: stress triaxiality (77), which is the ratio of
hydrostatic stress to equivalent von Mises stress, and the
Lode angle parameter (6 ), which is related to the third
invariant of the deviatoric stress tensor [3]. A high positive
stress triaxiality promotes void nucleation and accelerates
void growth, leading to tensile-dominated fracture, whereas
low or negative stress triaxiality is associated with shear-
dominated fracture mechanisms. Similarly, the Lode angle
parameter controls the transition between shear and tensile
fracture modes, thus providing a more complete description
of the stress state [4].

Several theoretical and experimental studies have shown
that fracture strain decreases exponentially with increasing
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stress triaxiality. but stress triaxiality alone is not sufficient
to capture the complexity of ductile fracture. Therefore, the
combined consideration of stress triaxiality and the Lode
angle parameter has been proposed in recent works [5].

Despite these advances, the simultaneous influence of
stress triaxiality and the Lode angle parameter on ductile
fracture has not been comprehensively investigated for many
engineering alloys. In this regard, the current study focuses
on 321 austenitic stainless steel, a material widely used in
aerospace, petrochemical, and power generation industries
due to its excellent oxidation resistance and high-temperature
mechanical properties 9.The aim is to evaluate the combined
effect of stress triaxiality and the Lode angle parameter on
the fracture strain of this steel through both experimental
tests and finite element simulations, thereby providing
more accurate predictive criteria for ductile fracture under
multiaxial loading conditions [6].

2- Methodolog

In this study, experimental tests were conducted on AISI
321 austenitic stainless steel sheets with a thickness of 4.5
mm. The chemical composition of the alloy was determined
using optical emission spectroscopy, confirming its high
resistance to oxidation and strength retention at elevated
temperatures due to titanium stabilization.
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Fig. 1. True stress-strain curve, engineering stress-
strain curve, and power-law model

To evaluate the effect of stress triaxiality ( ¢ ) and the Lode
angle parameter (€), seven different specimen geometries
were designed, including five tensile specimens and two
compressive specimens. The tensile specimens consisted of
standard dog-bone samples (ASTM E8-13a) and notched
samples with various notch angles and depths, while the
compressive specimens were cylindrical specimens with flat
ends and “butterfly-shaped” geometries. All specimens were
fabricated by wire-cutting and milling to ensure dimensional
accuracy.

The tests were performed using Instron 8502 (300 kN
capacity) for tensile loading and Instron 4208 (250 kN
capacity) for compressive loading. A constant displacement
rate was applied, equal to 1 mm/min for tensile tests and 3
mm/min for compressive tests, under quasi-static conditions
at room temperature. Each test was repeated five times to
minimize experimental scatter.

During testing, force-displacement curves were recorded,
from which true stress—strain curves were derived. The
fracture strain was calculated based on principal strain
components at the failure point. Additionally, failure initiation
and propagation were monitored, and the experimental data
were later used to calibrate the finite element model in
Abaqus.

Overall, the experimental procedure provided reliable
datasets for evaluating the influence of stress state parameters
on ductile fracture behavior, serving as a foundation for
subsequent numerical simulations.

3- Discussion and Results

To evaluate the mechanical response of 321 stainless
steel, tensile tests were first performed on standard dog-bone
specimens, and the obtained load—displacement data were
converted into true stress strain curves. A power-law hardening
model was then calibrated using these experimental results to
describe the plastic behavior of the material. The calibrated
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Fig. 2. Plastic strain as a function of triaxial stress in
the specimens

parameters were implemented in the finite element model to
enable accurate prediction of fracture strain. Finite element
simulations were carried out in Abaqus. The geometries
of all specimens including dog-bone, shear, butterfly, and
compression types were designed in SolidWorks and imported
into the FE software. Three-dimensional hexahedral elements
were applied, and mesh sensitivity studies confirmed that
the chosen element density yielded converged results. For
instance, in the butterfly specimen, increasing the element
count beyond ~26,000 produced negligible change in the
load displacement curve. The material was modeled as
isotropic elastic plastic with an elastic modulus of 210 GPa
and Poisson’s ratio of 0.3. Surface to surface contact with a
friction coefficient of 0.35 was considered in compression
tests 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 1.

In order to represent stress triaxiality and the Lode angle,
a critical element in the fracture region was selected, and the
corresponding parameter values were tracked throughout
the loading process (Figures 2). For the seven investigated
specimens, stress triaxiality values were reported within the
range of —0.6 to +0.6 (Figure 2). The results indicate that as
the stress triaxiality increases up to about 0.33, the fracture
strain rises monotonically.

As shown in Figure 2, however, the variation of plastic
strain with the Lode angle does not follow a uniform trend.
Unlike stress triaxiality, which exhibits a relatively stable
and monotonic influence, the relationship with the Lode
angle is parabolic in nature. Moreover, even small geometric
differences among specimens resulted in noticeably different
behaviors. As a novel observation, it can be stated that while
distinct levels of stress triaxiality were generated in different
geometries, the triaxiality parameter itself remained nearly
constant during the deformation process, indicating its
relative stability under loading.
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4- Conclusion

In this study, the effects of stress triaxiality and the
Lode angle parameter on the fracture strain of 321 stainless
steel were evaluated through numerical simulations and
experimental tests. The results revealed that even small
changes in notch geometry, such as notch angle or specimen
thickness, significantly affected stress triaxiality, Lode angle,
and consequently the fracture strain.

At high triaxiality levels, hydrostatic stress dominated
the fracture process, while at low triaxiality levels, shear
stresses played a more critical role. Pure shear fracture
occurred when stress triaxiality was close to zero, indicating
the governing influence of the Lode angle in this condition. A
nonlinear relationship between triaxiality and fracture strain
was observed: the fracture strain increased up to = 0.33, but
beyond this point the trend became unstable, and at > 0.4 the
strain decreased due to the detrimental effect of hydrostatic
stress concentration. Under negative triaxiality (compressive
loading), the fracture mechanism shifted to shear failure with
a distinct fracture pattern.

Unlike the relatively monotonic effect of triaxiality,
fracture strain showed a parabolic and non-uniform
dependence on the Lode angle, with more complex
geometries (e.g., butterfly specimens or notched samples)
exhibiting stronger fluctuations. This highlights the coupled
influence of stress triaxiality and the Lode angle on ductile
damage, particularly in regions with severe stress and strain
localization.

Comparison of experimental and numerical results
demonstrated good agreement in the plastic regime. The
use of a calibrated power-law constitutive model allowed
accurate prediction of fracture behavior up to failure. Overall,

the findings emphasize the necessity of accounting for exact
specimen geometry in finite element damage analyses and
confirm that simultaneous consideration of stress triaxiality
and the Lode angle is essential for reliable prediction of ductile
fracture, especially under complex loading paths. These
insights can serve as a foundation for developing advanced
fracture criteria and designing safer components in critical
industries such as aerospace, energy, and petrochemicals.
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1. Second invariant of deviatoric stress
2. Third invariant of deviatoric stress
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Fig. 1. A view of the testing devices: a) Instron 8502 tension and b) Instron 4208 compression.
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Fig. 2. Manufacturing drawing of (a) dog-bone specimen, (b) shear specimen 1, (c) shear specimen 2, (d) shear
specimen 3, (e) butterfly specimen, (f) compression specimen 1, (g) compression specimen 2.
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Fig. 3. Fabricated geometries of (a) dog-bone specimen, (b) shear specimen 1, (¢) shear specimen 2, (d) shear
specimen 3, (e) butterfly specimen, (f) compression specimen 1, (g) compression specimen 2.
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Fig. 4. Force-Displacement Curve of the Standard Tensile Test Specimen (Dog-Bone Shaped).
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Fig. 5. True Stress-Strain, Engineering Stress-Strain, and Power-Law Model Curves.
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Table 2. Constants of the power-law relation for representing the work hardening of 321 steel.
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Fig. 6. Meshed specimens in Abaqus: (a) dog-bone, (b) shear 1, (c) shear 2, (d) shear 3, (e) butterfly, (f) compres-
sion 1, (g) compression 2.
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Fig. 7. Mesh convergence study for the butterfly specimen model.
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Table 3. Dependence of fracture strain on stress triaxiality for ductile damage simulation.
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Table 4. Percentage difference between experimental and numerical data in the fracture region.

PYRBIRE L CE W dges
- 15 shed
VIV AW
VIV Y oy
Uvy AP
\liat sllyyy
< /fY Vo lid
na Yoo Lt

0ygPvedur A Ay el 0daliho B Zodgds bajled 4 o35 2y
lnoyis  Sjalgs el abais lgicas 45 amd 0 &y gb ady, Slybl
@& b pleg (Bl (B ojmedn ST mjg AS (e Jos
P ael sy Sges sl ol dtnly (Bos g 4glj) sled dwsin
S)Lad slaiges glp dgd e oanlie diged JSye ) 0ygredn AT
Canle L Mol 4 sl Lo baiges ] 53 0ysmeds i ol
Wged (olad (g8 )3 0ygoedus (15 polle sl il (g)Li8 ()35
Gtd 5 5505 Jlain] 45 ol il Atpihy s olSd S5 |
ladigal cul )3 oypmodn (BT @jgicusl il by Cas el
2 gl 1S sl 538 peta el g 03 S (oS (gladiges 4 Cund
Py (86 (6)lid sl slap e
cos Pl Sl (S e Syl lie VeSS
Wged by lpon Vo S8 b ams e (LS ) cillie slags, 5L
IS5 (led Wigad gl 28 i ) G g Gl g9, dilate

ooy

P CaSs 4l 0 e g 059 claedh o OMB) Loy ke
ol 0ds 1)1 Y Jgis
Jolis ccalises digad cdn 31, (77) 0pgomeds LIS mjgi 4 JSB 5
S)Lid sladige o (lalln F B (oD (hod) (o235 sladiges
O &Sl dm o A LE S 0pgored (IS 3 e L (Y 5 )
kLS el cpl S oo (g3 py S glapilSe )3 cege
e Caol dged jd JFao N i @ g)lid L LiiS b Cows
5 oy 28y Jaisl) (S 55 wle | (S s opgnes 5
@ bled) s)lid gla i (g e Sl e jlade g ((p ) Cunsls
Sliwly )3 0ot 5 @595 (heed Wged sl Canl (oS CenSls
2 oygates 5 dipy ol CSISy 5 )lite Band (53550 e
Al & ol S5 b oygomodu (5 g o odalie yAd elS 4l

CauS p3580 o Ll a5 Wb o il 38l diwen O )gods Cansll

D oygedus S 3 el by ldiges gly ] S iiS



25

20

Force [kN]
=
wu

=
o

20

16

Force [kN]
=
N

fesl

60

50

40

30

Force [kN]

20

10

055 15 OFD améo NF-F JL» A b)L«.ﬁ QY 0)9 ¢).~.¢S).~.a| A_iu&.o (WA 44).-“)

—— Experiment (<)

----- Simulation .

10 15 20
Displacement [mm)]

—— Experiment (>)

----- Simulation

Displacement [mm)]

12

——C1-Experiment

(2)

_____ C1-Simulation

Displacement [mm)]

50

40 -

Force [kN]
w
S

[¥]
(=]

—— Experiment (i)

----- Simulation

10
0 T T T T T
0 10 20 30 40 50 60
Displacement [mm]
12
—— Experiment (@)
----- Simulation
9 4

Force [kN]
(=2}

3 -
0 T T T
0 3 6 9 12 15
Displacement [mm)]

28 1 —— Experiment (a)

24 4 Simulation

20
z
=216 -
@
2
€12 4

S -

4 4

0 T T T T T

0 1 2 3 4 5 6
Displacement [mm]
120
—— C2-Experiment ()

100 94 C2-Simulation
z
=3
8
(=}
=

3 4 5 6 7 8
Displacement [mm]

5, (5) <) (gylid (9) st wilgzm (o) F ond 2 (3) F (oni 2 (&) ) o 2 () e sbuod (W) alomils g (sl o905 A S5

Fig. 8. Force-displacement diagrams of (a) dog-bone, (b) shear 1, (c) shear 2, (d) shear 3, (e) butterfly, (f) com-

pression 1, (g) compression 2.
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Fig. 9. Stress triaxiality distribution in (a) dog-bone, (b) shear 1, (c) shear 2, (d) shear 3, (e) butterfly, (f) com-
pression 2, (g) compression 1 specimens.
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Fig. 10. Plastic strain distribution in (a) dog-bone, (b) shear 1, (¢) shear 2, (d) shear 3, (e) butterfly, (f) compres-
sion 2, (g) compression 1 specimens.
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-1.872e-05
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-8.333e-01
-1.000e+00
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LODE

(Avg: 75%)
+1.000e+00
+9.284e-01
+8.568e-01
+7.851e-01
+7.135e-01
+6.41%e-01
+5.703e-01
+4.986e-01
+4,270e-01
+3.554e-01
+2.838e-01
+2.122e-01
+1.405e-01

LODE
(Avg: 75%)

+1.000e+00
+8.333e-01
+6.667e-01
+5.000e-01
+3.333e-01
+1.667e-01
+3.12%e-06
-1.667e-01
-3.333e-01
-5.000e-01
-6.667e-01
-8.333e-01
-1.000e+00

LODE
(Avg: 75%)

+1.000e+00
+9.252e-01
+8.503e-01
+7.755e-01
+7.007e-01
+6.258e-01
+5.510e-01
+4.762e-01
+4.013e-01
+3.265e-01
+2.517e-01
+1.76%e-01
+1.020e-01

LODE
(Avg: 75%)

+9.999%e-01
+8.333e-01
+6.666e-01
+5.000e-01
+3.334e-01
+1.667e-01
+8.297e-05
-1.666e-01
-3.332e-01
-4,998e-01
-6.665e-01
-8.331e-01
-9.997e-01
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Fig. 11. Lode angle distribution in (a) dog-bone, (b) shear 1, (¢) shear 2, (d) shear 3, (e) butterfly, (f) compression
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