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This study investigates the effects of stress triaxiality and the Lode angle parameter
on the ductile fracture behavior of aluminum alloy 6061-T6 using experimental tests
and numerical simulations. To analyze negative triaxiality conditions, compression
tests were performed on specially designed specimens, including a standard dog-bone
and rectangular samples with elliptical holes of varying curvature. The obtained
negative triaxiality values ranged from —0.355 to —0.555. A good agreement between
experimental and numerical results confirms the reliability of the adopted approach.
The fracture initiation zones coincide with regions of maximum plastic strain,
strongly influenced by triaxiality and Lode angle. The results indicate that fracture
strain depends nonlinearly on triaxiality: for positive triaxiality it first increases then
decreases, while the reverse trend is observed under negative triaxiality. These
findings enhance the understanding of how stress-state parameters influence ductile
fracture mechanisms and can be applied to improve the design and durability of
metallic components in engineering applications.

Introduction

The use of high-strength aluminum alloys has expanded
significantly due to their excellent strength-to-weight ratio
and reliability in structural applications. These materials
enhance mechanical performance by delaying inelastic
deformation and reducing premature fracture under complex
loading. Numerous models have been proposed to predict
ductile fracture, generally categorized as coupled or
uncoupled. Coupled models account for the interaction
between plastic deformation and material degradation but
require many difficult-to-calibrate parameters and high
computational cost. Uncoupled models, though less
physically explicit, are simpler to implement and widely
applied in engineering practice.

Previous studies have emphasized the critical role of stress
triaxiality and Lode angle in ductile fracture. However, most
existing research focuses on positive triaxiality, with limited
data in the compressive (negative triaxiality) regime. To
address this gap, the present work explores the combined
effects of negative stress triaxiality and Lode angle on ductile
fracture in aluminum alloy 6061-T6. By designing specific

geometries—rectangular specimens with elliptical holes and
controlled curvature radii, different levels of negative
triaxiality are achieved under simple uniaxial loading,
avoiding complex multiaxial setups. Complementary finite
element simulations in Abaqus using a ductile damage model
enable precise prediction of fracture initiation and
propagation, providing valuable insight into failure
mechanisms under compressive stress states.

Methodology

The stress state influencing ductile fracture is characterized
by two parameters: stress triaxiality (77), the ratio of

hydrostatic to equivalent von Mises stress, and the Lode angle

parameter ( 6 ), which captures the effect of deviatoric stress.
Together, these parameters provide a full representation of
local stress conditions affecting fracture strain. To study these
effects, uniaxial tensile and compression tests were conducted
on aluminum 6061-T6 specimens. Since negative triaxiality
was of interest, specimen geometries were optimized to
produce compressive stress states without requiring complex

To Cite this article:

Mansouri, M. and Ganjiani, M. 2025. Experimental and numerical analysis of hydrostatic pressure in ductile fracture of AL-
6061T6, Sharif Mechanical Engineering Journal, 41(2), 77-92. https://doi.org/10.24200/j40.2025.67305.1742

E-ISSN: 2676-4733 © 2025 The Author(s). Sharif Mechanical Engineering Journal, Published by Sharif University of Technology

This is an open access article under the CC-BY 4.0 license.


https://doi.org/10.24200/j40.2025.65873.1729
https://doi.org/10.24200/j40.2025.65873.1729
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://sjce.journals.sharif.edu/
file:///D:/OLD%20SYSTEM/D/Sharif_magazin/mechanik%20paeiz%201404/ganjiani@ut.ac.ir

M. Mansouri and M. Ganjiani/ Sharif Mechanical Engineering Journal (2025), 41(2), 77-92

multiaxial devices. Five rectangular specimens (M1-MS5)
containing elliptical holes with varying curvature radii were
fabricated, measuring 204 x 45 x 5 mm, which are illustrated
in figure 2. Curvature modification around the hole controlled
the achieved stress triaxiality. All tests were performed at
room temperature under quasi-static conditions using an
Instron 8502 testing machine with a loading rate of 2
mm/min. No buckling or lateral instability was observed
during compression, confirming stable deformation.
Experimental results validated the expected ductile response
of the alloy.

Finite element simulations were carried out in
ABAQUS/Explicit using the ductile damage model to predict
fracture initiation and propagation. The bottom surface of
each specimen was fixed, while a displacement-controlled
load was applied along the y-axis. The material’s true stress—
strain curve was obtained from the tensile test of the dog-bone
specimen. Figure 4 displays the Finite element model of
samples. C3D8R brick elements with 0.5 mm mesh size were
used, with 18,800-74,000 elements per model. The clamped
regions were modeled as rigid to reduce computational cost.

Results and Discussion

Mechanical tests and simulations were performed on all
specimen types. For the dog-bone specimen, the stress
remained uniaxial (77 = 0.33), whereas the addition of

curvature in other geometries induced multiaxial stress states,
allowing a wide range of negative triaxiality values to be
analyzed through uniaxial tests. Table 2 displays the stress
triaxialities obtained from different geometries. Finite
element analysis was used to determine local triaxiality
values where analytical expressions were not valid.
Experimental and numerical force—displacement curves
showed excellent agreement, both exhibiting typical ductile
fracture characteristics: elastic response, yielding, plastic
hardening, necking, and failure.
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Damage contour plots revealed that maximum plastic strain
and stiffness degradation occurred around the elliptical
notches. The predicted fracture locations matched
experimental observations, confirming model accuracy. The
effect of stress triaxiality and Lode angle on the fracture strain
can be observed in figure 21. As triaxiality increased in the
positive range, fracture strain decreased monotonically. For
negative triaxiality, fracture strain first decreased (from
n=-0.355 to —0.497) and then slightly increased (
1 =-0.555). Figures 22 and 23 illustrate the contour maps

of stress triaxiality, Lode angle, and damage parameters and
it can be confirmed that their interaction controls fracture
initiation and propagation. From an engineering standpoint,
controlling triaxiality distribution in critical regions can
significantly improve ductility, and enhance energy
absorption capacity in metallic structures such as crash
components and high-pressure vessels.

Conclusion

This study investigates the influence of stress triaxiality and
Lode angle parameter on the ductile fracture behavior of
aluminum alloy 6061-T6 through experimental and
numerical approaches. Six specimen types, including a dog-
bone and rectangular samples with elliptical holes, generated
triaxiality values from —0.355 to —0.555. Experimental and
simulation results showed good agreement in predicting
fracture strain and load capacity. Fracture initiation and
stiffness degradation concentrated near curved regions with
high plastic strain. Fracture strain decreased with both higher
positive and strongly negative triaxiality but slightly
increased at the most compressive conditions. Hydrostatic
pressure and Lode angle jointly define fracture mechanisms
and improve the design and reliability of metallic structures
in automotive and aerospace applications.
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Fig. 2. Geometric model of samples: (a) Dog-bone, (b)
Sample M1,
(c) Sample M2,(d) Enlarged image of the curvature of
sample M2,
(e) Sample M3, (f) Enlarged image of the curvature of
sample M3,
(g) Sample M4,(h) Enlarged image of the curvature of
sample M4,
(i) Sample M5 and j) Enlarged image of the curvature
of sample MS.
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Table 1. Material parameters for 6061-T6 aluminum
used in the simulation.
Density (kg/m?3)

E(GPa) v

2700 68.9 0.33
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Fig 1. Three types of coordinate systems in the space of
principal stresses.”8!
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Fig. 4. Finite element model of samples: (a) Dog-bone,
(b) M1, (c) M2, (d) M3, (e) M4, and (f) M5.
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Fig. 3. (a) Displacement- Force diagram, (b) Stress-
Strain diagram used in the simulation.
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Fig. 5. Dog-bone specimen: (a) after tensile test, (b)

stiffness degradation parameter contour, (c¢) damage onset

parameter contour, and (d) strain in the y direction.
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Fig. 6. Comparison of results obtained by experimental
and FEM methods for the dog-bone sample: (a) force-
displacement diagram and (b) stress-strain diagram.
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Table 2. Stress triaxiality values obtained for different
samples.

sample stress triaxiality values
Dog-bone 0.33
M1 (tensile) 0.353
M1 (pressure) -0.355
M2 tensile) 0.370
M2 (pressure) -0.381
M3 (pressure) -0.448
M4 (pressure) -0.497
MS5 (pressure) -0.555
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Fig. 9. Specimen M1: (a) after compression test, (b)
stiffness degradation parameter contour, ¢) damage
onset parameter contour, and (d) strain in the y
direction.
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Fig. 10. Force-displacement diagram of sample M1 in
compression test by two experimental and numerical
methods.
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Fig. 7. Specimen M1: (a) after tensile test, (b) Stiffness
degradation parameter contour, (c¢) damage onset
parameter contour, and (d) strain in the y direction.
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Fig. 8. Force-displacement diagram of sample M1 in
tensile test using two experimental and numerical
methods.
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Fig. 13. Specimen M2: (a) after compression test, (b)
stiffness degradation parameter contour, (c) damage
onset parameter contour, and (d) strain in the y direction.
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Fig. 14. Force-displacement diagram of sample M2 in
compression test by two experimental and numerical
methods.
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Fig. 11. Specimen M2 a) after tensile test, (b) stiffness
degradation parameter contour, (¢) damage onset
parameter contour, and (d) strain in the y direction.
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Fig. 12. Force-displacement diagram of sample M2 in
tensile test using two experimental and numerical
methods.
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Fig. 17. Specimen M4: (a) after compression test, (b)
stiffness degradation parameter contour, (c¢) damage
onset parameter contour, and (d) strain in the y direction.
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Fig. 18. Force-displacement diagram of sample M4 in
compression test by experimental and numerical
methods.
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Fig. 15. Specimen M3: (a) after compression test, (b)
stiffness degradation parameter contour, (c¢) damage
onset parameter contour, and (d) strain in the y
direction.
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Fig. 16. Force-displacement diagram of sample M3 in
compression test using two experimental and numerical
methods.
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Fig. 21. Strain diagram at the moment of failure in
terms of: (a) normalized lode angle, (b) negative stress
triaxiality.
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Fig. 19. Specimen MS: (a) after compression test, (b)
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onset parameter contour, and (d) strain in the y
direction.
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M5 (0 g M4 (z M3 (0 «)Lid M2 (Wl sl diges g1y cuml g 0y950dus i o) dgly sl ,ygsls .YV JSCi

Cttl (fxio 5 (coige slE g Sl Sl (5,5 )0 0y gmmedns (i3 SISy
5 Silwgs> @mlio ;5 ohgt (3l slaojlu Sl (5 ks ;3 0l (5l
W, )8 (S 5 s )lad «(o2aS oSl (S S s Dlabad Ladlse
S (oo e 1) eSS 18, )eS e (s ) 0 jgmmedas S Olee &S
5 Loy g 093 Qb wiile (53 GeanS i szl o (Jle plgiea
Wlgiee Sl (> 59 0j97mdn 25 Ol J5S pe D2 slaosle
5 shlie 53 058 i (5551 ez ol SRl g cenSs 5T o 5T a,
0 5l Gl Gl o3 5 sl daalg) wile YU Lid co lalad
@ e g s Ghall 1) caSs )8 Wil (Seiliulg e Lis
9 Jr5S &5 weo e plis ol agh @l 09 plissy) (SiSenS
Jel o 3l o (Sajiz (Il & Wlgion ojpmetn 5 @jg5 ekt
ol slaaidly dA ogd oz ojle (551 Qi Ol g g eSS
osliiul (g3l lalad (6 )1 prae 5 dwiin oty (Hib 3 Wil o

il Rl ojle (gl g plgs 5 (2l 0 3 Sl £9dg Jlaial b s

saialoyl ol g45 50 glite I hie g Cutle (g0,97medn gla i
a5 6350 Pl 0 el e oy 15yl
(i (§0,gmmedm i ,0 a5 Jb o .l odel oy 4y Liskl S
(50 Canl Flo 1S5 wilouyd gl 55 Ll il 5 2V (laccand
el a8l i Ll gl g1 L o) yomais (5 g5 35 45" sl o
O e GBI @ e Cel See (28 Gl 0 @ e
Eox A e g @S ) Sy W g RS 35 8 ( (Slinlgae

g i S SET Soledyd g (5 med S
sy 5 0 pgmmedns 55 S ColB) a5 W oe (i s (IS sboa
A g5 e 0,1 cuml il o g e 0 (SloaisS puad S )
P95 Sl ) 4 Su33 39 (sl g Sate (g0 e 5 L (g 0
G0yt GBI L (g j0 o8 J j0 w0l L85 Comle g 09 o0 5]

20 oo 7y Lzl 5l 6 55 )5 ey | (e 39 (saigly g sRie

9.



AY-YY. ae AF-F ).uld F oleds FY (50,00 iy i SOl (e (sole Gal=o

YV GBS (o y9mmeduns <l3l 4) <NE o Led MY 4 WSMT Sladiges
| 009y (*'/\CC\V 9

Ll 4y e o>l 0 wgdae by, 3l ool ool (sl gl ubsly
ool 0 oanlice e gy 5 ] E55 sl e o e
SIS (15 )0 5 G255 Jlde (n i (GBS HelS 4 az g b uioren
CenSld (5,5 Ol i 039 codel oy gl Gillas .ol 004y 392 g0 Ll
29 (G5 oyt laie ol L) cude 25 (gleojsmedns (o
2ol D ypods (LA (g0 57medu jlade alSL) (hie A5 (gloe jgmmedns
Gy, oadordley og) saugly o3l 4 cunSE 13,5 Ol Col 0o
) Sl e shie o g Sute polio ;0 oo & (5 by el atls b
ol ails Laol58l aig ) coaudo e

Sl 3l 53 (G0lST (A ((Slialy e Jlad o wies oo liS b
DS s g ol (a2l i el (Slialg e jlad ool il
cel Solinlg e JLid 0szg puizmes Cuwl ool badiges ;o Sl
0091 IS Sl CuuSLh 55 (59, 32 45 el 0dd (S 5 sla S eSS
cos 3l8 olbd giludige 5 (Slb 0 Wilgee 3 @l ol
5 Silwsyoe wiile (emlio )5 ehigar wigd oolitul 0S5 slas, NSk
Sl ool plss 5 (ol lEl sl p Sl JpuS a5 Ladlee
Y N3  vowe

References - zsLlw

1. Peng, Z., Zhao, H. & Li, X., 2021. New ductile fracture
model for fracture prediction ranging from negative to
high stress triaxiality. [International Journal of
Plasticity, 145, pp. 103057.
https://doi.org/10.1016/i.ijplas.2021.103057

2. Yu, R, Li, X,, Yue, Z., Li, A., Zhao, Z., Wang, X.,
Zhou, H. & Lu, T. J., 2022. Stress state sensitivity for
plastic flow and ductile fracture of 1907a low-alloy
marine steel: From tension to shear. Materials Science
and Engineering: A, 835, pp. 142689.
https://doi.org/10.1016/j.msea.2022.142689

3. Kubik, P., Sebek, F., Hilka, J. & Petruska, J., 2016.
Calibration of ductile fracture criteria at negative stress
triaxiality. [International Journal of Mechanical
Sciences, 108, pp. 90-103.
https://doi.org/10.1016/j.ijmecsci.2016.02.001

4. Wang, C., Liu, X.-g., Gui, J.-t., Xu, Z.-f. & Guo, B.-f,,
2019. Influence of inclusions on matrix deformation
and fracture behavior based on gurson—tvergaard—
needleman damage model. Materials Science and
Engineering: A, 756, pp. 405-416.

1)

& S aomis ¥
sl el )l Sl cgoas 5 oy laig, 5l eolaiwl b ool Jliig o
‘5‘>‘).'a iloads e ‘e).t Sl o éj.‘ 6445‘) 9 uﬂ.u (50 y970dun
S0 y57mdw oy 1 Bl A el 0als ploxl (5950 4 cadianlllas slddwain
sl jlad g j5aS Clo g0 )0 0,9mecSS (905 5l eoliznl b e S

ol 00 w2l ,8 pgus po (50,970090 (03]

4 shlaliae (gaiged gy g ees (gaiged Jols ccalie (gamain g5 Gib
Lzl (SFan (§0,0> (59, p (red lodds uLx.J S panm (50 2> ol).a.b
OS5 (60 ,y9madu alizee polde U canl oals ol alizee slagled b
505 ,0 edds b (sladiges e (i (g0 y9mmedum polie ai] Cavods

Slode] Cawdds -+ 1OOD b -+ /YOO

5 oiiS slogyges] iloas aisle £8V-TF poiadl iz ) ladiges
odd dglie (025 @S b (siludnd @l 5 plol ladiges (5, » lid
a..\.,;d)bw 9 e..\.ﬁdﬁfo}bﬂ @L’”b gy lebw LS‘L“?.G"’ R
9 Sinr 9SSl (1S polie (St )0 @S A5 wao e ol
Glp sl oS Sade O i il KusG b s calhae

Gy cass oS Slade R peS g (= /YOY ¢ < /YVY 55 (g0 97m0am

https://doi.org/10.1016/j.msea.2019.04.056

5. Lou, Y. & Yoon, J. W., 2017. Anisotropic ductile
fracture criterion based on linear transformation.
International Journal of Plasticity, 93, pp. 3-25.
https://doi.org/10.1016/j.ijplas.2017.04.008

6. Li, W, Jing, Y., Zhou, T. & Xing, G., 2022. A new
ductile fracture model for structural metals considering
effects of stress state, strain hardening and micro-void
shape. Thin-Walled Structures, 176, pp. 109280.
https://doi.org/10.1016/j.tws.2022.109280

7. Torki, M. & Benzerga, A. A., 2022. Ductile fracture in
plane stress. Journal of Applied Mechanics, 89, pp.
011001.
https://doi.org/10.1115/1.4052106

8. Freudenthal, A. M., 1950. The inelastic behavior of
engineering materials and structures. John Wiley &
Sons, Inc.

9. Cockcroft, M., 1968. Ductility and workability of
metals. J. of Metals, 96, pp. 2444.


https://doi.org/10.1016/j.ijplas.2021.103057
https://doi.org/10.1016/j.msea.2022.142689
https://doi.org/10.1016/j.ijmecsci.2016.02.001
https://doi.org/10.1016/j.msea.2019.04.056
https://doi.org/10.1016/j.ijplas.2017.04.008
https://doi.org/10.1016/j.tws.2022.109280
https://doi.org/10.1115/1.4052106

e 5 5 ygais e — F o FV-TF pguiaddl p 5 cenSs o Sslialyyane jLed 36 cone 5 o0 Julos

10. Li, R., Zheng, Z., Zhan, M., Zhang, H., Cui, X. & Lei,

Y., 2022. Fracture prediction for metal sheet
deformation under different stress states with
uncoupled ductile fracture criteria. Journal of

Manufacturing Processes, 73, pp. 531-543.
https://doi.org/10.1016/j.jmapro.2021.11.023

11. Bridgman, P. W. 1964. Studies in large plastic flow
and fracture: With special emphasis on the effects of
hydrostatic pressure, Harvard University Press.

12. Bao, Y. & Wierzbicki, T., 2005. On the cut-off value
of negative triaxiality for fracture. Engineering
fracture mechanics, 72, pp. 1049-1069.
https://doi.org/10.1016/j.engfracmech.2004.07.011

13. Zheng, M., Hu, C., Luo, Z. & Zheng, X., 1993. Further
study of the new damage model by negative stress
triaxiality. International journal of fracture, 63, pp.
R15-R19.
https://doi.org/10.1007/BF00053322

14. Khan, A. S. & Liu, H., 2012. A new approach for
ductile fracture prediction on al 2024-t351 alloy.
International Journal of Plasticity, 35, pp. 1-12.
https://doi.org/10.1016/j.ijplas.2012.01.003

15. Lou, Y., Yoon, J. W. & Huh, H., 2014. Modeling of
shear ductile fracture considering a changeable cut-off
value for stress triaxiality. International Journal of
plasticity, 54, pp. 56-80.
https://doi.org/10.1016/i.ijplas.2013.08.006

16. Briinig, M., Gerke, S. & Schmidt, M., 2018. Damage
and failure at negative stress triaxialities: Experiments,
modeling and numerical simulations. International
Journal of Plasticity, 102, pp. 70-82.
https://doi.org/10.1016/.ijplas.2017.12.003

17 . Ganjiani, M., 2020. A damage model for predicting
ductile fracture with considering the dependency on
stress triaxiality and lode angle. European Journal of
Mechanics-A/Solids, 84, pp. 104048.
https://doi.org/10.1016/j.euromechsol.2020.104048

18. Wang, B., Xiao, X., Astakhov, V. P. & Liu, Z., 2019.
The effects of stress triaxiality and strain rate on the
fracture strain of ti6aldv. Engineering Fracture
Mechanics, 219, pp. 106627.
https://doi.org/10.1016/j.engfracmech.2019.106627

19. Hong, T., Ding, F., Chen, F., Zhang, H., Zeng, Q. &
Wang, J., 2023. Study on the fracture behaviour of
6061 aluminum alloy extruded tube during different
stress conditions. Crystals, 13, pp. 489.
https://doi.org/10.3390/cryst13030489

20. Liu, H., Jin, T., Su, B., Qiu, J. & Shu, X., 2024.
Deformation responses and fracture behaviors of
aa6061 under different stress triaxialities. Advanced
Engineering Materials, pp. 2301805.
https://doi.org/10.1002/adem.202301805

21. Guo, X., Zong, S., Zhang, J. & Fang, Y., 2023.
Modified plasticity constitutive model for extruded
aluminum alloys. Journal of Building Engineering, 73,
pp- 106717.
https://doi.org/10.1016/.j0be.2023.106717

22. Haskul, M. & Arslan, E., 2025. Fracture initiation in
aluminum alloys under multiaxial loading at various
low strain rates. Metals, 15, pp. 785.
https://doi.org/10.3390/met15070785

23. Gonzalez, A., Celentano, D., Cruchaga, M. & Ponthot,
J.-P., 2024. The triaxiality effect on damage evolution
in al-2024 tensile samples. Metals, 14, pp. 1103.
https://doi.org/10.3390/met14101103

24. Feng, R., Chen, M. & Xie, L., 2024. Constitutive
relationship and fracture mechanism for wide stress
triaxiality of titanium alloy. Engineering Fracture
Mechanics, 295, pp. 109804.
https://doi.org/10.1016/j.engfracmech.2023.109804

25. Liu, B., Chang, M., Ren, Y., Dong, Y., Zhou, H. &
Zhao, S., 2025. Parameter modification of ti6aldv
df2012 ductile fracture model under wide range strain
rate and analysis based on micro fracture mechanism.
Engineering Fracture Mechanics, pp. 111446.
https://doi.org/10.1016/j.engfracmech.2025.111446

26. Wang, H., Jia, W., Ma, L., Huang, Z., Zhang, J., Ning,
F. & Lei, J., 2025. Fracture behavior of az31
magnesium alloy under continuously variable stress
triaxiality. Engineering Failure Analysis, 169, pp.
109177.
https://doi.org/10.1016/j.engfailanal.2024.109177

27. Cheng, X., Wang, R., Zhou, Z., Yang, Y., Chen, X.,
Wu, H., Chen, X. & Xu, W., 2025. Characterization of
uncoupled ductile fracture criteria for Ocrl7ni4cudnb
stainless steel under different stress states. Journal of
Materials Research and Technology, 36, pp. 5985-
6003.
https://doi.org/10.1016/j.jmrt.2025.04.225

28.Bai, Y. & Wierzbicki, T., 2010. Application of
extended mohr—coulomb criterion to ductile fracture.

International journal of fracture, 161, pp. 1-20.
https://doi.org/10.1007/s10704-009-9422-8

Y


https://doi.org/10.1016/j.jmapro.2021.11.023
https://doi.org/10.1016/j.engfracmech.2004.07.011
https://doi.org/10.1007/BF00053322
https://doi.org/10.1016/j.ijplas.2012.01.003
https://doi.org/10.1016/j.ijplas.2013.08.006
https://doi.org/10.1016/j.ijplas.2017.12.003
https://doi.org/10.1016/j.euromechsol.2020.104048
https://doi.org/10.1016/j.engfracmech.2019.106627
https://doi.org/10.3390/cryst13030489
https://doi.org/10.1002/adem.202301805
https://doi.org/10.1016/j.jobe.2023.106717
https://doi.org/10.3390/met15070785
https://doi.org/10.3390/met14101103
https://doi.org/10.1016/j.engfracmech.2023.109804
https://doi.org/10.1016/j.engfracmech.2025.111446
https://doi.org/10.1016/j.engfailanal.2024.109177
https://doi.org/10.1016/j.jmrt.2025.04.225
https://doi.org/10.1007/s10704-009-9422-8

