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Abstract

Cantor-type high entropy alloys form a new family of metallic alloys characterised by a combination of
high strength and high fracture toughness. An experimental study on the CoCrNi alloy is first performed
to determine the damage and fracture mechanisms under various stress states. A micromechanics-based
ductile fracture model is identified and validated using these experimental data. The model corresponds
to a hyperelastic finite strain multi-yield surface constitutive description coupled with multiple nonlocal
variables. The yield surfaces consist of three distinct nonlocal solutions corresponding to three different
modes of void expansion within an elastoplastic matrix: a void growth mode governed by a Gurson-based
yield surface corrected for shear effects, an internal necking-driven coalescence mode governed by an extension
of the Thomason yield surface based on the maximum principal stress, and a shear-driven coalescence mode
governed by the maximum shear stress. This advanced formulation embedded in large strain finite element
setup captures the effects not only of the stress triaxiality but also of the Lode variable. In particular, the
analysis shows that a failure model accounting for these two invariants of the stress tensor captures the
fracture in high-entropy alloys over a wide range of conditions.
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1. Introduction

In recent years, complex concentrated alloys, better known as High Entropy Alloys (HEAS), consisting

of multi-principal element alloys with typically 3 to 5 elements in equal or near equiatomic concentrations,
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garnered a lot of attention [Tl 2, B]. This novel alloy design philosophy gave rise to several alloy systems
with interesting combinations of mechanical (and functional) properties. Among HEAs, Cantor-based alloys
(the Co-Cr-Fe-Mn-Ni system) constitute a promising family of alloys characterised by a combination of high
strength, high ductility, and high fracture toughness [4, [5, [6]. The excellent mechanical properties of the
Cantor-based HEAs are often attributed to deformation twinning [7, [§]. As such, constitutive modeling of
HEASs focuses in large part on the evolution of dislocations and twins with strain [9, [I0]. Recently, it was
shown that the ternary CoCrNi alloy presents exceptional levels of fracture resistance [6l [IT], [12].

Attempts to understand and model ductile fracture in the context of micromechanics approaches in
HEAs are scarce. Gao et al. [I3] characterized the damage and fracture in the CoCrFeNiMo HEA under
multi-axial stress states but the behavior was not modeled. Lu et al. [14] addressed the damage evolution
in the CoCrFeNi alloy. Different stress states were considered, however the emphasis was on the texture
and strain rate effects. Cui et al. [I5] modeled the fracture of CoCrFeMnNi films through an atomistic
study. The results were not compared to experiments. The integrated design of an experimental campaign,
identification of an adequate failure micro-mechanical modeling and characterization is still missing in the
context of HEAs.

Ductile fracture is the most common failure mode for most metals and their alloys, see e.g. [16] 17, [18].
Ductile fracture involves a damage mechanism related to the evolution of micro-voids, consisting of three
successive stages involving the nucleation, growth and coalescence associated to extensive plastic deformation
before final failure. Micro-voids generally nucleate from either particle fracture or particle decohesion [19].
Under macroscopic loading conditions, the nucleated voids and the existing ones, which may pre-exist from
manufacturing, grow and change their shape through plastic deformation. This growth stage is interrupted
by localization of the plastic flow in the ligament between the voids, which corresponds to the onset of void
coalescence. Finally, the voids coalesce, resulting in macroscopic cracking initiation and propagation. We
will show in this work that the failure of the investigated HEAs follows these usual stages and can thus be
adequately captured by a micromechanics-based ductile fracture model.

The most popular micromechanics-based ductile failure model is the Gurson model [20], in which fracture
is taken into account in a physically motivated way through evolution of porosity in metals. The original
model was further extended in order to account for void nucleation, void growth, void coalescence, void
shape, void distribution, plastic anisotropy, shear effects, ete. [21] 22| 23] 24] 25] 26, 27, 28], 29] B0, [31]. In
particular, the Gurson-Tvergaard—Needleman (GTN) model [21] [22] in combination with a shear enhanced
term suggested by Nahshon and Hutchinson [30] to better capture the porosity effect on the constitutive
response under low stress triaxiality is extensively applied to large-scale structural modeling due to its
numerical simplicity. Although this enhanced GTN model provides a complete computational methodology
for all stages of void evolution, its description of void coalescence is not realistic as it relies on an abrupt void
growth rate beyond a critical value of the porosity [32]. Indeed, as observed in the finite element unit cell
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simulations [33] B2], at the onset of coalescence by internal necking, the material behavior suddenly changes
into a localised deformation state, indicating a transition to another mode of plastic flow around the voids.
In this context, micromechanics-based coalescence models as pioneered by [34] 5] provide a better physical
description, in which the coalescence occurs when the plastic flow localises inside the inter-void ligament
oriented normal to the main loading direction. This so-called Thomason model was further extended to
better represent the internal necking coalescence process [32] [36] 37, [38]. However, the Thomason model
and its extended forms do not account for possibly shear-dominated coalescence primarily observed at low
stress triaxiality. To address this issue, micromechanical-based conditions for the onset of void coalescence
under combined tension and shear were proposed [39] [40].

Recently, both internal necking void coalescence and shear-driven coalescence were accounted for in a
single micromechanics-based model by introducing a porous plasticity incorporating multiple yield surfaces
[41]. This model considers the three distinct solutions for the expansion of voids embedded in an elastoplastic
matrix: a void growth solution governed by the GTN yield surface, a void necking coalescence solution
driven by the maximum principal stress corresponding to an extension of the Thomason yield surface, and a
competing void shearing coalescence solution driven by the maximum shear stress. This combination allows
capturing the effects not only of the Lode variable characterising among others shear effects, but also the
stress triaxiality in ductile fracture process in which case these two parameters play important roles. In
order to avoid loss of solution uniqueness beyond the onset of material softening, this multi-surface model
was framed in an implicit nonlocal form [42, [43] through the introduction of multiple nonlocal variables
governing the different failure mechanisms of the model. We will show here that this multi-yield surface
multi-nonlocal variable micromechanics-based ductile failure model is a good candidate to represent the
failure of highly ductile HEAs.

The first objective of this work is the determination of the physical damage mechanisms in the novel
damage-resistant CoCrNi alloy through experimental analyses by designing an experimental campaign cov-
ering different stress-states. Macro-scale stress-strain responses as well as micro-structural observations
such as porosity evolution are extracted from different test specimens. This extensive experimental study
confirms that the failure of CoCrNi HEA follows the expected ductile mechanisms involving the different
described stages of void evolution: void nucleation by matrix-inclusion decohesion, void growth, shear lo-
calization and internal necking fracture modes. The stress triaxiality and Lode variable are also shown to
strongly affect the fracture behavior. The Lode variable strongly affects the fracture mode and the fracture
surface morphology. These observations justify considering the multi-yield surface multi-nonlocal variable
micromechanics-based ductile failure model [41] to model the failure of these complex fracture behaviors
involving shear localization and internal necking fracture mechanisms. The second aim of this work is thus
to develop an efficient strategy for the identification of the model material parameters. These identified
parameters values are then validated, showing good predictive capability over a wide range of stress states.
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The paper is organised as follows. Section [2| describes the experiment campaign. The micromechanics-
based model developed in the work [41] is recalled in Section [3| Finally, the identification of the material

parameters as well as the validation are presented in Section [4]

2. Experimental characterization

The material processing of CoCrNi alloy is presented, followed by the experimental mechanical test cam-
paign for the identification of the physical damage mechanisms in the CoCrNi alloy under different loading
scenarios. The macro-scale stress-strain response of different specimen geometries and the corresponding

post-mortem micro-scale characterization are finally presented.

2.1. Material processing and characterization

Four 1-kg ingots of CoCrNi were processed by vacuum induction melting from pure elements (> 99.8%
purity). All ingots were hot-rolled at 1473 K from an initial thickness of 27 mm down to a thickness
of 12 mm in two passes. The material dynamically recrystallised during hot rolling and no further heat
treatment was carried out. Fig. [1| shows a representative scanning electron microscope (SEM) micrograph
of the microstructure after hot-rolling at low magnification. The microstructure is single phase FCC with
an average grain size of 2514 pym. The inclusions are CryO3 oxides, as identified by energy dispersive
spectroscopy (SEM-EDS). The average inclusion content was measured by image analysis as 0.20£0.07%.
The average particle diameter is 2.33 + 0.37 pum. An example of such inclusions is shown in the inset of
Fig. [ Voids were not observed in the initial microstructure.

Electron Back Scatter Diffraction (EBSD) was performed to characterize the microstructure. The Inverse
Pole Figure (IPF) map is given in[2(a) with the pole figure of the {111} direction given in[2|(b). The material
does not show any particular crystallographic texture. A few large grains show a color gradient, indicating
the presence of dislocations as the result of dynamic recrystallisation. The grain size distribution follows
what has already been reported in Fig. [l While there exist small and large grains, the distribution of grain

size is not bimodal, but the variance of the grain size is quite large for the studied material.

2.2. Mechanical tests
Mechanical tests with different specimen geometries were performed to characterise the effect of the
stress state on the damage evolution and fracture mode. All specimens were extracted directly from the

as-rolled 12-mm plates by electrical discharge machining (EDM). These specimen geometries are sketched

in Fig. [3]including:

e Plate specimens involve smooth specimens (referred as “1L”), tapered specimens designed so that the
plastic strain and thus the porosity slowly evolves from the fracture surface (referred as “2PL”), and
small notched specimens (referred as “2NSx” with x being the notch radius in mm);
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Figure 1: SEM micrograph of the microstructure of CoCrNi after hot-rolling. Inset shows a larger magnification of the type of

inclusions present in the alloy.

Figure 2: (a) Inverse Pole Figure (IPF) map of the microstructure of CoCrNi and (b) the corresponding pole figure of the

{111} direction where X and Y are the longitudinal and transverse direction respective to the rolling direction, respectively.



o Shear specimen (referred as “3SHEAR”) with a design inspired from [44];

e Axisymmetric specimens involve smooth specimens (referred as “4SR”) and notched specimens (re-

ferred as “5NRx” where x is the notch radius);

e Plane strain-type grooved specimens (referred as “7TGRx”, with x being the groove radius in mm).

The detailed dimensions of the specimens are reported in

Figure 3: Drawings of the plate (1L, 2PL, 2NS, 3SHEAR), axisymmetric (4SR, 5NR), and grooved (7TGR) specimens.

These specimens undergo different stress states, which can be characterised by the magnitude of the
stress triaxiality (denoted by 7) and of the Lode variable (denoted by w). With the Cauchy stress tensor
denoted by X, these two quantities are estimated as

_ tr(X) and w — 27 det (dev (X))

== 1
3%eq 253, ' (1)

3
where tr (o) and dev (e) are respectively the trace and deviatoric operators, and ¥eq = \/Edev (X2) : dev (X)
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Table 1: Summary of the specimen geometries used to characterise the material behavior under different stress states.

Family Description | Abbreviation ol n-range* | w-range® | Gauge length
Smooth 1L 0 >1/3 (01) 25 mm
Notched 2PL 0.05 >1/3 (01) 30 mm
Plate specimens Notched 2NS4 0.5 >1/3 (01) 11 mm
Notched 2NS2 1 >1/3 (01) 11 mm
Notched 2NS1 2 >1/3 (01) 11 mm
Shear specimens Shear 3SHEAR 0 ~0 ~ 0 50 mm
Axisymimetric specimens Smooth 4SR 0 >1/3 1 25 mm
Notched 5NR4 0.625 | >1/3 1 25 mm
Grooved 7GR6 0.167 | >1//3 0 20 mm
Grooved specimens Grooved 7GR3 0.333 | >1/ V3 0 20 mm
Grooved 7GR1 1 >1/ V3 0 20 mm

* Stress triaxiality n and Lode parameter w at the centre of the notched section when fracture occurs.

is the von Mises equivalent stress. The stress triaxiality 1 characterises the contribution of the hydrostatic
stress while the Lode variable w indicates the loading modes: w = 1 corresponds to a general axisymmetric
tension; w = 0 corresponds to plane strain and general shear loading; and w = —1 corresponds to a general
axisymmetric compression.

In the specimens shown in Fig. [3 the notches with different radii produce different stress states. The
presence of a notch in a specimen is characterised by a shape factor (denoted by ~) given by

ap
— 2
Y R, (2)

where R, is the notch radius, and aq is defined depending on the specimen geometry: ag = Ry is the radius
at the minimum cross section in axisymmetric specimens; ag = Wy /2 where Wy is the initial width at the
minimum section for the plate specimens; ag = tg/2 where t¢ is the thickness at the minimum section of the
grooved specimens. Since there is no notch in the 3SHEAR specimen, a shape factor equal to 0 is used. All
these geometries and their shape factors are summarised in Tab.

The mechanical tests were all performed with a constant cross-head velocity of 1 mm/min. For each
test, several (typically 3 repetitions) specimens were considered to assess the variability in the mechanical
response. The tensile tests were recorded during the whole experimental loading. Digital image correlation
(DIC) is used to track the elongation AL over an equivalent gauge of initial length L as reported in Tab.
from which the engineering strain is determined as AL/Lg. Fig. [4| shows the engineering stress-engineering

strain curves obtained for all specimens until final fractureﬂ The engineering stress is computed by F/Ag

2For one of the 7GR1 specimen, the recording failed during the test. The stress-strain behavior of this specimen was then
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Figure 4: Experimental engineering stress-engineering strain curves: (a) 1L, 2PL and 3SHEAR tests, (b) 2NSx tests, and (c)
4SR and 5NR4 specimens, and (d) 7GRx specimens.

where F is the tensile force and Ay is the initial area of the minimum cross section. For each specimen type,
it can be seen that a smaller notch radius leads to a higher stress level. Smooth specimens (1L and 4SR)
can reach a high level of elongation (> 0.6). These curves can be used to estimate the isotropic hardening
law over a wide range of plastic deformation when expressed under true stress—true plastic strain format.
The 2NSx specimens shows engineering curves close to each other with different notch radius.

The fracture strain is determined for each specimen type [45] 46] as follows:

analyzed up to this point, but since the test was performed until fracture, its related fracture strain could be considered as

well.



e Plate specimens’}
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where Wy and tg are the initial width at the minimum cross section and initial thickness of the specimen

and Wy and ¢y are the mean values at fracture.

e Axisymmetric specimens:

5f—21n]1§;, (4)

where Ry is the initial radius at the minimum cross section and Ry is its corresponding value at

fracture.

e Grooved specimens:

2 | o

= n—
V3 oty

where ty is the initial thickness at the minimum cross section and t; is the corresponding value at

(5)

fracture.

The fracture strain for all specimens are gathered in Fig. [5] in terms of the shape factor. The HEA
exhibits high fracture strain (> 0.85 for all cases). For the 4SR specimens, a fracture strain > 1.2 is reached.
In the cases of axisymmetric specimens and grooved specimens, the fracture strain decreases with notch
radius due to higher stress triaxiality. The difference among the fracture strains at the same notch radius
partly results from the Lode effect, with w = 0 for the grooved specimens leading to smaller ey compared to
the axisymmetric specimens with w = 1. Although the stress triaxiality at the notch section increases with
decreasing notch radius for these plate specimens, the Lode variable at fracture does not remain constant
but varies with the shape factor qualitatively explaining the observed trend, see [46] for more details with

a similar specimen type in high strength steel.

3Based on the assumption that the minimum cross-section at fracture remains rectangular and that, at this stage,

deformations are purely deviatoric with a Poisson ratio close to one half, the strain tensor can be approximated as

. Wo to Wo to . . e 2
e =diag | In W In — —1In e In — |. As a result, the equivalent strain definition ecq = y/5dev (g) : dev (¢) leads to Eq.
f

ro oty ty

Ry  Ro Ro Ry
(3). In addition, Eq. (3)) can be directly applied to the axisymmetric specimens with e = diag | In —,In —, —In — — In — |,
Ry Ry Ry Ry

to to
leading to Eq. (4)), and to the grooved specimens, with € = diag | In o 0,—1In t) , leading to Eq. (5).
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Figure 5: Variation of the fracture strain as a function of the notch shape factor for all test specimens. The data of 3SHEAR

are not shown since the macroscopic fracture strain can not be defined in a way consistent with the other geometries.

2.3. Fractographic analysis

Figure [6] shows SEM micrographs of the fracture surfaces of the axisymmetric specimens. The fracture
surface consists of a rough part at the centre and a less rough slant part close to the free surface associated
to the classical cup—cone morphology. The slant part is inclined at 45° with respect to the loading direc-
tion. This corresponds to a fracture driven by shear localization, leading to a different surface appearance
compared to the one at the central region in which an internal void coalescence mechanism is observed. The
dimple size is quite homogeneous showing that only one population of voids is active.

Figure [7] shows the fracture surface in the 3SHEAR specimen. The fracture mode is controlled by shear
localization, in which the fracture surface appearance is similar to the one observed in the slant part of the
axisymmetric specimens as reported in Figs. [6]

Figure [8 shows the fracture surfaces of the grooved specimens. The slant fracture mode is observed for
the three notch radii. The fracture surface does not consist of sheared and elongated dimples as in Fig.
for the 3SHEAR specimen. These dimples are more similar to the one in the tensile specimens. This
observation probably relates to the higher stress triaxiality in the grooved specimens which causes more
void expansion before void coalescence. The fracture 7GRx specimens occurs at a Lode variable close to
zero as it will be confirmed in Section

Figure [9] shows the fracture surfaces corresponding to the plate specimens: 1L and 2NSx. A slant
fracture mode is again observed for all cases. The fracture surface is similar to the cases of the axisymmetric
specimens in the slant part, and of the 3SSHEAR and 7GRx specimens, and is different to the central part
of the fracture surface of the axisymmetric specimens reported in Figs. [6]

10



(A) 4SR (B) 5NR4

Figure 6: Micrographs of the fracture surface of the axisymmetric specimens: (A) 4SR and (B) 5NR4. In each sub-figure,
(a) and (b) correspond to the central and side views of the fracture surface, respectively. (1), (2), and (3) provide higher

magnification of regions of interest indicated in (a).

Figure 7: Micrographs of the fracture surface of the 3SHEAR specimens. The top-left figure (a) corresponds to the overall
view of the fracture surface and the top-right figure (b) shows the whole fractured specimen. The bottom-left figure (c¢) and

bottom-right figure (d) correspond to higher magnifications of the fracture surface.
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Figure 8: Micrographs of the fracture surface of the 7GRx specimens: left figures (a, d) - 7GR1 specimen, central figures (b,
e) - TGR3 specimen, and right figures (c, f) - TGR6 specimen. Three top figures correspond to the side views of the fracture

surface while the three bottom figures show the corresponding fracture surface at high magnification.
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(C) 2NS2 (D) 2NS1

Figure 9: Micrographs of the fracture surface in the plate specimens. In each sub-figure, the top-left figure (a) corresponds to
the overall view of the fracture surface and the top-right figure (b) shows a side-view of the whole fractured specimen. The

bottom-left figure (c¢) and bottom-right figure (d) correspond to the fracture surface at higher magnification.
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Figures show the present of both larger and smaller voids. In the present CoCrNi alloy, only CryOg
inclusions are observed. However, there exists a distribution of particles sizes with the smaller particles
organized in clusters together with larger isolated particles. This leads to a significant variation of the
size of cavities which results not only from the difference in the initial size of the inclusions, but also from
the difference in the strain at which the inclusions nucleate (since void nucleation often occurs earlier on
larger particles[47]). Since only one population of particles is observed, the following scenario is proposed:
the larger voids nucleate early on the larger particles and grow significantly during the plastic deformation
process and the smaller voids result from later nucleation on smaller particles with smaller opportunity to
grow. The smallest voids probably nucleate during the void coalescence process leading to what resembles
a void sheeting mechanism. By comparing Figs. [7(d) to Figs. [0[d), this scenario is amplified under
shear conditions. Other reasons for differences in void growth rate could also play role as related to local

microstructure, see e.g. [48].

2.4. Void nucleation characterization

The fractured 2PL specimens were polished down to mid-thickness. SEM micrographs of the microstruc-
ture were taken at different distances from the fracture surface following the approach employed in [47] [46].
The porosity distribution is then determined as a function of the distance from the crack surface as shown
in Fig. No voids are found in the undeformed material. Under loading, cavities are nucleated by the
matrix-inclusion decohesion. These cavities have no preferential orientation and nucleate at the early stage
of the plastic deformation. In the modeling part, we will therefore assume that the voids are initially present
with an initial porosity equal to 0.002 (corresponding to the measured inclusion content). This average value
is found far from the fracture surface as shown in Fig. [I0] hence confirming the validity of the assumptions

that each inclusion leads to one cavity.

2.5. Summary of the experimental behavior of CoCrNi

From the experimental study performed on the different specimen geometries with the CoCrNi high

entropy alloy, the following observations can be made:

1. The CoCrNi high entropy alloy is very ductile with a high fracture strain over a wide range of stress
states.

2. Under tensile loading conditions, the fracture behavior follows a ductile mechanism involving different
stages of void evolution. The shear localization and internal necking fracture modes are observed.

3. The stress triaxiality and Lode variable both impact the fracture behavior. At constant Lode variable,
ductility decreases with increasing triaxiality. The Lode variable strongly affects the fracture mode

and the fracture surface morphology.
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Figure 10: Porosity distribution in terms of the distance to the fracture surface: the measurements are performed post-mortem

on three different 2PL specimens.

In the next sections, the nonlocal ductile fracture model developed in [41] is considered to address the
different effects and mechanisms involving shear localization and internal necking dominated void coalescence

phenomena.

3. Numerical modeling framework

The nonlocal ductile fracture model developed in [41] is employed to capture the complex behavior of
the high entropy alloys. The constitutive model in the finite strain setting is expressed as the first Piola-
Kirchhoff stress tensor (denoted by P) being a function of the deformation gradient tensor (denoted by F)

and a set of internal variables Z to capture the history dependence as
P =9 (F,Z), and evolution laws for Z. (6)

In this work, we assume isotropic and isothermal behavior. In addition, all the experimental tests mentioned
in Section [2.2| were performed at constant cross-head velocity of 1 mm/min, leading to an engineering strain
rate varying from 107%s7! to 1073s~!. Since these values are small enough to consider those tests being in

quasi-static (see e.g. [49] 50]), a rate-independent modeling framework has been selected.

3.1. Voids morphology

The mechanical behavior of the porous medium depends on the geometry and distribution of voids, which

are characterised by different effective parameters. In this work, we assume that

1. during the growth phase, voids are initially spherical and do not depart significantly from their initial

shape, and,
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Figure 11: Geometrical parameters of periodic cylindrical unit cells where each cell includes a spheroidal void at its centre: the

void aspect ratio W, void ligament ratio x, and void spacing ratio A.

2. during the coalescence phase, the void axes are attached to a coordinate system defined by the principle

stress directions, and the voids maintain spheroidal shapes [41].

As a result, the geometry of such a unit cell is completely determined by several dimensionless variables: the
porosity f, the void aspect ratio W, the void ligament ratio x, the void spacing ratio A, see Fig. for the
description of a representative cylindrical unit cell embedding a void at its centre. These void characteristics

are related by the following relationship

_2X3W
g2 g

To describe the void characteristics, a set of parameters Y is set as
T
Y=[f v w i . (8)

Voids are assumed to be present from the beginning with initial values Yo = { fo xo Wo )\O}T with
Wy =1 and xo = (1.5 fo)\o)%7 which correspond to initially spherical voids. In the next section, the
evolution laws for 3 out of 4 variables in Y are provided for each phase of void evolution, and Eq.
is used to estimate the remaining parameter. Since each mechanism in the void evolution provides the
evolution laws of these variables separately, it is convenient to keep the four porous plasticity parameters in

the constitutive model.

3.2. Multi-yield surface multi-nonlocal variable micromechanics-based ductile failure model

The main elements of the ductile fracture model proposed in [41] are briefly recalled. The deformation

gradient F is decomposed into the reversible elastic part F° and the irreversible plastic part FP such that

F=F° FP. (9)
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The elastic potential energy is defined as
K
pot(C%) = o In? Je + %dev (InC®) : dev (InC°) , (10)

where py is the density, 1°(C®) is the elastic potential energy per unit mass, C® = F°T . F¢, J¢ = det F° is
the elastic Jacobian, and K and G correspond to the bulk and shear moduli of the material, respectively.
The first Piola-Kirchhoff stress tensor P derives from the elastic potential for a given plastic state,
yielding

Oy*

P:pan Fp

=KF "InJ®+GF®- [C°" - dev(InC®)| - F*~ 7. (11)
Equation leads to the following rate form
pot¢ =P :F=Jo:E°, (12)

where E® = In v/ C¢ is the elastic logarithmic strain tensor and o is the corotational Cauchy stress. From

Eq. , one has

1 1
=_F7T.P.FPT = _C:E° 13
o= 7 ; (13)

where C = KI ® I+ 2GZ%" in which Z% is the deviatoric part of the fourth order identity tensor.
The elastic part F¢ and the plastic part FP of the deformation gradient F are obtained following a porous

plasticity model. In a general form, the porous plasticity model is summarised as follows:

®=2o(0;0v,Y),

UY:O'%+R(€m),
_ 00
_l’[’ao_a

(14)

(15)

DP = FP.FP~! (16)
o:DP=(1-f)oyém, (17)
(18)

(19)

(20)

1>0,0<0,40=0, 18
Em — Em — 12 Agém =0, 19
&y — &y — 12A¢E, = 0 with &, = tr (DP) | 20
Eq —Ed — 13A0éq = 0 with &q = \/gdev (Dr) : dev (DP), and (21)
Y =9 (Y,0,6m,5y,24) (22)

where ® is the multi-yield surface function defined next; oy is the mean yield stress of the matrix; 0¥ is the
initial yield stress; R (en) is the strain-hardening contribution; &, is the mean equivalent plastic strain of
the matrix; DP is the plastic strain rate; p is the plastic multiplier; €, is the volumetric equivalent plastic
strain; €4 is the deviatoric equivalent plastic strain; &, &, and &4 are respectively the nonlocal counterparts
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of e, €y, and eq; Ay is the Laplace operator with respect to the reference configuration; I = I, = I, = lq
is the nonlocal length scale, which are assumed to be the same for the three nonlocal variables &, &, and

£q; and W denotes a set of evolution laws for void characteristics Y. In this set of Egs. 7 :

e Eqgs. - represents a system of equations typical of an elastoplastic model under finite strains.
Eq. represents a yield function, which is expressed in terms of the corotational Cauchy stress
tensor o. Moreover, the effects of the porosity and of the void shape in the yield condition should
be accounted for as described further in this paper. Eq. represents the isotropic hardening.
Eq. represents the associative plastic flow rule. Eq. represents the balance of the plastic
dissipation in which the rate of apparent plastic work is equal to the rate of plastic work in the matrix
[20, 21, 22]. The right hand side term (1 — f) oyén, corresponds to an averaged measure of the plastic
dissipation rate over the matrix material within the representative volume while the left hand side
term o : DP corresponds to the macroscopic plastic dissipation. Under a localized state such as during
void coalescence, the use of Eq. seems to underestimate the flow stress in the localization region.
Despite its approximate nature, Eq. was used in most studies [I7] because it incorporates the
isotropic hardening effect as an additional equation governing the evolution of ;. And Eq.

governs the loading-unloading conditions.

e Egs. correspond to the additional Helmholtz-type boundary value problem allowing the
nonlocal variables to be estimated from their local counterparts [51]. They are monolithically solved

with the classical mechanical equations in a fully coupled form [4T].

e Eq. describes the evolution laws for the void characteristics Y, which are driven by the nonlocal

variables.

The porous plastic model employed in this work consists in the competition between the three modes of
porosity evolution. First, the diffuse void growth phase is governed by the Gurson—Tvergaard—Needleman
(GTN) yield function (denoted by ®¢) and the corresponding evolution laws for the void characteristics
(denoted by ). Secondly, the internal necking void coalescence is governed by the extended Thomason
yield function (denoted by @) and the corresponding evolution laws for the void characteristics (denoted
by ®r). Thirdly, the shear-driven void coalescence is governed by the shear-driven yield function (denoted

by ®g) and the corresponding evolution laws for the void characteristics (denoted by ¥g). Mathematically,
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one considers the yield surface and evolution laws for void characteristics as follows

® = max (Pqg, D1, Ps) and (23)
¥ = W¥e during void growth,
¥ = Wy  during internal necking coalescence, and (24)

¥ = W¥g  during shear-driven coalescence .

Additionally, the onset of the internal necking coalescence is detected by

€m > 0 and &7 > max (Pg, Pg) , (25)
while the onset of the shear-driven coalescence is detected by

€m > 0 and Pg > max (Pg, D7) . (26)

We assume that void coalescence cannot switch from one mode to another. As a result, the evolution laws
for the void characteristics during coalescence follow the ones of the coalescence mode whose onset condition
is first met in the loading history.

A fully implicit integration scheme of the porous plasticity model described by Egs. can be
performed as detailed in [4I]. In the following, the yield surfaces and the corresponding evolution laws for

the different modes are summarised.

3.2.1. Void growth phase

The GTN yield function is expressed as

o e

Py =——1with o eqy P s ; = ’ 27

6= with 6G (0eq, 0's 0, f) Tl—qf 27)
3 tr (o)

Oeq = 2%16V (o) :dev (o), and p' = 3 (28)

where ¢ denotes the GTN effective stress, oeq is the von Mises equivalent stress, p’ is the hydro-static
stress, and ¢; and ¢ are two material parameters.

Under the assumption that there is no void nucleation, the voids initially exist and they remain spherical
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during the void growth phase. The evolution laws for the void characteristics Y then read

f:(l_f)§v+kw¢n¢wféda
W =0,

Yo:qi= KAéq, and (29)
Cox(f WA
A FARTADY A
2

1(n P 27 det (dev (o))

with ¢, = exp 2\ ,d)w:l—wQ,n:U andw:T, (30)
s eq €q

where k,, is the shear-accelerated void growth factor [30], 7 is a user parameter, and & is the void spacing

control factor which depends on the distribution of voids [I7]. In more details, in Eq. ,

e In the absence of voids nucleation, the evolution of f consists of the void growth contribution fgr =
(1 — f) &, associated to the plastic incompressibility of the matrix |21, 22] and the shear contribution
fsh = kwéndwfEa corresponding to an effective change of porosity due to void deformation (through
¢n) and reorientation occurring under shear-dominated distortions (through ¢.,) [30]. Since the choice
in [30] of ¢,, equal to 1 and ¢, =1 — w? can degrade the prediction accuracy of the void growth under
high stress triaxiality, in the present work, ¢, and ¢, respectively take the forms expressed in Eq.

where ¢,, is close to 1 at very low stress triaxiality and vanishes at high stress triaxiality.

e The void spacing ratio A evolves from its initial value Ay and is controlled by the plastic deformation

as proposed in [36, 52, [17].

e The evolution law of x is obtained from the rate form of Eq. @

3.2.2. Internal necking coalescence mode

The extended Thomason yield function proposed in [41I] to account for the Lode angle is expressed as

1o} 1 2 1
dp = == — 1 with 67 = — (51 + |p/]) , 51 = =0eqcosf, and § = = arccosw, (31)
oy Cr 3 3
0
where 61 denotes the Thomason effective stress, s; is the maximum principal deviatoric stress, 8 € |0 3

is the Lode angle, and Cry is the the load concentration factor

Crs(W,x) = (1-x7) lh (1W_XX>2 + 9\/1 : (32)

with h and g being two constants. The value of h should be calibrated as a function of the representative
strain hardening exponent of the matrix and g = 1.24 [32].
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The evolution laws for void characteristics Y under the internal necking coalescence mode are deduced

from the plastic incompressibility of the matrix following the work of [36] as

3 (3 A
X_ZW ﬁ* €d,
9\ 1
W=-—|1--—]%.
T 4x 2x? (33)
A= K\eq, and
. x W oA
= 3— _—— =
r=1r X+W NE

in which the evolution of A is the same as the one during the void growth phase, and the last equation is

obtained from the rate form of Eq. .

3.2.3. Shear-driven coalescence mode

The shear-driven yield function is expressed in terms of the maximum shear stress [41] as

o L V3s,—s 2 2 2
@:@Szﬁ—lwwh 0327 1csf3,31:§aeqcost9, and 33:§aeqcos (9+3) , (34)

where g denotes the effective shear stress, s; and s3 are respectively the maximum and minimum principal

deviatoric stresses, and Cgr denotes the shear load factor

Cse=¢(1—X7) . (35)

with £ > 1 being introduced to capture the onset of shear-driven coalescence.
Since only x affects the material response during a shear-driven coalescence deformation mode, the
evolution laws of f, W, and A do not have to be considered. Consequently, the evolution laws for void

characteristics Y under the shear-driven coalescence are given as

f=0
X = Kyéq,
e W =0, and (36)
3\
=

in which K, is the acceleration factor of the void ligament under the shear-driven coalescence mode, and
the last equation is obtained from the rate form of Eq. . Under the shear-driven coalescence deformation
mode, the void ligaments are flattened and elongated following the shearing direction until neighbouring
voids coalesce by plastic flow localization [53]. This motivates the use of an evolution law driven by the
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deviatoric equivalent plastic strain £q. In this modeling framework, the evolution of y follows a simple
phenomenological law driven by the plastic deformation under a constant growth rate K, for simplicity. In

future works, more physics-based evolution laws will be elaborated.

3.8. Summary

Since it was observed in Section 2] that the voids nucleate at the very beginning of the loading by matrix
inclusions decohesion, it is assumed that the voids are initially spherical and present from the beginning
with an initial porosity fo (= 0.002) and the initial geometrical parameters given as Wy = 1, Ay = 1
and yo = (1.5 fo/\o)%. To model ductile fracture, three modes of plasticity driven porosity evolution are

considered, namely

1. diffuse void growth (GTN),
2. internal necking void coalescence (extended Thomason), and

3. shear-driven void coalescence.
In addition, three distinct coupled models can be employed:

1. the coupled GTN-Thomason model by setting £ — 400 to prohibit shear-driven coalescence,
2. the coupled GTN-Shear model by setting ¢ — +00 to prohibit internal necking coalescence, and
3. the fully coupled GTN-Thomason-Shear model (denoted by GTN-Th-Sh model in the following sec-

tions).

The list of parameters to be identified is summarised in Tab. In the next section, the parameters of the
coupled GTN-Thomason-Shear model are calibrated for the CoCrNi high entropy alloy from the results of

the experimental campaign conducted in Section [

4. Parameter identification and model validation

In this section, the finite element models of the different test specimens are first described. Then the
material parameters, reported in Tab. [2| of the multi-yield surface multi-nonlocal variable micromechanics-
based ductile failure model are identified. To this end, since the different geometries correspond to different
stress states and trigger different failure modes, the parameters related to different modes are identified
using the most appropriate geometries. When different shape factors have been tested for a given family
of sample geometry, like for the 2NSx and 7GRx families, only one shape factor is considered during the

identification process so that the other ones can be used for validation.
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Table 2: Material parameters of the multi-yield surface multi-nonlocal variable micromechanics-based ductile failure model to

be calibrated.

Parameter | Unit (SI) | Meaning
00 kg -m™3 | Density
K Pa Bulk modulus (see Eq. (10))
G Pa Shear modulus (see Eq. (10))
oY Pa Initial yield stress (see Eq. (|15))
R Pa Strain hardening stress (see Eq. (|15])
fo - Initial porosity
q1, qo - GTN coefficients (see Eq. (27))
ke - Shear-controlled void growth factor (see Eq. (29)))
s - n-limited shear-controlled void growth (see Egs. (29} 30))
K - Void spacing control factor (see Eq. (29} 33))
h, g - Crr coefficients (see Eq. (32))
13 - Cgt coeflicient (see Eq. (35]))
K, - Ligament shrinkage rate under shear (see Eq. (36]))
Im, by, lg m Nonlocal lengths (see Eqgs. (19—[21))
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4.1. Finite element models of the specimens

The plate specimens (1L, 2PL, 2NS4, 2NS2, 2NS1, and 3SHEAR) are discretised with 3-dimensional
10-node tetra elements, see Fig. a)-(f). The symmetries of the geometry and of loading conditions are
exploited. One half of the specimens are considered for the 1L, 2PL, 2NS4, 2NS2, and 2NS1 geometries;
however the symmetry of these specimens through the thickness direction cannot be exploited in order to
capture the slant fracture mode. The symmetry of the specimen following the thickness direction is exploited
for the 3SHEAR geometry, leading to modeling a quarter of the specimen for this case. The axisymmetric
specimens (4SR and 5NR1) are modeled with axisymmetric finite elements using 6-node triangles, see Fig.
[[2(g) and (h). The plane strain grooved specimens (7GR1, 7TGR3, and 7GR6) are modeled in a two-
dimensional plane strain formulation and are meshed using 6-node triangle elements, see Fig. i)—(k).
Fig. shows the finite element meshes. All meshes are refined in the necking or notched regions in order
to better capture high local strain gradient. In addition, the sensitivity of the mesh size is systematically

performed to ensure the convergence of numerical results upon mesh refinement.

4.2. Parameters identification

The parameters of the constitutive model reported in Tab. [2] are calibrated in this section for the CoCrNi
alloy using an inverse procedure to fit the experimental and numerical force-displacement responses. These

parameters are divided into the following different groups:

1. The elastoplastic parameters consist of the elastic compressibility and shear moduli, K and G respec-
tively, and the description of the hardening law provided under a functional form oy = 0¥ + R (em);
2. The porous-related parameters: fo, q1, ¢2, kw, 1s, K, I, g, €, and K, ; and

3. The nonlocal characteristic lengths: I, Iy, and lq.

The elastoplastic parameters are calibrated using the smooth plate specimen (1L) in combination with one
notched round specimen (5NR4). The parameters fo and the nonlocal characteristic lengths are identified
from microstructure characterization based on the measurement of the porosity distribution after fracture
of the tapered sample (2PL). The remaining parameters are identified using 5NR4, the shear specimen
(3SHEAR), and one grooved plate (7TGR3), in combination with several assumptions often advocated in

ductile fracture modeling.

4.2.1. The elastoplastic parameters
At low initial porosity, the effect of the porosity on the global stress-strain curve prior to the fracture
is negligible. As a result, the tensile tests performed on smooth specimens are often used to identify the

elastoplastic parameters since the hardening curve can be directly extracted from the experimental stress
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Figure 13: Comparison of the numerical stress-strain responses predicted by the elastoplastic model with the experimental
results: (a) hardening curves, and (b, ¢) the corresponding responses obtained for respectively the 1L and the 5NR4 samples.
Experimental results of the 1L and the 5NR4 samples reported in Fig. E| are shown with corresponding average responses for

comparison purposes.

strain curvesﬂ The corresponding hardening curves are extracted from the experimental engineering stress-
strain data obtained with 1L prior to the onset of necking and reported in Fig. a). However, the maximum
value of the plastic strain is ~ 0.5. The hardening curve in a higher plastic strain level is identified using

the experimental data obtained with the 5NR4 specimens through an inverse procedure.

4The experimental data of the tensile tests on the smooth specimens are generally provided as the applied force F versus
a gauge length L during loading. This result is converted to the true stress-strain curve according to the following formula

_ F L—-Lg
9= 4, (1+ o

plastic strain is then estimated using the relation ¢ = FE (¢ — em) where F is the Young modulus. As a result, the hardening

) and € =1In LLO’ where Ag is the initial cross section of the specimen and Lg is the initial gauge length. The

curve 0 = o (¢m) can be deduced.
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The hardening curve described by Eq. is assumed to take the following form

€m
U%-i—hlé‘m-i-hg 1l—exp| — ifem < éme
exp
€m
OYec if e > Eme,s
Emc

where O’%, h1, ha, hexp, €me and n. need to be identified. The parameters e, and n. are introduced in order
to capture the saturation of strain hardening at very large high plastic strain. The value 0¥ can be directly
obtained from the experimental data of the 1L samples. The remaining parameters are obtained by fitting
the engineering stress-strain response of the 5NR4 samples under the constraint that, at low plastic strain
(< 0.5), the hardening curve matched the experimental true stress-true strain curves of the 1L sample. Only
the experimental response up to the point of necking of the 1L specimen and the one before the fracture
of the 5NR4 specimen are considered. Consequently, the values oy = 325 MPa, h; = 645 MPa, hy = 935
MPa, and hexp=0.4 are obtained.

However, none of the experimental results obtained with the 1L and 5NR4 specimens can be used to
identify the hardening behavior when e, > e, = 1 since fracture occurs before. Fig. shows the
comparison between the finite element predictions with the experimental tests. The effect of n. on the
engineering stress-strain curves is also shown. When ¢, < 1, a good agreement is observed. In the large
plastic strain range, i.e. €, > 1, the void evolution needs to be incorporated into the constitutive model.
In this work, we assume that the isotropic hardening stress is almost saturated when €, > 1 by considering

n. = 0.01. The porous-plasticity parameters are then identified accordingly.

4.2.2. Porous-plasticity parameters

In this work, we employ the conventional values of ¢g; = 1.5 and ¢2 = 1 [54]. For the parameters g and h
of the Thomason model, the values g = 0.1, and h = 1.24 are selected [32]. In addition, we assume that k,
only has a considerable effect at low stress triaxiality by setting ns = 0.15, i.e. the contribution of k,, in Eq.
vanishes when the stress triaxiality is larger than 0.5. This corresponds to the Nahshon-Hutchinson
shear term improvement proposed by [55]. Under this assumption, k,, has almost no effect on the numerical
response for the grooved plates (TGRx). As a result, the remaining parameters fo, k., &, §, and K, are

identified as follows:

1. The initial porosity fo is chosen by microstructure characterization from the measurement of the
porosity distribution in the progressive notched plate (2PL) after fracture, as reported in Section

2. The void spacing factor x is identified in order to exactly capture the fracture point of the notched

round bar (5NR4) since, for the 5NR4 specimens, fracture initiates by an internal necking coalescence

27



mode, in which case the remaining unknown parameters, including £, &, and k,,, have almost no effect
on the numerical response.

3. The shear coalescence parameters £ and k, are identified in order to exactly capture the fracture point
observed on the grooved plate (7TGR3) in which the effect of k,, is almost negligible due to high stress
triaxiality state.

4. The shear-controlled void growth parameter k, is identified based on the shear sample (3SHEAR)

using all other parameters which have already been identified.

Porosity evolution parameter (fo): The distribution of the porosity was measured on the tapered
specimen (2PL) with respect to the distance to the crack surface, see Fig. As a result, we consider the

following assumption: the voids are initially spherical with the initial porosity fo = 2 x 1072 and the other
1

3foXo
= (0.1442.

void characteristics are set as Wy =1, A\g = 1, and xg =

Nonlocal lengths (I, lv,la): For simplicity, we assume that the nonlocal lengths are identical for all

nonlocal variables, i.e.
Im=l,=1lg=1. (38)

The nonlocal length [ is chosen as equal to 40 pm. This parameter affects the damage and fracture behavior,
so the porous-plasticity parameters are identified accordingly. The value of [ should be representation of the
inter-distance of the relevant length scale associated to the damage process [56]. A value of 40 pm is approx-
imately twice the average inter-void spacing. The nonlocal length value affects the localization process, not
only, in the width of the location band, but also, in the localization patterns, e.g. for a given specimen size,
larger characteristic lengths favor thicker localization band and flat crack advance [57]. However, as shown
later in Section this physically motivated choice of the nonlocal lengths leads to numerical predictions

in reasonable agreement with the experimental measurements.

Internal necking parameters (x): In the notched round bar (5NR4) test, fracture starts at the centre
of the specimen by the coalescence of many voids following a flat internal necking type mechanism. The
value of the void spacing factor k = 1.25 produces a good match with the engineering strain at fracture of
the 5NR4 test as shown in Fig.

Shear coalescence parameters (£ and K, ): The grooved plate 7TGR3 test is used to identify the Cg¢
coefficient { and the ligament growth rate under shear parameter K, . Fig. |T_5| shows the influence of ¢ and
K, on the mechanical response. The value of  governs the onset of the coalescence while the value of K,
governs the softening during the post coalescence response. As shown in Figs. the values € = 1.15 and

K, =5 are chosen, providing a fracture point in good agreement with the experimental fracture strain.
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The shear-controlled void growth parameter (k,): The last parameter, the shear-controlled void
growth factor k,, is identified using the shear sample (3SHEAR) such as to capture the fracture point on
the experimental stress-strain curve. Fig. shows the engineering stress-strain curve for different values
of k,. The experimental results and the J plasticity prediction (without damage) are also reported for
comparison. The parameter k, has almost no effect on the behavior prior to fracture due to the low level

of porosity. The value k, = 3.5 is selected.

4.2.8. Hardening behavior when &,, > 1

The identification procedure was performed by considering that the isotropic hardening stress is almost
saturated with n. = 0.01 when e, > 1. As shown in Fig. in which the GTN-Th-Sh model with the
identified parameters is considered, the post hardening behavior at large strain £, > 1 does not affect the
overall mechanical response. The absence of plastic hardening could favor plastic localization. Indeed, as
shown in Fig. (d) for the case of the 1L sample, the use of n. = 0.01 favors inclined plastic localization
bands, which is consistent with the slant fracture mode observed in this test, while a the case with €,,. = +00

favors flat localization band. We thus choose the values €,,. = 1 and n. = 0.01 for the subsequent analyses.

4.2.4. Summary
The identified parameters are reported in Tab. In the next section, the multi-yield surface multi-
nonlocal variable micromechanics-based ductile failure model or GTN-Th-Sh model with the identified pa-

rameters is used to simulate all the experimental tests.
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Table 3: Identified parameters of the multi-yield surface multi-nonlocal variable micromechanics-based ductile failure model.

kg -m~3
Density M
8260
) K (GPa) G (GPa) 0% (MPa) hy (MPa) hy (MPa) hexp Eme  Me
Elastoplastic parameters
176.83 81.62 325 645 935 0.4 1 0.01
ke s K h K
Porous-related parameters fo n P ! J ¢ X
0.002 15 1 35 015 125 01 124 115 5
lm (pm) I, (pm) m
Nonlocal lengths () (k) la (pom)
40 40 40
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4.8. Validation

4.3.1. Elastoplastic behavior

The numerical simulations are performed with the identified elastoplastic behavior without damage as
reported in Fig. The numerical predictions in terms of the engineering stress-strain curves are compared
to the corresponding average experimental results. A good agreement before fracture is observed in the
cases of the 1L, 2PL, 2NSx, and 3SHEAR specimens as shown in Figs. a)-(c). However, in the case of
the grooved plates (7GRx), the numerical predictions overestimate the experimental data as shown in Fig.
d). This can be explained by the Lode effect, which is different for this different type of specimens while
the elastoplastic constitutive model is not accounting for this effect. A richer plasticity model that includes
a Lode effect, e.g. I; — Jo — J3 model [58] or Hosford-type model [59], could be used to obtain a better

agreement at the low porosities.

4.83.2. Fracture prediction

In this section, the numerical simulations are performed using the nonlocal model (denoted by GTN-Th-
Sh) using the identified parameters reported in Tab. [3| Fig. shows the comparison between the numerical
predictions with the GTN-Th-Sh model and the corresponding experimental results for all cases. Figs. a,
c¢) show that the model accurately captures the fracture strain of the 1L, 2PL, 3SHEAR specimens and of
the 4SR and 5NR4 axisymmetric specimens. However, the GTN-Th-Sh model overestimates the fracture
strain of the notched plate (2NSx) specimens as shown in Fig. [I9(b). In the cases of the grooved plates
(7TGRx), the experimental curves prior to the fracture point are overestimated caused by the inaccuracy in
the elastoplastic predictions as already reported in Fig. The predicted fracture paths are reported in
showing a good agreement with the experimental observations.

Figure [20] compares the porosity distribution predicted by the numerical simulations with the experi-
mental measurement described in Section [2.41 The numerical results are consistent with the experimental
data.

Figure [21] provides the variations of the stress triaxiality and of the Lode variable at the center of the
notched section of each sample as a function of the equivalent plastic deformation. The stress triaxiality is
not constant during the loading but varies moderately with plastic deformation. For the cases of 1L, 2PL,
2NS4, 2NS2, 2NS1, the values of the stress triaxiality at the onset of coalescence are very close to each other
while the Lode variable significantly differs. In the case of the 3SHEAR sample, a low stress triaxiality is
obtained but the Lode variable differs from the pure shear state, i.e. w = 0, and is similar to the 2NS1
sample at the beginning due to the similar notched section geometry. In addition, the fracture does not
initiate at the center of the notched section as shown in Fig. [7] The results from the grooved specimens show
a steady state of stress triaxiality and Lode parameters except in the case of the 7TGR1 sample, in which the
stress triaxiality decreases and the Lode parameter increases during the deformation due to the large void
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Figure 18: Comparison of the stress-strain responses predicted by the elastoplastic model with the corresponding experimental
results for the: (a) smooth (1L), tapered (2PL), and shear (3SHEAR) plates, (b) notched plates (2NS1, 2NS2 and 2NS4), (c)
smooth (4SR) and notched (5NR4) round bars, and (d) grooved plates (7GR1, 7TGR3 and 7GR6). Only the average responses
of the experimental results of Fig. [4] are reported for readability purpose.
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Figure 19: Comparison of the numerical predictions of the multi-yield surface multi-nonlocal variable micromechanics-based
ductile failure model with the experimental results for: (a) smooth (1L), tapered (2PL), and shear (3SHEAR) plates, (b)
notched plates (2NS1, 2NS2 and 2NS4), (c) smooth (4SR) and notched (5NR4) round bars, and (d) grooved plates (7TGR1,
7GR3 and 7GR6). Only the average responses of the experimental results of Fig. H are reported for readability purpose.
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Figure 20: Computed distribution of the porosity distribution in terms of the distance to the fracture surface in the tapered

(2PL) specimens. The experimental results reported in Fig. are also reported for comparison purpose.

growth in the high stress triaxiality regime. The largest stress triaxiality at fracture can be obtained with
the axisymmetric specimens 4SR and 5NR4 at a constant Lode variable value equal to 1.

Figureshows the distribution of the total displacement field and of %‘—;, where uz is the displacement
along the loading direction and X is along the width direction, obtained with the current finite element
framework and the digital image correlation (DIC) technique for the 3SHEAR specimen. Comparison is
made at two engineering strain levels: 0.026 and 0.077. The high strain region at the specimen ligament
observed in DIC is accurately captured by numerical simulation.

In Figs. 23] the fracture strain is estimated for each numerical simulation and compared with the corre-
sponding experimental results in terms of the shape factor, stress triaxiality and Lode variable. As repeated
before, both the stress triaxiality and the Lode variable affect the fracture strain. Overall, the fraction
strain increases with increasing the Lode variable while decreases with increasing stress triaxiality. The
numerical simulations provide reasonable predictions of the fracture strain compared to the corresponding
experimental data for the different tests.

From an engineering point of view, it is important to define an uncoupled fracture criterion that depends
on stress triaxiality 7 and Lode parameter w. For this purpose, we follow the fracture criterion proposed in

[60] as
1=D = /Ef [aexp (bn (em)) + ¢ (1 —|L (em) \d)] dem, (39)
0

where € is the plastic strain at which the fracture starts, n is the stress triaxiality, a,b,c,d are the four
constants, L is the other form of the Lode parameter that characterizes the Lode effect, and D is a damage

indicator equal to one at fracture. The parameter L relates to the Lode parameter w used in this work
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Figure 21: Variations of the predicted stress triaxiality (a) and Lode variable (b) as a function of the equivalent plastic strain

at the center of the notched section for all tests up to the onset of coalescence.

through

_ 1
L= 513%23 = —V/3tan (3 arccos w — g) ) (40)

where s1 > s9 > s3 are the eigenvalues of the deviatoric stress tensor. Using the curves 7 (e,) and w (en)
evaluated in Fig. [2I] and setting d = 2 to compensate the lack of data, the parameters a, b, ¢ of the

uncoupled fracture model are identified, yielding
a=0519,6=1.01,c=0.257, and d = 2.. (41)

The identified fracture criterion is visualized in Fig. a) when considering constant triaxiality and Lode

parameter, 1.e.:
1

ef = .
T aexp (bn) + e (1= [L[)
Figure b) represents the fracture isolines as a function of the stress triaxiality 7 and the Lode parameter

(42)

w evaluated at fracture, i.e. the last points in Fig. RI] The fracture strain increases with an increasing

absolute value of the Lode variable while it decreases with an increasing value of the stress triaxiality.

5. Conclusion

In this paper, the fracture behavior of the CoCrNi high entropy alloy is experimentally and numerically
investigated under different stress states using flat, axisymmetric, shear, and grooved specimens. A wide
range of stress states characterised by the Lode variable and the stress triaxiality was achieved by considering
notches of different radius.
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Figure 22: Comparison between the results obtained by the finite element method (FEM) and by the digital image correlation
(DIC): (a, b) distributions of, respectively, the total displacement and %"—XZ (uz being along the loading direction and X along

the sample width direction) at the sample engineering strain equal to 0.026 and (c, d) distributions of, respectively, the total

Juy

displacement and 7

at the sample engineering strain equal to 0.077.
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Figure 23: Comparison between the fracture strain predicted by the nonlocal GTN-Th-Sh model and the corresponding

experimental results in terms of : (a) shape factor and (b, c¢) respectively the stress triaxiality and Lode variable at the centre

of specimen at the onset of the coalescence. The experimental measurements reported in Fig. [5| are reported with their error

bars for ease of readability.
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Figure 24: Fracture surface identified for the present material following the uncoupled fracture criterion proposed in [60]: (a)
three dimensional view of the fracture surface at constant stress triaxility and Lode parameter and (b) contours of the fracture
strain in terms of the stress triaxiality and Lode parameter at fracture in which the different tests are also reported. Only

w > 0 is shown because of the symmetry of the fracture surface.

From the experimental study, the following conclusions are drawn:

1. In the CoCrNi alloy under consideration, voids are not initially present. Under loading, the voids
nucleate at the early stage of plastic deformation by matrix-inclusion interface decohesion.

2. The stress state strongly affects the fracture behavior. For the plate and grooved specimens, the
fracture occurs by the shear-driven coalescence mechanism, leading to a slant fracture surface. For
the axisymmetric specimens, the fracture mode first follows the void coalescence by internal necking,
then it is driven by the shear coalescence, leading to a cup-cone fracture surface.

3. The CoCrNi alloy is very ductile with a large fracture strain over a wide range of stress states.

The recent multi-yield surface multi-nonlocal variable micromechanics-based ductile failure model de-
veloped in [41] is considered to describe the fracture behavior of the CoCrNi alloy. This model allows
balancing between micro-mechanics background and computational complexity whilst both internal necking
and shear-driven coalescence of voids in a ductile fracture can be modeled. It is shown that the ductile
fracture model proposed in [41] captures the fracture behavior of the CoCrNi alloy. After developing an
efficient identification procedure of its material parameters, the constitutive model is shown to provide good
predictions in terms of stress-strain response, fracture strain, and fracture path over a wide range of stress
states. Among others, the flat-slant transition is captured with parameters that were identified without
considering that the choice was or not capturing the transition, which is rarely achieved in the context of

ductile fracture modeling.
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Figure A.25: Geometrical details in mm of the plate specimens: (a) smooth plate (1L), (b) tapered specimen (2PL), (c) shear
specimen (3SHEAR), and (d-f) notched specimens (2NS1-2NS4).
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As a general conclusion, this study shows that the excellent ductility of HEA Cantor-type alloy has
nothing surprising but follows the classical mechanisms of ductile fracture. The low amount of second phase
particles, their homogenous distribution, and absence of second population explain the large fracture strain.
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Appendix A. Details of the different sample geometries

The geometrical dimensions the different tested specimens are reported in Figs.
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Figure A.27: Geometrical details in mm of the grooved plates (7TGR1-7TGR6).
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Figure B.28: Computed distribution of the void ligament ratio in the smooth (1L) and tapered (2PL) plates: (a, b) at the
onset of coalescence and (c, d) at the fracture. The shear-driven coalescence is the fracture mechanism observed and predicted

for these tests.

Appendix B. Fracture path

The fracture mode for the plate specimens is experimentally to be by a void shearing coalescence mech-
anism. This behavior is captured by the multi-yield surface multi-nonlocal variable micromechanics-based
ductile failure model as shown by Figs. for the smooth (1L) and tapered (2PL) plates, and by
Figs. for the notched plates (2PL, and 2NS1, 2NS2). Indeed, the distributions of the void ligament
ratio of these specimens, see Figs. and agree with the experimental slant fracture path, see Figs.
@ Since constant nonlocal length scales are employed, the damage (here represented by the ligament ratio)
undergoes a widening effect and the slant paths in the 1L, 2PL, and 2NS1, 2NS2, and 2NS4 specimens are
more visible in the distribution of the mean equivalent plastic strain of the matrix reported in Figs. [B.29]
Fig. shows the distribution of the void ligament ratio of the 3SHEAR specimen at the onset of
the coalescence and at the end of the numerical simulation. It is found that the fracture path agrees well
with the experimental observation reported in Fig. m(b)

For the axisymmetric specimens, the distribution of the void ligament ratio along a transverse middle
cross section is shown in Fig. at the onset of coalescence and at the final fracture stage. The fracture
process is driven by internal necking of voids at the centre of the specimen and by the void shearing
coalescence near free boundaries. The predicted fracture path follows a cup-cone shape, which agrees with
the experimental observations reported Fig. [6}

In the cases of the grooved plates (7TGRx), the distribution of the void ligament ratio is shown in Fig.
B3] The fracture process is driven by the void shearing coalescence mode. The slant fracture mode is

observed for those tests, which agrees well with the experimental observations reported in Fig.
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Figure B.29: Computed distribution of the equivalent plastic deformation in the matrix in the smooth (1L) and tapered (2PL)

1.4

plates: (a, b) at the onset of coalescence and (c, d) at the fracture. The shear-driven coalescence is the fracture mechanism

observed and predicted for these tests.
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Figure B.30: Computed distribution of the void ligament ratio in 2NSx tests: (a, b, c) at the onset of coalescence and (d, e, f)

at the fracture. The shear-driven coalescence is the fracture mechanism observed and predicted for these tests.
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Figure B.31: Computed distribution of the equivalent plastic deformation in the matrix in notched plates (2NSx): (a, b, ¢)

at the onset of coalescence and (d, e, f) at the fracture. The shear-driven coalescence is the fracture mechanism observed and
predicted for these tests.

0.5 1
- m
A -

(a) (b)

Figure B.32: Computed distribution of the void ligament ratio in the shear plate (3SHEAR): (a) at the onset of coalescence

and (b) at the fracture. The shear-driven coalescence is the fracture mechanism observed and predicted for this test.
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Figure B.33: Computed distribution of the void ligament ratio x in the smooth (4SR) and notched (5NR4) round specimens

(a, b) at the onset of coalescence and (c, d) at the fracture. Cup-cone fracture profiles are observed and predicted
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Figure B.34: Computed distribution of the void ligament ratio x in the grooved specimens (7GRx)

: (a, b) at the onset of
coalescence and (c, d) at the fracture. Slant fracture mode by shear-driven mechanism is observed and predicted
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