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ARTICLE INFO ABSTRACT

Keywords: This paper addresses the experimental and numerical analysis of ductile damage under extremely low-cycle
Material modeling loading conditions with a large strain range. Shear cyclic loading stress states with stress triaxiality of
Extreme low-cycle experiments approximately zero are generated using the biaxially loaded cruciform X0-specimen, with equal positive and

Biaxial shear loading
Ductile damage
Anisotropic damage continuum model

negative forces applied to different loading axes. Monotonic and various symmetric cyclic loading patterns
are designed to investigate the influence of loading histories on the material response at both macro- and
micro-levels. The numerical calculations are performed using a novel anisotropic continuum damage model.
For plasticity, the hydrostatic sensitivity Drucker—-Prager yield condition with combined hardening is used to
characterize the isotropic plastic behavior. Additionally, an anisotropic damage strain tensor that considers
stress state influences is used to predict the occurrence and development of damage. Digital image correlation
(DIC) technique and scanning electron microscopy (SEM) technique enable comparison of experimental and
numerical results in different aspects. The numerical results for load—displacement curves, total strain field,
and damage strains agree well with the experimental data, as confirmed by quantitative error analysis in
load—-displacement curves and statistical analysis of SEM images.

1. Introduction The occurrence and development of ductile damage are also sig-
nificantly influenced by loading paths or histories. Non-proportional

Ductile damage analysis is essential in engineering structures to monotonic loading and cyclic loading conditions are discussed in the
prevent accidents and enhance material efficiency in the design process. literature. Loading changes for tension-torsion in cylindrical specimens
A large number of experimental observations have confirmed that or tension-shear in cruciform biaxially loaded specimens are commonly
ductile damage depends on different stress states (Bao and Wierzbicki, studied by various researchers (Papasidero et al., 2015; Cortese et al.,

2004; Briinig et al., 2008; Weck and Wilkinson, 2008; Gao et al., 2010; 2016; Iftikhar and Khan, 2021; Briinig et al., 2021; Zistl et al., 2022;
Voyiadjis et al., 2012; Mohr and Marcadet, 2015; Wei et al., 2022; Hou et al., 2022; Raj et al., 2022; Kong et al., 2023). Their results show
Wu et al., 2022). Damage is caused by the nucleation, growth and that different loading sequences and preload magnitude significantly

coalescenc.e of mlCI‘O—YOldS .under high stress trla.xlahtles. In. co.ntl.‘a.st, alter material behavior. For example, Briinig et al. (2021) indicates that
shear-dominated loading with zero or low negative stress triaxialities

induces the growth and coalescence of micro-shear-cracks, leading to
failure. In addition, low positive stress triaxialities result in mixed . . . .
damage mechanisms due to micro-defects (micro-voids and micro- ing enhances the fracture strain after changing to shear loading, as
shear cracks) growth and coalescence. Different researchers (Bao and discussed by Papasidero et al. (20.15)' In éddltlon’ a}s s'h'own in Kong
Wierzbicki, 2005; Khan and Liu, 2012; Briinig et al., 2018) have et al. (2023), only large pre-tension loading can significantly affect
material ductility in tension-to-shear loading conditions.

a non-proportional loading path change from shear to tension decreases
the ductility of the investigated aluminum alloy. Pre-compression load-

discussed the cut-off values for negative stress triaxialities, where no

damage is observed. Among them, Briinig et al. (2016) analyzed exper- Furthermore, one-axis cyclic loading has been widely discussed in

imental and numerical biaxial shear-compression tests, adjusting the ~ Previous work (Yoshida et al., 2002; Barlat et al., 2003; Kanvinde
cut-off value to —0.6 and indicating that this cut-off value also depends and Deierlein, 2007; Shi et al., 2011; Faleskog and Barsoum, 2013;
on the Lode parameter. Voyiadjis et al., 2013; Marcadet and Mohr, 2015; Algarni et al.,
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2019; Wei et al., 2022; Wu et al., 2024), including uniaxial tension-
compression, one-axis shear, and uniaxial torsion cyclic tests. Kanvinde
and Deierlein (2007) performed several low-cycle loading experiments
and observed that deformed micro-voids under compression loading
conditions may more easily coalesce with neighboring deformed flat
penny-shaped micro-voids under tension reversal loading conditions.
In addition, damage develops rapidly in the early loading cycles until
it reaches a critical state, after which it evolves more slowly (Algarni
et al., 2019). One limitation of those mentioned above one-axis cyclic
loading is that it generates only very specific stress states. To address
this issue, Wei et al. (2023a,b, 2024a) designed a series of biaxial
cyclic loading experiments using HC-specimens, generating a wide
range of stress triaxialities. Their experimental and numerical results
clearly indicate how stress states affect material behavior under reverse
loading conditions; for example, pre-compression loading increases
material ductility, whereas pre-tension reduces the ductility of the
investigated aluminum alloy. Moreover, the investigation of single-
cycle and bi-cycle biaxial experiments highlighted the effect of loading
patterns and histories on damage behavior.

It is worth noting that all current biaxial reverse loading experi-
ments refer only to twice-reversed loading. Considering the number
of loading cycles, the influence of damage behavior has yet to be
thoroughly discussed. However, in the present work, fatigue dam-
age caused by very small loading ranges, resulting in small plastic
deformation in each loading cycle and failure by strain localization,
is not detected. Thus, the number of loading cycles is limited to a
specific value, and ductile damage leads to failure under large plastic
deformations. Moreover, the newly designed experiments should also
be able to extend across a wide range of stress triaxialities in the future;
therefore, one-axis-loaded experiments are not considered. Considering
all factors, biaxially loaded specimens subjected to various large strain
ranges are introduced in the present work. Achieving shear loading
(with stress triaxiality and Lode parameter nearly zero and within a
small tolerance) remains challenging for metal sheet specimens. Several
challenges must be addressed, including reaction moments in one-
sided shear tests (Bouvier et al., 2006), potential rotation under large
deformations (Driemeier et al., 2010), the need for specialized testing
machines (Brosius et al.,, 2011; Dunand and Mohr, 2011), buckling
tendency under reverse loading, and non-zero stress triaxiality and
Lode parameters (Briinig et al., 2022). To address these issues, the
biaxially loaded X0-specimen proposed by Gerke et al. (2017), which
applies equal positive and negative stress along different loading axes,
is a practical testing specimen. This setup generates a near-zero stress
state and allows for a broad range of stress states by adjusting different
loading ratios in future studies.

A shear-dominated damage mechanism is one of the limitations
of the original Gurson model, as it only considers the growth of
voids (Gurson, 1977). Although the Gurson model has been extensively
modified to predict shear-dominated damage mechanism (Tvergaard
and Needleman, 1984; Nahshon and Hutchinson, 2008; Xue et al.,
2013; Zhou et al.,, 2014; Malcher et al.,, 2014; Khan et al., 2023;
Wu et al.,, 2022), it cannot account for the degradation of Young’s
modulus due to damage. Additionally, damage models based on a
scalar damage variable cannot capture the anisotropic deformations
in different directions of micro-defects, among others (Lemaitre, 1985;
Lian et al., 2013; Zhang et al., 2023; Zeng et al., 2024; Zhang et al.,
2025). The damage tensor provides a practical approach to model-
ing anisotropic damage properties (Chaboche, 1992; Hayakawa et al.,
1998; Voyiadjis and Kattan, 1999; Abu Al-Rub and Voyiadjis, 2003;
Voyiadjis and Kattan, 2005, 2009). Therefore, in the present work, the
damage strain rate tensor proposed by Briinig (2003) is used to charac-
terize the volume and shape changes of micro-defects and the damage
tensor is incorporated into Kirchhoff stress tensor (Hayakawa et al.,
1998; Briinig, 2003) to model the degradation of elastic properties.
Recently, Wei et al. (2022, 2023b, 2024c) incorporated the Bauschinger
effect, stress-differential effect (Spitzig and Richmond, 1984; Holmen
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Table 1
Chemical composition of the aluminum alloy EN-AW 6082-T6 (AlSiMgMn) (Wei et al.,
2022).

Al Si Mg Mn Fe

to balance 0.90% 0.70% 0.47% 0.37%
Cu Zn Ti Others
0.09% 0.09% 0.03% 0.06%

et al,, 2017), and non-hardening effect (Ohno, 1982; Daroju et al.,
2022) into Briinig’s model (Briinig, 2003) and introduced the concept
of a kinematic softening law, based on the proposed damage strain rate
tensor, to predict changes in the damage surface under cyclic loading
conditions. The proposed model has been sufficiently verified under
various complex loading conditions covering a wide range of stress
states. The numerical results align well with the experimental data at
both macro- and micro-levels.

In this paper, the structure is organized as follows. Section 2 de-
scribes the investigated material, specimen, and testing program. Sec-
tion 3 summarizes the proposed material model. The numerical setup is
introduced in Section 4. An analysis of the experimental and numerical
results, including the global load—displacement curve, DIC measured
strain field, predicted damage strain, and SEM images, is presented in
Section 5. Conclusions are provided in Section 6.

2. Material, specimen and experiments

This study uses aluminum EN-AW 6082-T6, which has been exten-
sively investigated in recent years by our research group (see Wei et al.
2022, 2023a, 2024a). It is highly interested in industries due to its
excellent welding and machining properties. Additionally, it is suitable
for testing because of its stable material properties, making it ideal
for studying damage and fracture behavior. The chemical property is
shown in Table 1.

Compared to previous studies, the X0-specimen is used in these
newly designed biaxial cyclic loading experiments, replacing the HC-
specimen, as it generates the same stress states in both the horizontal
and vertical directions. As indicated in Gerke et al. (2017) and Wei et al.
(2023a), tension/compression or shear stress states are induced when
loads are applied in the horizontal and vertical directions of the HC-
specimen, respectively. However, as shown in Fig. 1, the X0-specimen
features four bi-symmetric notches at a 45° angle to the axes. This
design results in more uniform deformations along both axes compared
to the HC-specimen. In addition, the central hole of the X0-specimen
resembles a flower, giving it the name XO0-flower (see Figs. 1 (b) and
(c)). Moreover, tensile stress triaxialities with high hydrostatic stress
states are generated when both axes are subjected to the same tensile
loads, while a shear-dominant stress state arises when a tensile load is
applied to one axis and a compressive load is applied to the other. It
is evident that the X0-specimen can also cover a wide range of stress
states by varying the loads on the axes.

One of the highlights of this work is the application of differ-
ent numbers of cyclic loads to the XO-specimens with a thickness
4 mm, extending beyond the 1.5 loading cycles investigated in previous
studies (Wei et al., 2023a, 2024a). In addition, Wei et al. (2022)
analyzed the experimental and numerical results of one-axial tension—
compression and shear cyclic experiments, observing that increased
loading cycles led to a decrease in ductility in the studied aluminum
alloy. Moreover, the one-axis-loaded shear specimen generated a stress
triaxiality of approximately 0.1 (Wei et al., 2022). However, the XO-
specimen induces a near-zero stress state when positive and negative
loads are applied on the vertical and horizontal axes (Gerke et al.,
2017), respectively, i.e., so-called loading case { = 1/ — 1. This setup
allows for a more accurate study of shear-dominated damage and
fracture under different cyclic loading conditions. It is important to
emphasize that the proposed cyclic experiments focus on large strain
ranges, resulting in ductile damage and fracture under cyclic loading
conditions.
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Fig. 1. Sketch of the X0-specimen, all units in mm: (a) isometric photo of the overview
for the X0-specimen, (b) isometric photo of the central notched X0-flower, (¢) and (d)
details of the central notched X0-flower, and (e) cross-section A-A of the notch part.
The length of both axes is 240 mm and the thickness is 4 mm.

Table 2

DIC analysis parameters.
DIC software
Region of interest (ROI)
Subset (facet size)
Grid spacing (overlap)

Istra 4D (Dantec Dynamics)
2752 x 2206 pixels

33 x 33 pixels

11 x 11 pixels

Alignment Object

Reference Plane

Rung step Every thirty steps
Contour smoothing None
Displacement smoothing None

2.1. Experimental setups

All tests are performed under static loading conditions at a ma-
chine speed of 0.004mm/s using a horizontally arranged electro-
mechanical biaxial testing machine (LFM-BIAX) manufactured by Wal-
ter+Bai, Switzerland. Overall, the tests showed very good reproducibil-
ity in the load—displacement behavior and the number of loading cycles.
The downholder is additionally employed to restrict deformation in
the thickness direction and prevent early buckling under compressive
loading conditions (Gerke et al., 2024; Wei et al., 2024a). Instead of the
traditional extensometer measurement, the digital image correlation
technique (DIC) records and analyzes data during the experiments. To
achieve this, two 6 Mpx cameras with 75 mm lenses are positioned
above the X0-specimen, accompanied by sufficient side LED lighting to
capture high-quality images. The camera frequency is adjusted to 1 Hz.
The commercial software Istra 4D (Dantec Dynamics) is used to analyze
the experimental results, and the evaluation parameters are shown in
Table 2.

After fracture, the specimen surfaces are examined using the ZEISS
EVO 15 scanning electron microscopy (SEM) to analyze the microstruc-
ture under different cyclic loading conditions, focusing on the distribu-
tion and types of micro-defects. The details of the ZEISS EVO 15 are
summarized in Table 3.

2.2. Testing methodology

To subject the X0-specimen to different numbers of loading cy-
cles, five distinct loading patterns are considered, with machine dis-
placements of ué"’ at ¥0.55mm, F0.65mm, 0.8 mm, ¥1.0 mm, and
F1.2mm. In previous monotonic biaxial tests with a loading case of { =
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Table 3
SEM technical parameters.

SEM equipment ZEISS EVO 15

Emitter Lanthanum hexaboride (LaB6)
Detector Everhart-Thornley (ET) detector
Working environment High vacuum
Working distance 11 mm
Electron beam diameter 300 nm
Accelerating voltage 20kV

Table 4

Test classification for the biaxial experiments with X0-specimen.
Tests ID Loading patterns ¢ up' till [mm] kM [%]
X0-mon-(1/-1) monotonic 1/-1 fracture 100
X0-cyc-(1/-1)-1.2 cyclic 1/-1 F1.2 92
X0-cyc-(1/-1)-1.0 cyclic 1/-1 ¥1.0 77
X0-cyc-(1/-1)-0.8 cyclic 1/-1 F0.8 62
X0-cyc-(1/-1)-0.65  cyclic 1/-1 70.65 50
X0-cyc-(1/-1)-0.55  cyclic 1/-1 F0.55 42

1/ — 1, the maximum compressive machine displacement ué\'f observed
in the horizontal axis (axis 2, see Fig. 3) for the X0-specimen was
approximately -1.3 mm. Therefore, the loading ratios based in machine
displacement (x™) relative to the maximum loading capacity are 42%,
50%, 62%, 77%, and 92%, respectively. In this paper, the test is named
X0-mon/cyc-(1/-1)-x, where X0 refers to the testing specimen, mon and
cyc indicate monotonic and cyclic loading, respectively, (1/-1) denotes
the force ratio, and x describes the absolute machine displacement
ué” for each loading pattern in the horizontal axis (axis 2). Following
this naming convention, the newly designed tests are labeled as: XO-
mon-(1/-1), X0-cyc-(1/-1)-0.55, X0-cyc-(1/-1)-0.65, X0-cyc-(1/-1)-0.8,
X0-cyc-(1/-1)-1.0, and X0-cyc-(1/-1)-1.2. The details are summarized
in Table 4.

The designed testing routine is as shown in Fig. 2. During the
experiments, cylinders 2.1, 1.2, and 2.2 are controlled by displacement,
whereas cylinder 1.1 is force-driven to achieve a loading ratio of ¢ =
F,/F, = 1/ — 1 (coordinate see Fig. 3). For monotonic loading, ué”l
is set large enough to cause failure. In addition, the input machine
displacements are shown in Table 4 for the other cyclic loading cases.

Moreover, the mean displacements and forces used during the
experimental data evaluation and numerical analysis are defined as:

Fo +F
F=——12 (i=12), )
2
and
Aupeg; =upy +u;p (i=1,2), (2)

respectively. The measure points and the force and displacement sym-
bols are shown in Fig. 3.

3. Phenomenological cyclic plastic-damage model

This section outlines the basic formulations of the cyclic isotropic
plasticity and anisotropic damage model used for the experimental-
numerical analysis of newly designed shear-dominated biaxial cyclic
experiments. In the proposed continuum damage model, undamaged
configurations represent the material in its undamaged state and dam-
aged configurations that characterize the elastic—plastic deformed and
damaged state. The mapping between the undamaged and damaged
configurations is described in terms of the damage tensor. Furthermore,
the logarithmic damage strain tensor is calculated from the damage
tensor and integrated into Hooke’s law to determine the Kirchhoff stress
of the damaged material in the damaged configurations. A detailed
description of the framework of the present theory can be found in Wei
et al. (2024c, 2023a).



Z. Wei et al.
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Fig. 2. Flowchart for machine testing routine. Note that the initial value of i is set to
zero.

Fig. 3. Sketch of forces and displacements.

3.1. Cyclic plastic model

The Drucker—Prager yield surface is expressed as (Wei et al., 2023a)

o= \/1dev(T — &)-dev(T — @) — 5(1 — (T - a))
2 C (3)
=/J,—e(l - gfl)zo,

where T is the effective Kirchhoff stress tensor, @ describes the effective
back stress tensor, ¢ denotes the effective equivalent stress, a/¢ repre-
sents the hydrostatic coefficient, and I, and J, are the first and second
deviatoric effective reduced stress tensor (T—a) invariants, respectively.
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The effective Kirchhoff stress is calculated using isotropic Hooke’s
law

T = 2GA® + (K— %G)trA"]l, 4

where A® is the elastic strain tensor, 1 denotes the second order identity

tensor, and G and K describe the shear and bulk modulus, respectively
Furthermore, the plastic strain rate tensor HP! is governed by

1

i = dev(T — @) = 7N, 5)

with a scalar plastic multiplier A = \/5;‘/ and the effective deviatoric
reduced stress direction N.

3.2. Anisotropic ductile damage model

The stress triaxiality # and the Lode parameter o are introduced to
capture the stress state. The stress triaxiality # is defined as the ratio of
the mean stress o, to the von Mises equivalent stress ceq,

[ tr(T)

N
%eq  34/3J; \/2—27devT-devT

where I, and J, are the first and second deviatoric stress invariants,
and T represents the Kirchhoff stress tensor. In addition, the Kirchhoff
stress can be computed in the form of

T = 2(G + mtrA®)A® + [(K - %G + 27, trA%)rAY

©

n=

@)
+ ’13(Ada . Ael)] 1+ V[3tl‘A51Ada + }’]4(A51Ada + AdaAel) ,

where A% represents the damage strain tensor and #;...n, are elastic
damage degradation parameters. It is evident that the elastic properties
will be altered due to the evolution of damage.

Moreover, the Lode parameter
W LT =T ®

T -T;

is defined based on the principal stresses 7}, T,, and T3.

In addition, the damage condition characterizes the onset of dam-
age, taking into account different stress states (Wei et al., 2023a)

fda =atr(T —a)+ﬁ\/%dev(T—a)~dev(T -—a)—6
=al, +p\/I,-6=0,

where a(,®) and (7, w) are stress-state-dependent variables (Briinig
etal., 2013; Wei et al., 2023a), a denotes the damage back stress tensor,
and & describes the equivalent damage stress.

To characterize the stress-state-dependent damage evolution, the
damage strain rate tensor is defined by

©)

HY = ga——1+ jN), 10)
V3

where ;i describes the scalar damage multiplier, @7, ) and f(1, ®)
are stress-state-dependent variables, and N represents the normalized
transformed reduced stress tensor. The first part (ﬂ&Ll) describes the
volumetric deformation caused by the growth of micro-defects, while
the deviatoric term (;fN) represents the isochoric deformation induced
by micro-defects.

3.3. Hardening and softening laws

A detailed explanation of the selected hardening and softening
laws is provided by Wei et al. (2022, 2023a). Firstly, the isotropic
hardening component is formulated using the extended double-term
Voce hardening model

C=co+ 01 —e™P7)+ 0&6(1 —eP27), 11
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with exponential hardening law parameters {c),, Q;, Q,, p;, P2, &}
Based on the experimental and numerical study of the hardening be-
havior in a wide range of strain states (Wei et al., 2023a), ¢ is defined
as

—6.650, — 0.565  for fleg < =0.1

1

£= 7 for -0.1<#, <0.1andz#, >045
5

24770y +1.025  for 0.1 <5, <045 12)

with

fe =087 (1 4 ¢700ath)

where 17, is the elastic strain triaxiality. It can be calculated based on

the elastic strain tensor A® as

trA®!

,/gdevAel - devAel

where trA® and devA® represent the isotropic and deviatoric parts of
the elastic strain tensor, respectively.
The decomposed effective back stress rate tensors are

fel = 13)

&, = b yH" — by yya,, &, =bH" - bya,,

. T-—a) a)? 14
as = bsHP — <1 . )V >b6ya3, )
T~ al| flas|

with the parameters {y, b, b,, b3, by, bs, bg }.
Secondly, the exponential isotropic softening law is given in the
form of

& =6y—Cle ¥, (15)

where the isotropic softening parameters {6y, C;, C, } and u is the
equivalent damage strain. Moreover, the transformation of the damage
surface is characterized by

& =dH® - dyja, (16)

with kinematic softening parameters {d,, d,}.

In addition, the scalar parameter p, = p, = 0.41 is introduced to
incorporate both isotropic (¢) and kinematic hardening (&), as well as
isotropic () and kinematic softening (deq), expressed as follows:

a—ph?+(1 —ppla an
6 =p6+(1—pgi,

where ¢ and ¢ represent the effective equivalent stress rate and the
equivalent stress rate, respectively.

It must be emphasized that the hardening parameters {c;, O, O,,
Pis P2 & X, by, by, b3, by, bs, b} for the investigated aluminum
have been directly or indirectly identified through uniaxial monotonic
and cyclic tension-compression and shear tests. The fitting strategy
is discussed by Wei et al. (2023c, 2024b). However, the softening
parameters {6,, C1, C,, d}, d,} can be only inversely identified through
micro-numerical simulations (Briinig et al., 2013; Wei et al., 2023a).
The material parameters and descriptions used are shown in Table 5.

4. Numerical modeling

The proposed constitutive model has been implemented as a user-
defined subroutine in ANSYS, and its numerical integration based on
an efficient Euler explicit approach is detailed in Wei et al. (2024c).
Previous numerical studies have demonstrated the robust stability of
the algorithm under a variety of complex loading conditions (Wei et al.,
2023b, 2024c,a). The convergence criterion for the global nonlinear
analysis is set to the default value of 0.005 for force. In addition, 3D
8-node structural solid elements (SOLID185) are used in the numerical
calculations.

Moreover, only one-fourth of the X0-specimen is modeled to predict
the material response and save computational time due to its bi-
symmetrical properties. As shown in Fig. 4, coarse elements are used
outside the notch region, while a finer element size is applied within
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Table 5
Plastic-damage material parameters.
Symbol In Eq. Description Value Unit
afc 3) Hydrostatic stress coefficient 32 1/TPa
¢ (11) Initial yield stress 139 MPa
0, 11) Isotropic hardening modulus 74.93 MPa
Q, (1D Isotropic hardening modulus 21.32 MPa
2 (11) Isotropic hardening exponent 8.96 -
P> (11) Isotropic hardening exponent 676.01 -
& 11) Stress state based variable function See (12) and (13)
Pn 17) Isotropic hardening ratio 0.41 -
b, (14) Kinematic hardening modulus 61250 MPa
b, (14) Kinematic hardening constant 1750 -
by (14) Kinematic hardening modulus 895 MPa
b, (14) Kinematic hardening constant 15 -
bs (14) Kinematic hardening modulus 115 MPa
be (14) Kinematic hardening constant 7.5 -
b 14) Exponential Decay function x =0.8e73%r £ 02
& (15) Initial equivalent damage stress 290 MPa
C, (15) Isotropic softening modulus 0.004207 MPa
C, (15) Isotropic softening exponent 92.97 -
d, (16) Kinematic softening modulus -0.51 MPa
d, (16) Kinematic softening constant -84 -
Py 17 Isotropic softening ratio 0.41 -

the notch region. The element size (0.25 mm x0.125 mm x 0.1 mm) in the
notch region is the same as that of the HC-specimen in the numerical
simulations, which also has the same notch dimensions. These meshes
provide accurate and stable results across different loading conditions.

In addition, displacement control is used in the numerical simula-
tions. One of the most challenging tasks is ensuring that the simulated
load ratio ¢ matches the experimentally designed value. In this work, a
special iterative method is introduced to address this issue. Specifically,
the applied displacement boundary condition 4u, on the horizontal axis
is kept fixed, whereas the imposed displacement on the vertical axis is
set as Au; = ¢ Au, until the simulated force ratio, AF lSim /AFZSim, reaches
-1. The trial value is initially assumed to be the same as in the previous
load step for each new load step. If {*im = AFSM™/AFS™ % —1 with a
tolerance of +0.5%, a new trial value is suggested to be calculated as
follow:

tr_ {Smogexp fe sim . rexp
¢"={§ M ST 18)

[ gsm—gexp for gsim > (e%P

where m may depend on the load step and is set to 200 in this context.
Typically, two or three iterations are sufficient to determine the correct
displacement boundary condition to achieve the desired loading ratio.

m

5. Result and discussion

This section analyzes the experimental results using the digital
image correlation (DIC) technique and scanning electron microscopy
(SEM) from various perspectives: the global load-displacement field,
the local strain field, the macroscopic fracture behavior, and the mi-
crostructure of the fracture surfaces. Moreover, numerical calculations
provide experimentally measurable load-displacement curves, strain
distributions, and key information that cannot be directly measured,
such as the local evolution of stress states and damage.

5.1. Displacements and strains

The experimental and numerical load—displacement curves are il-
lustrated in Fig. 5, and the experimental results show good agreement
with the numerical predictions in both axes. To quantitatively analyze
the quality of the numerical results, the mean relative force error is

introduced as
n

F(F):%z

i=1

F}Sim _ I:iexP
exp
Fi

s 19
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Fig. 4. Meshes of the X0-specimen: (a) overview and (b) details of the notched part.

where n is the total number of data points for each test, and F¢*P and
FSI™ are the measured and numerically predicted forces, respectively.
The respective values of F(F) are shown in Table 6, and it can be
observed that the mean errors between the experimental and numerical
simulations are less than 0.03, indicating very high accuracy in the
global load-displacement curves. Moreover, when comparing the mea-
sured fracture forces Fzr’exP and the simulated fracture forces Fzﬁ’s"n,
the relative error for most of the loading cases is again below 0.03.
However, the relative errors for the fracture forces in the X0-cyc-(1/-
1)-0.65 and X0-cyc-(1/-1)-0.55 experiments are slightly higher than in
the others. This is assumably due to the significant decrease in re-
yielding stress observed in the failure loading pattern. In addition, it
is observed that the experimental maximum F2m #5XP and minimum
F2m "-EXP forces along axis 2 exhibit slight differences, with the absolute

values of F2m @€XP being smaller than those of F2m "-eXP  The maximum
and minimum forces in each loading cycle also show no significant
differences due to the symmetric machine displacements applied during
the cyclic loading patterns. In addition, the absolute force value at the
re-yielding point is lower than the absolute value at the previous re-
verse point under cyclic loading conditions. These observations suggest
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the presence of the Bauschinger effect.

As the fracture forces FZfr summarized in Table 6, the specimen
may fail under either tensile or compressive loading, with no apparent
pattern. It reveals the randomness of specimen failure under different
cyclic loading patterns. Additionally, the fracture forces for the X0-cyc-
(1/-1)-0.80 and X0-cyc-(1/-1)-0.55 tests are noticeably lower than the
others, as the failure occurred just after re-yielding or when significant
force degradation had already occurred in the previous loading cycle.
As the positive maximum force in axis 2 for the experiment X0-cyc-(1/-
1)-0.55 decreases from the last tensile loading pattern to the previous
tensile loading pattern, from 3.55kN to 3.48kN, the degradation is
evidently greater than in other loading patterns. The same phenomenon
is observed under the loading case X0-cyc-(1/-1)-0.65, where the max-
imum tensile force decreases from 3.57kN to 3.49kN. Based on this
macroscopic observation, it may be concluded that a sudden drop
in maximum force or re-yielding stress in just one loading pattern
preceding failure or within the failure loading pattern is an essential
indicator of specimen failure.

Furthermore, as shown in Fig. 5 and Table 6, different preloading
ranges result in varying numbers of loading cycles before failure, such
as half a cycle for the loading pattern X0-cyc-(1/-1)-1.2 and eight and
a half cycles for the X0-cyc-(1/-1)-0.55 test. Note that if the loading
direction along axis 2 changes twice, it is counted as one loading
cycle. As shown in Figs. 5 (b)-(f), the relative displacements Au,.; for
each loading cycle are quite similar and nearly symmetric in both
the tensile and compressive directions, due to the symmetric machine
displacements imposed during cyclic loading patterns. The comparison
of experimental load-displacement curves until the first unloading
and the monotonic curve is illustrated in Fig. 6. The experimentally
measured relative displacement ratio x**P for cyclic loading conditions
is defined as the ratio of the relative displacement AuRFl at RP1 to
the monotonic fractured relative displacement A”f:},lz' The ratios are
0.92, 0.77, 0.62, 0.50, and 0.42 for the cyclic loading with increasing
cycles, respectively. It can be observed that the relative displacements
Auy¢, differ from the imposed machine displacements ué"’ , and thus, the
experimentally measured relative displacement ratios «*P differ from
the machine displacement ratios ™, as seen by comparing Tables 4
and 6.

In addition, a visibly deformed and undeformed XO-flower (out-
lined in red) is shown in Fig. 7, where the middle X0-flowers extend
significantly along the vertical direction in the X0-cyc-(1/-1)-1.0 and
X0-cyc-(1/-1)-1.2 experiments due to the applied positive loading. The
corresponding experimentally measured maximum effective equivalent
strain (von Mises), eggp, values are 0.92 and 0.72, respectively, con-
firming that extremely large prestrains were applied. Although the
loading conditions X0-cyc-(1/-1)-0.8, X0-cyc-(1/-1)-0.65, and XO0-cyc-
(1/-1)-0.55 show slight deformation compared to the red contour in
Figs. 7(d)-(f), the maximum values of ezzp measured in DIC are 0.45,
0.31, and 0.22, respectively.

A comparison of the experimentally measured and numerically
predicted first principal strains A, just before failure on the notch
surfaces is depicted in Fig. 8. The numerical results agree well with
the experimental ones in both shear band distributions and maximum
values. It is evident that the first principal strain A; = 0.70 un-
der monotonic loading is significantly higher than those under cyclic
loading patterns. Because the change in loading direction for cyclic
loading alters the strain state, it results in different maximum values
of first principal strains A;. For example, experiment X0-cyc-(1/-1)-
1.2 failed just before reaching the next reverse point (with around 1%
deviation from the designed machine displacement of 1.2 mm), leading
to a smaller maximum value and a broader shear band distribution.
Additionally, noticeable distortion can be observed at the notched edge
under monotonic loading (Fig. 8(a)) compared to other cyclic loading
cases. Also, the X0-cyc-(1/-1)-0.65 and X0-cyc-(1/-1)-0.55 experiments
show a highly discontinuous shear band, shaped like an X. In addition,
the numerically predicted accumulated equivalent plastic strains y are
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Fig. 5. Experimentally measured and numerically predicted load—displacement curves.

Table 6

Overview of experimental and simulated data based on global load—displacement curves.
Tests Auf:gz/km XD N F(F) Fmax.exp Fzmin,cxp szr,cxp szr,sim P szr)

[mm] [-1 [-1 [-1 [kN] [kN] [kN] [kN] [-1

X0-mon-(1/-1) -1.91 1 0 0.007 n/a —-3.96 -3.92 -3.93 0.002
X0-cyc-(1/-1)-1.2 -1.69 0.92 0.5 0.017 3.74 -3.90 3.70 3.82 0.030
X0-cyc-(1/-1)-1.0 -1.29 0.77 1 0.020 3.78 -3.88 -3.76 -3.74 0.005
X0-cyc-(1/-1)-0.8 —0.91 0.62 2.5 0.029 3.77 -3.84 3.37 3.48 0.021
X0-cyc-(1/-1)-0.65 —0.62 0.50 5 0.025 3.64 -3.71 3.49 3.65 0.046
X0-cyc-(1/-1)-0.55 —0.41 0.42 8.5 0.028 3.61 —-3.66 -3.10 -3.31 0.073

shown in Fig. 9. One can observe that the equivalent plastic strains
y increase with the number of loading cycles N, while the angles
between the plastic strain bands and the vertical directions become
smaller. Moreover, the equivalent plastic strains y on the notched cross-
sections first appear at the middle of the notched edges and then spread
along the edge with increasing y. The above findings highlight how the
loading paths and histories affect the local strain states.

5.2. Damage analysis

The damage strain tensor A% describes the volume and shape
change of the micro-defects. The first principal damage strains A‘l1a on
notch surfaces and notched cross-sections are illustrated in Figs. 10(a)-
(f) to characterize the damage behavior under different cyclic loading
conditions.

Different damage distributions and maximum values are numeri-
cally predicted for various cyclic loading patterns. Although high-speed

cameras were not used during the experiments, crack lines can be
clearly detected by comparing the images shortly before failure in some
cases, as illustrated in Figs. 10(g)-(h). In most loading cases, the cracks
occur in the middle of the notch surfaces, which is consistent with the
numerical prediction of the damage shear band. Moreover, the maxi-
munm first principal damage strain A‘lla = 0.36% appears on the top edge
of the notch surface, where a visible crack initiation is also observed in
Fig. 10(h) for the X0-cyc-(1/-1)-1.0 experiment. Additionally, the final
fracture lines are shown in Fig. 11. The fracture lines align with the
experimental and numerical shear bands, and fractures are observed at
varying angles.

By comparing the first principal damage strain A‘lja, the maximal
value under monotonic loading is greater than that under X0-cyc-(1/-
1)-1.2 loading condition. As shown in the global load-displacement
curves in Figs. 5(a) and (b), the X0-cyc-(1/-1)-1.2 changes the loading
direction at the relative displacement 4u, .. = —1.68 mm, and the same
values and distributions are predicted at this reverse point in both
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Fig. 6. Experimentally measured load—displacement curves up to the first reversal point
(RP1) under cyclic loading and up to the fracture point (FP) under monotonic loading.
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(c) X0-cyc-1.0 RP1

(f) X0-cyc-0.55 RP1

(e) X0-cyc-0.65 RP1

s

Fig. 7. Deformed and undeformed (marked with red contour) XO-flowers. Note that
FP means fracture point, and RP1 represents the first reverse point.

loading cases. In addition, Wei et al. (2023a, 2024a) analyzed various
shear reverse tests and concluded that micro-shear-cracks develop in
the opposite direction after the reverse point (RP). Thus, the X0-cyc-
(1/-1)-1.2 experiment has a smaller value of the first principal damage
strain than monotonic loading. Notably, the maximum values occur at
both the top and bottom edges of the notch surface for the X0-cyc-
(1/-1)-1.2 experiment, where the fracture lines are also observed, as
depicted in Fig. 11(b). This finding further confirms the accuracy of
the numerical predictions of the damage.

Moreover, with increasing loading cycles, the maximum values of
the first principal damage strain tend to increase until N, = 2.5 cycles
(loading case X0-cyc-(1/-1)-0.8) are applied, after which they begin to
decrease. A similar trend is also observed for the first principal strain
Ay, as shown in Figs. 8(d)-(f), revealing that different strain paths affect
the damage behavior. In addition, the numerical simulations predict
that damage occurs during the preloading stage for experiments X0-cyc-
(1/-1)-1.2, X0-cyc-(1/-1)-1.0, and X0-cyc-(1/-1)-0.8, whereas damage
appears later in the loading patterns X0-cyc-(1/-1)-0.65 and XO-cyc-
(1/-1)-0.55. A smaller loading range results in a delayed occurrence
of damage, as shown by the numerical simulations.
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Fig. 8. The experimentally measured and numerically predicted first principal strains
A, on the notch surfaces.
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Fig. 9. Numerically predicted the equivalent plastic strains y on the notch surfaces
and notched cross-sections.

For monotonic loading conditions, the numerically predicted dam-
age shows an increasing tendency throughout the entire loading pro-
cess. However, the value may slightly decrease after the loading di-
rection changes, indicating that cracks develop in a different direction.
Based on the numerical simulations, the maximum first principal dam-
age strain increases monotonically up to half the loading cycles of
the X0-cyc-(1/-1)-0.65 and X0-cyc-(1/-1)-0.55 loading conditions, after
which the increase becomes slower. As also reported by Algarni et al.
(2019), the numerical analysis reveals that damage may occur and
develop rapidly in the early cycles, then evolve more slowly.

To better quantitatively analyze the influence of damage under
different loading conditions, damage strain invariants are introduced
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Fig. 10. Numerically predicted first principal damage strain A" on the notch surfaces
and notched cross-sections (a)—(f) and experimentally observed cracks just before failure
(FP) on the notch surfaces in DIC.
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Fig. 11. Fracture images and fracture lines are marked in red in (a), (b), and (e).
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Table 7

Damage stress invariants for the respective critical elements.
Tests Ne g o g Jda N Hinax
mon 0 —-0.04 0.07 0.0000 0.0136 —0.0050 0.022
cyc-1.2 0.5 —0.04 0.22 0.0000 0.0041 —0.0033 0.004
cyc-1.0 1 0.06 -0.15 0.0000 0.0109 0.0073 0.012
cyc-0.8 2.5 0.02 —-0.05 0.0005 0.0492 0.0089 0.085
cyc-0.65 5 0.01 —-0.01 0.0006 0.0256 0.0042 0.073
cyc-0.55 8.5 0.01 0.00 0.0000 0.0194 —0.0054 0.026

as follows:

I fa =trA%,

1
Ji? = devA® - devA®, (20)

J88 = det(devA®®),

where I] da describes the volume change of the micro-defects, J3 da rep-
resents the isochoric deformation of the micro-defects, and J3 da’, means
the distortion of the micro-defects. In this work, the element with
the maximum equivalent damage strain , integrated over the loading
history of the equivalent damage strain rate p (Eq. (10)), is defined
as the criterion for identifying the critical element in the numerical
simulations in order to analyze the damage tensor under different cyclic
loading patterns. As shown in Table 7, the stress triaxiality » and the
Lode parameter o are near zero, except for @ = 0.22 and w = -0.15
under the cyclic loading patterns X0-cyc-(1/-1)-1.2 and X0-cyc-(1/-1)-
1.0, respectively, where the maximum equivalent damage strain g,
appears on the edge of the notched surface, as seen in the distribution
of the first principal strain A‘lla in Figs. 10(b) and (c).

By comparing the magnitudes of the first, second, and third damage
strain invariants, it is clear that the second damage strain invari-
ant plays a more significant role than the other variables. From the
numerical perspective, the damage is caused by the deformation of
micro-shear-cracks under the present designed loading paths. Further-
more, the analysis of the second damage strain invariant Jfa shows
a similar tendency to the first principal damage strain across various
cyclic loading conditions, with values increasing up to loading cycles
N¢ = 2.5 and then decreasing. Although in most loading cases, the mag-

nitude of the third damage strain invariant { J;‘a is only 1/10 of the

\/E values, this small value still influences the deformation direction
of micro-defects under low stress triaxialities. It can be observed that
the value of { J3dal changes from negative to positive up to Ny = 2.5
and then decreases back to negative. Compared to the first damage
strain invariant /| da_it can be concluded that \/F is more sensitive to
shear-dominated damage mechanisms. One of the interesting numerical
predictions is that the first damage strain invariant If*‘ is zero over
most areas of the notch surface; however, a small value in the order of
104 appears at the center of the notch surface. The explanation is that
during cyclic loading, the variation of loading in axes 1 and 2 from 1/-1
to —1/1 induces a small positive stress state in the middle of the notch,
resulting in a non-zero I fa. As an example, the critical elements for the
experiments X0-cyc-(1/-1)-0.8 and X0-cyc-(1/-1)-0.65 are observed at
the center of the notched surface with I' fa values of 0.0005 and 0.0006,
respectively, as shown in Table 7. In addition, they failed under the
loading condition on axis 1 with imposed negative loads, i.e., a loading
ratio of —1/1, as shown in Fig. 5.

Although no clear and simple mathematics rules can be summarized
from the damage strain variables under cyclic loading conditions, it
is evident that the proposed approach provides valuable information
about the influence of loading conditions and stress states. To accu-
rately formulate fracture behavior, it is essential to consider all three
invariants.
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Fig. 12. SEM images for the fracture surfaces on the notched cross-sections.

5.3. SEM images

Scanning electron microscopy (SEM) images were taken from the
fracture surfaces of different experiments. For each loading case, an
overview of the fracture surface and three positions (right, middle, and
left) at a magnification of 500X were captured to study the details of
the SEM images more closely, as illustrated in Fig. 12. In addition, the
Canny edge detector (Canny, 1986; Geback and Koumoutsakos, 2009)
in MATLAB is used to characterize crack boundaries based on sharp
changes in pixel intensities. This work focuses on characterizing the
total number of cracks N, the average crack length /. .., crack area
density pureq, and crack length density pjengh- Although the aspect ratio
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and eccentricity can be used to analyze the shape of micro-defects and
distinguish between micro-voids and micro-cracks, the lack of depth in-
formation for the micro-defects can lead to errors in classifying different
types. In addition, the SEM images in Fig. 12 indicate that micro-shear-
cracks primarily cause ductile damage. Also, the numerically predicted
mean stress triaxialities 7 ~ 0 and mean Lode parameter @ ~ 0 (see
Table 8) across the notched cross-sections suggest that the current
loading is shear-dominated, resulting in a shear-dominated damage
mechanism. Therefore, in this study, the classification of micro-defects
is not included in the statistical analysis.

Cyclic loading with a large strain range evidently induces ductile
damage, as illustrated in Fig. 12. However, visually distinguishing the
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Table 8

Crack characterization based on SEM image analysis.
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Nerack * ANk lerack = Alerack [MM] Parea & Agrea (MM /UMP] prongn & Aplengs, [Hm/pm?]

Tests Ne 7 @

mon 0 0.03 -0.04 17223 + 767 0.1866 + 0.0066
cyc-1.2 0.5 0.01 -0.04 17920 + 2408 0.1744 + 0.0090
cyc-1.0 1 0.02 -0.03 18043 + 1326 0.1778 + 0.0051
cyc-0.8 2.5 0.00 -0.01 20324 + 2366 0.1696 + 0.0118
cyc-0.65 5 0.01 -0.03 18939 + 1718 0.1707 + 0.0050
cyc-0.55 8.5 -0.01 0.03 20246 + 1540 0.1658 + 0.0054

0.1074 + 0.0029
0.1055 + 0.0122
0.1056 + 0.0070
0.1178 + 0.0107
0.1101 + 0.0127
0.1137 + 0.0089

10.2090 + 0.1884
9.9011 + 0.8962

10.1898 + 0.5111
10.9092 + 0.6350
10.2638 + 0.6440
10.6646 + 0.5583

differences between various loading conditions is difficult. Since the
software overlaps the overview of the fracture surface and provides a
lower resolution, the mean values from SEM images at three different
positions (right, middle, and left) for each loading case are used to
analyze the micro-defect behavior. The mean values and respective
standard deviations from the analysis of the SEM images are sum-
marized in Table 8. It can be observed that the mean crack length
I.rack Shows a decreasing trend with increasing loading cycles. This
observation confirms that the micro-shear-cracks alter their develop-
ment direction under cyclic loading, resulting in shorter cracks. The
predicted damage strain tensor also demonstrates this same tendency,
changing direction and magnitude, as observed in the numerical sim-
ulations Fig. 10. The crack area density p,.., and crack length density
Plength correlate with damage; higher values indicate more significant
damage. Both densities show the same trend: initially increasing until
reaching the loading case with a loading cycle of N; = 2.5 (X0-cyc-
(1/-1)-0.8), after which they decrease. Additionally, values for the
loading patterns X0-cyc-(1/-1)-1.2 and X0-cyc-(1/-1)-1.0 are smaller
than those under monotonic loading, whereas values under other cyclic
loading patterns are greater than those under monotonic loading. This
observation aligns with the proposed damage model, which predicts
the tendency of the maximum principal damage strain A‘li*‘, as shown
in Fig. 10. It highlights that the numerical simulation of damage
prediction closely matches the experimental results.

6. Conclusion

The novel biaxially loaded shear cyclic loading tests using XO-
specimens were performed with different numbers of loading cycles
under large strain ranges. A loading ratio of 1/-1, i.e., equal magnitudes
of positive and negative forces applied along different loading axes,
results in a stress triaxiality and Lode parameter close to zero, with
a maximum value of 0.04. This provides an ideal loading pattern
for studying shear damage mechanisms under various cyclic loading
conditions. Analysis of the scanning electron microscopy images of the
fracture surfaces confirmed that micro-shear-cracks, resulting in ductile
damage, are the primary cause of failure under the present design of
extremely low-cycle shear cyclic loading. Moreover, the Canny edge
detector is used to characterize the boundaries of the micro-defects,
and statistical analysis shows that the mean crack length is larger under
monotonic loading than under cyclic loading conditions. However, the
crack density for cyclic loading with a loading number N; greater than
2.5 is higher than under monotonic loading conditions, indicating that
material degradation is more severe under more cyclic loading. These
findings highlight the influence of the number of loading cycles at the
micro-level.

The advanced anisotropic continuum damage model is used for
numerical calculations, and numerical simulations agree well with the
experimental results at both the global load-displacement and local
strain fields. The errors between the measured and predicted load—
displacement values are all below 3%, indicating a very high accuracy
of the proposed material model. An analysis of the experimental and
numerical first principal strain fields reveals how the loading patterns
affect the strain field distribution and magnitude. One of the highlights
is the proposed anisotropic damage strain tensor. The distribution of
the damage strain is consistent with the crack initiation and fracture
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lines. The changing trend of the maximum principal damage strain for
different loading conditions aligns with the crack density of the micro-
shear-cracks. In addition, the numerical damage predictions reveal that
the damage occurs in the early cycles and increasingly slowly in the rest
of the loading cycles. Additionally, the micro-shear-cracks may change
their development direction with changes in loading direction, as con-
firmed by the mean crack length in the SEM analysis. The findings
mentioned above demonstrate that the present damage model provides
effective information that cannot be directly measured in experiments.
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