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Abstract
The present paper comprises the experimental and numerical analysis of damage and fracture behavior of ductile metals 
under non-proportional loading with compression and shear preloading. For this purpose, biaxial experiments with the 
H-specimen using a pneumatic downholder for compression loading followed by failure under a tension stress state and 
corresponding numerical simulations are performed and analyzed. A thermodynamically consistent anisotropic continuum 
model is presented. It takes the effects of micromechanical damage mechanisms on the macro scale behavior as a motivation 
for a phenomenological description of damage behavior as a function of stress state. The experimental findings are compared 
with the results of tests with proportional load paths and corresponding numerical simulations. Thereto, strain fields of the 
critical areas of the specimens are analyzed by means of digital image correlation (DIC) technique. Compression and shear 
preloading can lead to significantly reduced ductility of the material with initiation of failure processes in the small damage 
strain range. Evolution of numerically predicted plastic and damage equivalent strains illustrates their stress state dependence. 
The numerical results are also confirmed by images of fracture surfaces taken by scanning electron microscopy (SEM). This 
experimental-numerical methodology is therefore an efficient tool to develop and validate general modeling approaches, and 
it is characterized by almost arbitrarily definable load paths with changes in stress states occurring in forming processes.

Keywords Ductile damage and fracture · Stress state dependence · Load path dependence · Biaxial experiments · 
Numerical simulations

Introduction

A considerable challenge in engineering production pro-
cesses is the prediction of ductile material failure. In these 
processes, multiaxial and non-proportional loading types are 
present but are often not taken into account in numerical 

modeling. They require detailed knowledge of the material 
behavior under the expected loading conditions. For sheet 
metals in multi-stage forming processes, for example, this 
includes information regarding the localization tendencies, 
irreversible strains, damage and fracture under a wide vari-
ety of loading conditions.

Furthermore, a strong influence of the load path on dam-
age evolution and failure processes has been observed in sev-
eral experiments and engineering applications. This effect 
is especially difficult to address for sheet metals undergoing 
high compression and shear loading due to buckling of the 
specimens. Consequently, reliable experimental methods, 
including various loading conditions and non-proportional 
loading, are needed for material characterization. In this 
context, the development of accurate and practically appli-
cable material models addressing the stress state dependency 
of damage and failure mechanisms is essential. The stress 
state therein is often characterized by the stress triaxiality 
and the Lode parameter.
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Two main approaches have been established to analyze 
and calibrate these dependencies. First, micro-mechanical 
simulations can be used to investigate the individual behav-
ior of micro-defects in unit cells under a variety of loading 
conditions with the corresponding stress states and to study 
in detail the effects of coalescence leading to macro-cracks 
in the further deformation process [1–4]. On the other hand, 
since the spatial distribution and the size of defects in a 
metal structure have a random nature, it is difficult to trans-
fer the results of an only numerical description to a real pro-
duction process. Therefore, the influence of damage mecha-
nisms under different stress conditions on the deformation 
and failure behavior is being investigated experimentally.

For this purpose, various experiments are usually per-
formed with different unnotched and notched uniaxially 
loaded specimens [5–9]. A disadvantage of these tests is the 
small range of covered stress states. The experimental pro-
gram can be extended by using carefully designed specimens 
with different modes of operation or undergoing combined 
biaxial loading conditions leading to a wide range of differ-
ent stress states [10–17]. Experimental extension devices 
have been developed in order to avoid buckling under shear 
and compression loading [18–20].

Several experimental studies have focused on non-pro-
portional load paths with a sudden change in stress state. 
An abrupt change in the load path can be achieved by pre-
deforming unnotched tensile specimens in the first load 
step. The stress state of the deformed specimens is then 
changed for the second load step by subsequently incorpo-
rated notches [21–23]. However, most actual structures are 
subjected to loads during the component life cycle that are 
random or characterized by a smooth change. Therefore, a 
sudden change in stress state and also the alteration or intro-
duction of residual stresses by the machining process must 
be viewed very critically. Furthermore, changes in stress 
states can occur in sequentially loaded specimens with a 
corresponding special test apparatus through loading in dif-
ferent directions of the specimen. Here, for example, the 
non-proportional loading is accomplished by sequentially 
alternating tension or compression and torsion stress states 
[24–27]. For tubes or hollow cylindrical specimens, tension 
stress states and internal compression stresses can be inves-
tigated [28, 29]. Studies with shear stress states [25, 30] have 
also been conducted to investigate the influence of load paths 
on evolution of damage and failure. A general trend found in 
these studies is that fracture strains strongly depend on the 
load path and that changes in local stress states occasionally 
result in slightly increased ductility, but usually in decreased 
ductility. Ordinary cruciform specimens have been used [31, 
32] to study the load path dependence of the ductile dam-
age and fracture processes on central cracks manufactured 
with different inclinations. A recently proposed approach is 
the use of biaxial specimens [12] made of sheets, in which 

the ratio of axis loading can be changed in defined ways, 
and thus the stress states in critical regions of the specimen 
can be varied sequentially and by superimposed loadings 
[33–35]. This method is characterized by a wide range of 
possible variations in the individual stress states as well as 
in the design of non-proportional load paths [36, 37].

In the present paper, based on former investigations by 
the authors [36, 37], a new series of experiments with non-
proportional load cases with changes from compression 
and shear loading to tension dominated stress states with 
the H-specimen and a new downholder apparatus prevent-
ing buckling are proposed. A phenomenological continuum 
model using stress-state-dependent damage mode functions 
to describe the effects of micro-scale damage evolution on 
the macro-scale level is briefly discussed. Experimental 
results for the aluminum alloy EN AW 6082-T6 including 
load-displacement data, strain fields reported by digital 
image correlation, images of the fracture surfaces obtained 
by scanning electron microscopy and numerical results of 
corresponding numerical simulations of the biaxial experi-
ments are presented. Based on these results, the load path 
dependency of damage and failure mechanisms under shear 
and compression preloading can be shown. Furthermore, 
the used constitutive model is able to accurately predict the 
complex material behavior. The validity of the experimental-
numerical methodology for non-proportional compression 
loading of metal sheets is elucidated.

Continuum damage model

To describe the damage and failure behavior of ductile met-
als, the model of Brünig [38, 39] is used. The analysis of 
inelastic deformations in this phenomenological framework 
takes into account experimental and numerical investigations 
on both the micro- and macro-levels, taking into account 
different processes on these scales and their interactions 
[4, 40]. It is based on the introduction of the damage strain 
tensor, �da , characterizing the macroscopic strain behav-
ior caused by the evolution of damage mechanisms on the 
micro-scale. The appearance of these micro-mechanisms 
is strongly dependent on the present stress state [41, 42]. 
A series of multiaxial experiments with different loading 
histories covering wide range of stress states is necessary in 
order to propose and validate evolution equations for these 
different stress-state-dependent mechanisms as well as to 
identify corresponding parameters.

The continuum approach considers damaged as well as 
fictitious undamaged configurations with effective quanti-
ties, see [38, 39] for further details. It is based on the strain 
rate tensor derived from the Oldroyd rate of the metric 
transformation tensor and is additively decomposed into 
elastic, �̇el , effective plastic, ̇̄�pl , and damage parts, �̇da and 
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Considering the undamaged configurations, the effective 
Kirchhoff stress tensor is introduced

with the elastic strain tensor �el and G and K represent 
the shear and bulk modulus.

Plastic behavior of ductile metals is defined in the undam-
aged configurations without influence of damage degrada-
tion. It is characterized by the yield criterion

expressed in terms of the second deviatoric invariant of 
the effective stress tensor (1), J̄2 =

1

2
dev�̄ ⋅ dev�̄ and the 

equivalent yield stress c of the undamaged material. Plastic 
hardening

is described by the Voce law [43] with the initial yield stress 
co, the hardening modulus R∞ and the hardening exponent 
b. The effective plastic strain rate

predicts the evolution of isochoric plastic deformations 
where �̇� denotes a non-negative scalar factor, 

�̄ =

(

1∕

√
2J̄2

)

dev�̄ is the normalized deviatoric effective 

stress tensor and �̇� = �̄ ⋅
̇̄
�pl =

1
√
2
�̇� represents the equiva-

lent plastic strain rate.
Furthermore, damaged configurations are considered 

where the Kirchhoff stress tensor

depends on both the elastic and the damage strain tensors, 
�el and �da , to take into account material deterioration 
caused by damage evolution described by the additional 
material parameters η1...η4. It should be noted that as long 
as the material remains undamaged �da = � , the stress tensor 
(5) is equivalent to the effective one (1).

The stress state can be characterized by the stress 
triaxiality
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3
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�eq
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defined as the ratio of the mean stress σm and the von Mises 
equivalent stress σeq or, alternatively, by the first and sec-
ond deviatoric invariants of the Kirchhoff stress tensor (5), 
I1 = tr� and J2 =

1

2
dev� ⋅ dev� . The stress state is addition-

ally described by the Lode parameter

written in terms of the principal Kirchhoff stress components 
T1, T2 and T3.

The damage process is governed by the damage condition

defining the onset of damage behavior with the equivalent 
damage stress σ. The stress-state-dependent factors α and 
β represent damage mode parameters corresponding to the 
different damage processes acting on the micro-scale. In par-
ticular, tensile loading with high positive stress triaxialities 
leads to nucleation and growth of micro-voids followed by 
their coalescence, whereas during shear and compressive 
loading with small positive or negative stress triaxialities 
formation and growth of micro-shear-cracks leading to their 
coalescence are the main processes. A combination of these 
basic damage mechanisms on the micro-scale is active for 
moderate positive stress triaxialities and no damage forma-
tion has been observed in ductile metals for high negative 
stress triaxialities. The damage softening

is described by a quadratic function with the initial damage 
stress σo and the softening modulus H1.

In addition, the damage strain rate tensor is introduced which 
phenomenologically describes the evolution of irreversible 
macroscopic strains caused by the aforementioned different 
damage processes on the micro-scale. In Eq. 10 �̇� denotes the 
equivalent damage strain rate and �̃ =

�
1∕

√
2J2

�
dev�̃ and 

�̃ = dev�̃∕||||dev�̃|||| are the normalized stress-state-related 
deviatoric tensors with

where �̃ represents the stress tensor work-conjugate to the 
damage strain rate tensor (10), see [38] for further details. In 
Eq. 10 the kinematic parameters �̂� , 𝛽  and 𝛿 characterize the 
fraction of volumetric and isochoric deformations correspond-
ing to the different stress-state-dependent damage and failure 

(7)� =
2T2 − T1 − T3

T1 − T3
with T1 ≥ T2 ≥ T3
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√
J2 − � = 0
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2

(10)�̇
da = �̇�

�

�̂�
1
√
3
� + 𝛽�̃ + 𝛿�̃

�

(11)dev�̃ = dev�̃dev�̃ −
2

3
J2�



 International Journal of Material Forming           (2022) 15:59 

1 3

   59  Page 4 of 14

mechanisms on the micro-level (evolution of micro-voids as 
well as evolution of micro-shear-cracks).

Numerical studies on the micro-scale analyzing defor-
mation and failure behavior of differently loaded micro-
defect-containing representative volume elements [4] have 
been performed to identify functions of the damage mode 
parameters α and β in Eq. 8 as well as �̂� , 𝛽  and 𝛿 in Eq. 10. 
Since they are only based on numerical analysis, they have 
to be validated by experiments undergoing a wide range of 
stress states. In this context, experimental series with shear 
and tensile stress states in non-proportional loading have 
already been investigated [33, 34, 36, 37], whereas stress 
states with negative triaxialities and their influence on non-
proportional loading previously have not been possible due 
to the experimental difficulties with compressive loading and 
buckling of metal sheets. The present work addresses these 
difficulties and extends those investigations.

Methodology

Experimental setup

The experiments are performed with the biaxial test machine 
type LFM-BIAX 20kN (produced by Walter & Bai, Switzer-
land). It consists of four electro-mechanically driven actua-
tors with load maxima of ± 20kN and has a spindle stroke 
of 200mm (Fig. 1a). The specimens are clamped into the 
four heads of the actuators and then strained biaxially with 
different load paths. The experimental control technique is 
described in detail in [12, 34] for proportional loading and 
non-proportional loading, respectively. As a result, three cyl-
inders are moving displacement controlled (at 0.004mm/s) 
and the displacements of opposite cylinders remain sym-
metrical with a constant load ratio.

When using thin specimens with compression loading, 
out-of-sheet-plane deformations must be avoided. Therefore, 
a pneumatic hold-down is introduced in this experimental 
series, see Fig. 1(c). It consists of a height-adjustable base 
ring below the specimen and a pneumatically controlled 
downholder on top, leaving enough space for the DIC tech-
nique. In order to obtain a low friction coefficient, a pressure 
of 1bar is used in the system and lubricant is applied to the 
contact surfaces to minimize friction. The contact area is 
approximately  1200mm2 on each side of the specimen. As 
a result, the out-of-sheet-plane deformations are reduced to 
less than 0.3mm.

During the experiments, three-dimensional displace-
ment fields in selected regions of the specimen are moni-
tored by DIC using a stereo setup with eight 6.0MPx cam-
eras with 75mm lenses, as shown in Fig. 1(a)(b). With the 
corresponding lighting system, consisting of three Fomex 
FL-B50 LED-panel lights with 1600lx on the upper and 

lower sides, a spatial resolution of approximately 80px/
mm can be achieved. This allows analysis of the evolu-
tion of different strain fields on the specimen surface and 
will reveal localization phenomena of the full deformation 
field. For the correlation process, the software Istra4D by 
Dantec Dynamics GmbH and a subset size of 33px with a 
grid spacing of 11px are used. In contrast to the conven-
tional method, where a regular grid with equidistant grid 
points is laid over the image of a reference camera, the 
present image correlation algorithm uses the 3D-position 
and tangential plane of the underlying object surface for 
each of the grid points on both specimen sides. This gives 
additional information in thickness direction through the 
distance change of opposite surface points and therefore 
the possibility to transform strain quantities not only 
within the tangential plane of a subset but in 3D-space. 
A straightforward comparison with numerical quantities 
on the curved surface of notches is therefore enabled. In 
addition, after the experiments, the fracture surfaces of 
the failed specimens are examined by scanning electron 
microscopy to elucidate fracture modes on the micro-scale.

Fig. 1  Biaxial testing machine with DIC system and lighting: (a) 
machine overview, (b) double-sided 8-camera DIC setup and (c) 
pneumatic downholder for compression-dominated experiments
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H‑specimen

Geometries of suitable cruciform specimens have been pro-
posed in [12] and the H-specimen (shown in Fig. 2) is tested 
in the present work in detail. The investigated material is the 
aluminum alloy EN AW6082 (AlSiMgMn) with the temper 
designation T6. The metal is supplied in 4mm thick sheets and 
its chemical composition is shown in Table 1.

The specimens are milled and have outer dimensions of 
240mm×240mm. The depth of the notches is 1mm, which 
reduces the sheet thickness in the notch ground to 2mm 
(see Fig. 2(d)). The notches thus have a cross section of 
6mm×2mm. The H-shaped central hole gives the specimen 
its name. The H-specimen has an easy to interpret relation-
ship between the load ratio of the axes and the stress state in 
the notches due to their parallel orientation. Tensile loading in 
axis 1 results in a shear stress state and tensile loading in axis 
2 corresponds to a tensile stress state with a high hydrostatic 
stress component caused by the notches. Compression loading 
in axis 2 results in a stress state with a significant hydrostatic 
pressure component. The simultaneous loading of both axes 
superimposes the respective stress states.

Furthermore, the force averages per axis

(12)Fi =
Fi.1 + Fi.2

2
,

as well as the relative displacement of the red dots in 
Fig. 2(a)

are introduced for a local displacement measure.

Numerical aspects

Numerical simulations were performed with the finite ele-
ment program ANSYS. It is augmented by an user-defined 
material subroutine based on the continuum damage model 
and the numerical integration of the rate equations (for 
details, see [39]). Taking advantage of the symmetries, a 
quarter of the H-specimen is discretized by 7712 eight-
node-hexahedrons of type Solid185 (Fig. 2(e)). The ele-
ment size of a hexahedron in the notch region is set to 
about 0.1mm. Since the specimen has four numerically 
redundant regions due to four notches, the numerical 
results of a localizing simulation of an ideal quarter of 
the specimen are necessarily different from the results 
of the real experiments and are not directly comparable. 
In particular, experiments encounter stronger and earlier 
localization in notches with the largest material or geo-
metric imperfections and less localization in the remain-
ing notches. The numerical simulation does not repro-
duce this asymmetric effect, so in order to allow better 
comparability, an experimental mean value is formed as a 

(13)Δui = ui.1 − ui.2

Table 1  Chemical composition 
of EN AW 6082 T6 aluminum 
alloy (% weight)

Material Si Fe Cu Mn Mg Cr Zn Ti others Al

EN AW 6082-T6 0.9 0.37 0.09 0.47 0.7 0.02 0.09 0.03 0.04 to balance

Fig. 2  (a) Notation for the H-specimen, (b)-(d) geometry details (dimensions in [mm]) and (e) finite element mesh
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comparative value. For this purpose, the maximum values 
of the first principal strain of all four notches of an experi-
ment are averaged, and this value is averaged again over 
all experiments with the same test routine. This resulting 
average value of the localization corresponds to a simulta-
neous and equally large localization in all four notches and 
is comparable with the numerical simulation. The quali-
tative distribution of the strains is generally very similar 
in all four notches. So, for comparison with the numeri-
cal results, a representative qualitative distribution with a 
mean value as the maximum can be used.

The numerical analysis is based on material parameters 
determined by inverse fitting load-displacement curves of 
uniaxial tension tests and proportional biaxial tests obtained 
through the DIC method. Initial elastic behavior is char-
acterized by Young’s modulus E = 69,000MPa and Pois-
son’s ratio ν = 0.29. The deterioration of elastic properties 
by the evolution of damage is modeled by the parameters 
η1...η4 = − 10,000MPa. In addition, the plastic hardening 
and current yield stress of the investigated aluminum alloy 
EN AW 6082-T6 is adequately described by Eq. 3 with the 
initial yield stress co = 163.37MPa, the hardening modulus 
R∞ = 74.93MPa and the hardening exponent b = 8.66. Dam-
age softening is assumed to be modeled by Eq. 9 with the 
initial damage stress σo = 295MPa and the softening modu-
lus H1 = 400MPa.

Results and discussion

To investigate the load path dependence of damage and fail-
ure mechanisms, different experiments are discussed and 
compared with failure under the same stress states but dif-
ferent loading histories. For this purpose, each load path is 
divided into different loading steps. The stress state in each 
step is controlled by the load ratio of the two specimen axes 
F1/F2. The respective load ratios result in different stress 
states with the corresponding inelastic deformation mecha-
nisms. An important influence is the displacement at which 
a load step ends and the axis switch takes place. With this 
displacement, the influence of a non-proportional step on 
the overall load path of the experiment is defined, since it 
limits the inelastic deformations under a certain stress state.

The presented series covers four load paths with the 
H-specimen. A non-proportional load path consists of pre-
loading in a first step with loading conditions that cause 
compression- and shear-dominated stress states until a high 
degree of deformation is reached. After a subsequent com-
plete unloading, only axis 2 is loaded, and thus a stress state 
with a positive hydrostatic component is applied until failure 
occurs. A summary of all load cases and their numerical 
results can be found in Table 2.

Global forces and displacements

Figure 3 shows the forces Fi versus relative displacements 
Δui determined by the DIC method of load paths with an 
equal final load ratio of F1/F2 = 0/+ 1 leading to tensile 
behavior. The solid lines show quantities of axis 1, and the 
dash-dotted lines show quantities of axis 2.

The load-displacement curve for the proportional experi-
ment 0/+ 1 is characterized by a linear increase in force up 
to F2 = 8.4kN, a subsequent maximum force of F2 = 10.4kN, 
and a small drop in force until failure at Δu2 = 0.47mm.

In the first non-proportional load path (1/-2 to 0/+ 1), 
which corresponds to a stress state with a significant hydro-
static compression component, the point of axis switch is 
reached at Δu1 = 2.85mm with a load ratio of F1/F2 = 1/-2. 
This displacement corresponds to approximately 85% of the 
displacement at fracture of the corresponding proportional 
load path 1/-2. A significant reduction in stiffness and an 
increase in fracture displacement compared to the 0/+ 1 
load case are noted. The onset of inelastic deformations 

Table 2  Summary of loading conditions and numerical results over 
the cross section at the time of axis switch after preloading and just 
before failure: mean values of stress triaxiality �̄� and Lode parameter 
�̄� as well as maximum inelastic equivalent strains

F1/F2  �̄�  �̄�  �
max

  �
max

(a) fracture 0/+ 1 0.65 -0.55 0.21 0.07
(b1) preload 1/-2 -0.30 0.40 1.13 0.07
(b2) fracture 0/+ 1 0.50 -0.65 1.21 0.07
(c1) preload 1/-1 -0.15 0.20 0.71 0.01
(c2) fracture 0/+ 1 0.55 -0.70 0.75 0.01
(d1) preload 1/0 0.10 -0.10 0.75 0.09
(d2) fracture 0/+ 1 0.50 -0.70 0.78 0.09

Fig. 3  Experimental load-displacement curves for final load ratio 
F1/F2 = 0/+ 1 with different compression or shear preloadings
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is at F1 = − 0.5F2 = 2.7kN and the subsequent evolution 
of deformations up to the axis switch is characterized by a 
very small increase in forces. At F1 = − 0.5F2 = 4.6kN the 
axis switch is reached and then both axes are completely 
unloaded with a decrease in displacement. In the follow-
ing final load step, only axis 1 is pulled and a large linear 
path is obtained with a slight increase in stiffness compared 
to unloading. Then, only small inelastic deformations take 
place until failure occurs after an additional displacement of 
about Δu2 = 0.20mm and a maximum force of F2 = 11.1kN.

The second experiment with the non-proportionally 
loaded specimen (1/-1 to 0/+ 1) has in its first load step 
forces of F1 = −F2 and switches at a displacement of Δu1 
= 2.10mm (about 70% of the fracture displacement) to 
unloading. Axis 2 experiences a negative displacement of 
Δu2 = − 0.60mm. The linear slope is flatter for axis 2 and 
steeper for axis 1 than during load ratio 1/-1, whereby both 
curves are flatter than in the experiment with the proportion-
ally loaded specimen. The onset of inelastic deformations 
is at approximately F1 = −F2 = 3.6kN and the hardening 
behavior is similar to that of the load ratio 1/-2. The final 
proportional loading is again similar to the only proportion-
ally loaded specimen, whereas after a displacement incre-
ment of about Δu2 = 0.25mm, the maximum force of F2 
= 11.7kN is reached.

The third load path (1/0 to 0/+ 1) involves an axis 
switch after a shear load 1/0 up to the displacement of Δu1 

= 2.16mm, which corresponds to about 90% of the fracture 
displacement. During this step, only axis 1 is loaded, and 
therefore axis 2 experiences a negative displacement of 
Δu2 = − 0.06mm. The slope of axis 1 is almost the same 
for experiments 1/0 and 1/-1, only the onset of inelastic 
deformations is slightly later for 1/0. The linear progres-
sion of axis 2 in the last load step now runs with a slightly 
reduced slope compared to 0/+ 1. With a displacement 
increment of Δu2 = 0.21mm, only small inelastic deforma-
tions are formed before failure occurs under the maximum 
force of F2 = 10.7kN.

The results of numerical simulations of these experi-
ments are displayed with the experimental data in Fig. 4. 
The simulation with proportional loading (a) shows no 
differences in the linear elastic region and the inelastic 
deformations up to failure agree very well too. In the three 
simulations with a non-proportional load path, the first 
loading up to the axis switch is calculated very well, with 
only minor deviations occurring in the prediction of the 
onset of inelastic deformations. For the simulation (b), 
the final load step coincides very well, only the forces at 
the time of failure are slightly overestimated. In (b) and 
(c), slight deviations appear in the linear increase of the 
last loading step, but the qualitative agreement is excel-
lent. The non-proportional load (d) is almost exactly on 
the experimental results and only marginal deviations can 
be detected. The numerical simulations predict the global 
behavior of the conducted experiments very well.

Fig. 4  Experimental and 
numerically predicted load-
displacement curves for final 
loading ratio F1/F2 = 0/+ 1 and 
different compression or shear 
preloadings
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Local strains

To investigate the local deformation behavior, strain results 
from the DIC system are used, see Fig. 5. At the time of 
axis switch, the first principal strain values are compared. 
Just before failure, strains are dominated by the large shear 
strains at the axis switch. Therefore, here only the increment 
of true strain in 2-direction (defined in Fig. 2) between the 
time of full unloading and just before failure is used to allow 
better comparability. For the proportional load path (a), the 
strain in the tension direction appears in a widespread, verti-
cal band that is offset from the axis of symmetry and reaches 
maxima of 0.15. In the numerical simulation, a wider band 

with already visible signs of necking at the edges and max-
ima of 0.14 are calculated.

In the load case (b1), at the axis switch true principal 
strains of up to 0.63 are formed in the experiment. They 
are distributed in an inclined band and the maxima occur 
near the edge of the notch. Remarkable compression of the 
notch and the formation of indentations on the upper and 
lower sides of the radii are clearly visible here as a result of 
the compression loading. In the numerical simulation, this 
diagonal localization band and the location of the maxima 
are also predicted. A strain increment in the 2-direction of 
0.05 is observed in the final tensile loading step (b2). The 
maxima form at the indentations created by the compression 
preloading in a vortex-shaped distribution and extend to the 
opposite side of the notch. This qualitative distribution and 
maxima of 0.05 are also calculated in the numerical simula-
tion, although the location of the maxima and position of the 
vortices is slightly offset towards the center. In comparison, 
the strain to failure in two-direction is here only 33% of the 
simulation with only proportional loading.

In the second non-proportional load case (c1), again an 
inclined narrow band with maxima of 0.48 is observed. This 
smaller strain maximum is a result of the lower percent-
age of fracture displacement at axis switch. The simulation 
also predicts this distribution with maxima of 0.45. From 
unloading to failure (c2), maxima again occur at the geomet-
ric indentations due to compression loading, although the 
maxima are now larger at 0.07 and the band created by the 
vortices is narrower and forms an S-shape. The simulation 
calculates a S-shape as well and reaches maxima of 0.07. 
The strain to failure in 2-direction is only about 50% of that 
one after corresponding proportional loading.

As a result of the load ratio 1/0 in (d1), an only slightly 
tilted and more evenly distributed localized band is formed. 
The experimental maxima of 0.49 are lower than in the 
numerical simulation of 0.54, although the qualitative dis-
tribution agrees very well. In the 0/+ 1 increment of this 
experiment, the distribution of strain develops in a S-shape 
with maxima at the edge of 0.05. The corresponding numer-
ical simulation also calculates maxima of 0.05 but again 
predicts larger strains in the middle region of the S-shaped 
band. Here, strain to failure in 2-direction is again 33% of 
that one after proportional loading.

In summary, the experimental results are well reproduced 
by the numerical simulations and the deviations are overall 
less than 10%. Furthermore, a remarkable difference is found 
in the last strain increment in 2-direction up to failure. The 
maximum strains in non-proportional load paths are reduced 
by up to one third compared to the proportional load case, 
and their distribution is also strongly changed by the pre-
deformations. A clear load path dependency is visible as 
a result of those large pre-deformations in reduced failure 
strains.

Fig. 5  First principal strains of the notch surface at the axis switch 
(left column) for the DIC measurements (respectively left) and the 
numerical simulations (respectively right) as well as true strain incre-
ment of the tensile loading (right column) with load ratio 0/+ 1 in 
2-direction (defined in Fig. 2(a))
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Stress states

The stress state in this series is represented by the stress 
triaxiality η and the Lode parameter ω.

The evolution of stress state within a load case is dis-
played in Fig. 6. In (a) the mean value of stress intensity �̄�I , 
with the stress intensity being defined as

in terms of the principal Kirchhoff stress components, is 
displayed over the mean value of von Mises equivalent strain 
�̄�eq in the cross section of a notch. Here, the residual stress 
after unloading and a reduction of equivalent strain within 
the last load step through a change in loading direction 
become apparent. The evolution of the mean stress triaxial-
ity �̄� and mean Lode parameter �̄� over the mean value of the 
equivalent stress in the cross section is shown in (b). Over-
all, the mean value of stress triaxiality and Lode parameter 

(14)�I = max
(
|
|T1 − T2

|
| ,
|
|T2 − T3

|
| ,
|
|T3 − T1

|
|
)

change only slightly throughout one load step. The geomet-
ric changes lead to a decrease of initially positive values and 
an increase of initially negative or zero values. In contrast, 
the Lode parameter always decreases slightly for the four 
investigated load paths. After preloading, a jump in stress 
state in the direction of that one of the corresponding pro-
portional simulation is visible.

The spatial distribution of stress triaxiality in a notch at 
the time after pre-loading and just before fracture is dis-
played in Fig. 7. Here results on the surface (S), a longitudi-
nal section (L) and a cross section (C) are displayed. In par-
ticular, for the simulation (0/+ 1 end), a rather homogeneous 
distribution with the influence of the geometry is numeri-
cally predicted (0.4 ≤ η ≤ 0.8). At the time of axis switch 
(b1), values between − 0.50 ≤ η ≤− 0.25 are calculated. 

Fig. 6  Numerically calculated evolution of mean stress intensity over 
mean equivalent strain (a) as well as mean stress triaxiality and Lode 
parameter over mean equivalent strain (b) in the cross section of the 
notch

Fig. 7  Stress triaxiality η: S – surface, L – longitudinal section, C – 
cross section
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These values rise to η = 0.7 in the cross section’s center 
just before fracture (b2). But clear differences in compari-
son with the proportional load case are visible due to lower 
values in the distribution.

This qualitative tendency continues in (c1). Here val-
ues between − 0.33 ≤ η ≤− 0.05 are initially reached and 
then at the end of the 0/+ 1 load step an increase up to η 
= 0.75 in the center is calculated. In the last simulation with 
the non-proportionally loaded specimen (1/0 to 0/+ 1), the 
cross section at the axis change (d1) has a nearly homoge-
neous distribution of the stress triaxiality of approximately 
η = 0.0. At the time of (d2), this distribution changes with 
values of up to η = 0.75. In this series, a strong change in the 
stress triaxiality takes place and a large bandwidth of stress 
states in the first load step is covered. At the same time, 
large pre-deformations have a visible but relatively small 
influence on the stress state at the time of fracture, resulting 
in only slightly lower values compared to the proportional 
experiment.

When the spatial distribution of the Lode parameter ω is 
compared at two points in time (Fig. 8), a clear difference 
can be seen between the first and last load step. In the pro-
portionally loaded simulation (a), a distribution with larger 
gradients over the cross section from ω = 0.0 at the long 
edges up to ω = − 1.0 at the short edges is calculated. On the 
other hand, the high compression stress results in positive 
values of the Lode parameter in (b1). Under the final load 
ratio 0/+ 1, the distribution develops values up to ω = − 1.0 
again, but areas with ω = 0.0, as shown in (a), vanish.

At the axis switch of (c1), the qualitative distribution is 
similar to (b1), but the range of values has been slightly 
shifted in the negative direction for the cross section. This 
drops to ω = − 1.0 at the final load ratio, with distributions 
similar to (a) and (b1). In the last non-proportional path after 
load ratio 1/0, the Lode parameter drops again compared 
to the other two paths, reaching only values in the slightly 
negative range around ω = 0.0. Here too, at the time of fail-
ure, the Lode parameter drops to ω = − 1.0, whereby the 
gradient over the cross section is smaller.

Plastic and damage equivalent strains

The spatial distribution of the plastic equivalent strain γ is 
displayed in Fig. 9. For the final load ratio of 0/+ 1, a vertical 
band with maxima distributed in an ellipsoidal shape forms 
around the notch center (γ = 0.21). Due to higher stress tri-
axialities, values in the center are lower, down to γ = 0.13. In 
the first non-proportional load case, large plastic equivalent 
strains are already present at the axis switch with a maxi-
mum of γ = 1.13 near the double-curved radius. The strain 
is distributed in a slightly inclined band in the orientation of 
the first principal strain, stretching on both sides of the notch 
with smaller values of around γ = 0.95. Before fracture (b2), 

only small additional inelastic deformations are present (see 
Fig. 4) and form in a very narrow band. This behavior also 
applies to the simulation of the second non-proportionally 
loaded specimen, whereas here the localization band is more 
vertical and the values at the axis switch (c1) increase from 
γ = 0.71 to γ = 0.78 at the time just before failure (c2). In 
the last load case (d1), the localization becomes even more 
vertical and the strain band on the upper and lower sides of 
the notch disappears. Just before failure (d2), only a slight 
increase to γ = 0.78 can be seen. The first load step is the 
dominant step in this series and largely determines the loca-
tion and magnitude of the equivalent plastic strain at the time 
of failure. Its distribution aligns with the first principal strain 
and the maximum values form near the surface. The ratio 
of maximum values between the three non-proprtional load 

Fig. 8  Lode parameter ω: S – surface, L – longitudinal section, C – 
cross section
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cases after preloading is quite similar to the ratio of principal 
strains in Fig. 4, except for (b1), where two small regions 
with a high strain deviate from this ratio.

In the proportional load case 0/+ 1, for the damage equiv-
alent strain μ in Fig. 10, a maximum of μ = 0.07 is found 
at the center of the notch with an ellipsoidal distribution 
within the maximum equivalent plastic strain in Fig. 9(a). 
Consequently, plasticity and damage have the tendency to 
develop in different areas of high positive stress triaxialities. 
At the axis switch of (b1), only small local damage develop-
ments are calculated directly in the geometric indentations 
on the upper and lower faces next to overall high negative 
triaxialities. In the central region, triaxialities of around η = 
− 0.5 are present with no damage evolution. The specimen 

thus may fail despite a predominantly existing triaxiality 
below η = − 0.33, because damage evolution takes place in 
areas with a triaxiality of η = 0.0 to η = 0.25 at the surface. 
The maxima in the four predicted damaged locations reach 
values of μ = 0.07. Shortly before fracture, the magnitude of 
maxima does only change marginally, but in the longitudinal 
section, two larger areas form in between with values of μ 
= 0.07.

In the load case (1/-1 to 0/+ 1 switch), this damage devel-
opment at the indentations is also present, but at low values 
of μ = 0.01. At the time of failure (c2), on the other hand, in 
addition to the merging into two bands, small damage strains 
occur in the central area (μ = 0.01), similar to the propor-
tional load case. Furthermore, as the pre-deformation of this 

Fig. 9  Equivalent plastic strain γ: S – surface, L – longitudinal sec-
tion, C – cross section

Fig. 10  Equivalent damage strain μ: S – surface, L – longitudinal sec-
tion, C – cross section
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load case is small, additional damage evolution occurs not 
only in the damaged areas of the first load step but also in 
the central areas like in the proportional tension load case.

The fourth load case (1/0 to 0/+ 1 switch) results in the for-
mation of a slightly inclined band on the surface with μ = 0.09, 
which is similar to the equivalent plastic strain γ in Fig. 9(d1). 
The maxima are located near the indentations and run at the 
center just below the surface. A coincidence in the location of 
predicted small damage strains and large plastic strains might 
be a possible cause for the onset of failure. Initiations of minor 
damage development can also be seen on the top and bottom 
surfaces of the notch. After the axis switch, the failure point is 
reached as soon as the damage developments on the upper and 
lower sides grow into the longitudinal section. Again, no sig-
nificant additional damage is predicted at the surface. Further 
evolution of damage takes place in the longitudinal section.

In summary, at the axis switch under shear and com-
pression loading, damage is determined exclusively on the 
surface, which propagates in the final load step under the 
high hydrostatic tensile stress component. The final distribu-
tion, on the other hand, depends on the preliminary damage 
in the first step. If significant damage strains have already 
taken place before the axis switch, damage will continue 
to develop in these areas and may be the cause of failure 
there. But in the case of minor damage evolution during pre-
deformation, evolution takes place below the notch surface, 
where high stress triaxialities are present. This provides a 
clear indication of the load path dependence of damage and 
failure and enables a systematic investigation.

Fracture behavior

The images in Fig. 11 show fractured specimens after all 
load paths and the results of the examination of fracture 
surfaces with the scanning electron microscope (SEM). 
The pictures clearly show the tendency for fracture lines 
to develop from a vertical one after proportional loading 
to an inclined one due to non-proportional loading. In this 
process, the angle to the vertical slightly decreases from (b) 
to (d), showing good agreement with the distributions of 
principal strains (Fig. 5) as well as the inelastic equivalent 
strains (Figs. 9, 10). The first SEM image (Fig. 11(a)) clearly 
shows void formation with numerous large craters, as well as 
an overall flat topology for the experiment with proportional 
loading and a high positive triaxiality (Fig. 7(a)).

In the non-proportional load path (1/-2 to 0/+ 1), a fissuring 
of the fracture surface is visible, indicating less ductile material 
behavior. Here, the hardening effect of dislocation processes 
may facilitate this development. Furthermore, only small pores 
are visible on the small terraces oriented perpendicular to the 
fracture surface. They developed presumably during the high 
hydrostatic stress state during the last load step.

The next load case (1/-1 to 0/+ 1) leads to a reduction 
in ductility as well, although it is less pronounced. Again, 
smaller pores are present and the orientation of terraces is 
similar. The strains at the axis switch (see Fig. 5(c1)) are sig-
nificantly lower than in the load case (1/-2 to 0/+ 1), which 
may explain why the ductility reduction is smaller. For the 
load case with shear pre-deformation (d), sheared layers with 
parallel orientation to the fracture surface are visible. Addi-
tionally, the formation of small pores and craters in all orien-
tations to the fracture surface is visible. In all images of non-
proportionally loaded specimens, the less ductile character 
of the force-displacement diagrams in Fig. 3 is apparent. The 
influence of different stress states in a non-proportional load 
path is mirrored in the corresponding micro-mechanisms.

Fig. 11  Fracture lines and scanning electron microscopy (SEM) pic-
tures of the fracture surfaces
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Conclusion

In this paper, the influence of different load paths on damage 
and fracture behavior of aluminum alloys was investigated 
in detail. Various experiments and corresponding numerical 
simulations with the biaxially loaded H-specimen were per-
formed with focus on different highly preloaded compression 
and shear stress states. With the experimental methodology, 
it is feasible to investigate extreme changes in stress triaxiali-
ties (− 0,5 to + 0,8) with soft transitions in an experimental 
manner. In order to prevent buckling of the specimen under 
high compression loading in metal sheets, the experimental 
procedure was facilitated with a pneumatic downholder. It 
could be shown that pre-deformations with shear and com-
pression stress states lead to reduced ductility of the material 
behavior. As a consequence, even the evolution of only small 
local damage strains could cause the initiation of the failure 
process. Additionally, a change in the location of damage 
evolution and therefore, a possibly different location of fail-
ure initiation can be noted under the final tensile loading. 
Large pre-deformations with shear or compression loading 
shift final damage evolution to the pre-damaged surface of 
the notches. The experimentally observed micro-structure 
on the fracture surfaces seems to reflect the numerically pre-
dicted stress states with corresponding damage mechanisms. 
This is even true for the combination of micro-shear-cracks 
and micro-pore formation corresponding to the history of 
the stress states in non-proportional load paths. The constitu-
tive model with the presented parameterization is capable of 
accurately predicting the complex material behavior under 
a variety of load paths. The presented methodology is very 
well suited to investigate non-proportional load paths with 
high compressive and shear pre-loading and thus, valida-
tion of stress-state-dependent material models for industrial 
forming applications is possible.
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