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Analysis of ductile damage evolution and failure mechanisms due to
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This paper deals with experiments and numerical simulations for reverse uniaxial tension-compression and shear tests to
investigate the ductile damage and fracture behavior of the aluminum alloy EN-AW 6082-T6. For this purpose, experiments
with different loading sequences and number of loading cycles with uniaxial tensile and new shear specimens have been
performed. Furthermore, the digital image correlation (DIC) technique captures the deformations and strain fields during the
experimental processes. A modified anisotropic stress-state-dependent elastic-plastic-damage continuum model is proposed
and is validated by experimental strain fields measured by DIC. Moreover, numerically predicted distributions of the principal
damage strains are compared with fracture images taken by scanning electron microscopy (SEM).

© 2023 The Authors. Proceedings in Applied Math ics & Mechanics published by Wiley-VCH GmbH.

1 Introduction

In continuum mechanics the stress triaxiality is widely used to characterize the stress state [1-3]. One of the highlights of
the proposed stress-state-dependent anisotropic damage model by Briinig [4] is simulating the effect of different damage
mechanisms. For example, the damage is caused by simultaneous growth of voids and formation of micro-shear-cracks and
their coalescence under lower positive stress states, see [S]. Thus, studying the damage evolution under different loading
conditions (stress states) is interesting. A series of biaxial experiments considering different loading/preloading histories have
been performed by Briinig et al. [6] and Zistl et al. [7]. However, a discussion of the effect of reverse loading histories on
the onset and evolution of the ductile damage process is still lacking. The present work aims to fill this gap by studying the
occurrence and development of damage and fracture behavior under reverse loading conditions.

To capture the Bauschinger effect, a combined hardening law is entered into the proposed elastic-plastic-damage model
by Briinig [4]. Uniaxial tensile and shear cyclic tests have been performed to validate the modified constitutive model. This
paper is organized as follows. First, the plastic and damage criterion and combined hardening rule are shortly introduced in
section 2; for more details, please refer to Wei et al. [8]. Then section 3 describes the identification of the combined hardening
parameters and the experimental and numerical results. Finally, conclusions are presented in section 4.

2 Constitutive modeling

The modified phenomenological plastic-damage constitutive model uses the plastic yield condition to characterize the onset
of plastic yielding and the plastic flow law to evaluate the inelastic strains caused by plastic deformation. In a similar way,
the damage criterion captures the onset of damage and the evolution of the further inelastic strains caused by the formation of
micro-defects is governed by the damage rule. For more details, please refer to [4].

As observed in uniaxial tension and compression tests, the compressive yield stress is higher than the tensile stress [8],
the so-called strength-differential effect. Therefore, the Drucker-Prager yield criterion with combined isotropic-kinematic
hardening is taken into account to analyze the plastic behavior

frP = \/;dev(T —a)-dev(T — &) + é(% tr(T—a&)—1)=0, ey

where T represents the effective Kirchhoff stress tensor, & is the effective back stress tensor, the hydrostatic stress coefficient
is measured as a/¢ = 32 TPa~' [8], and & depicts the equivalent yield stress. Furthermore, an extended Voce hardening law
for isotropic hardening

c= Co+Q1(1 —eiplry)ﬂ‘QQf(l —671727) (2)
and the modified Chaboche’s kinematic hardening model for the rate of the back stress tensor ¢

o =0+ o+ O3 ?3)
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with
oy = blxﬁpl — by xya
&y = by HP' — by “
a3 = b5ﬁp1 — (1 = cos® O)bgias

are used to model plastic hardening behavior, where ()1, @2 and b;—bs are the hardening moduli, p; and ps are the hardening
exponents, HP' represents plastic strain rate tensor, 7 is the equivalent plastic strain, and the function variables ¢ and  are
used to capture hardening at the beginning of the plastic deformation phase more accurately, as defined in [8]. 6 describes the
angle between the third effective back stress term &3 and effective reduced stress tensor (T — &)

(T —a) a3)?

M =1 1= 1 ° (5)
IT - & llas]

cos? 9 =

which is used to activate or deactivate the recovery term in the third component of the back stress rate tensor. As the numerical
results show that the angle 6 is nearly equal to O in the case of the uniaxial tensile test, whereas the angel 6 changes obviously
during the loading process for the shear test [8]. In addition, the total hardening rate & is an additive combination of equivalent
stress rate ¢ and back stress rate v

G =pi+(1-p)d, ©6)

where hardening ratio p describes the proportion of isotropic hardening identified by simple uniaxial cyclic loading inversely.

Furthermore, the damage criterion f9® expressed in terms of the first stress invariant I; and the second deviatoric stress
invariant Jo

fl=al + B8/ Js—6 =0 7

as well as the damage strain rate containing an isotropic volumetric part corresponding to the growth of voids and a deviatoric
part corresponding to formation of micro-shear-cracks is defined

. 1 -
H® = (a—=1 + BN), 8)

fi( 7 AN)
where a, 8, &, and 3 are stress-state-dependent variables based on the stress triaxiality 7 and the Lode parameter w, [

represents the equivalent damage strain rate, and N is the transformed normalized deviatoric stress direction. The stress
triaxiality 7 is defined as the ratio of hydrostatic stress and the von Mises equivalent stress oeq

Om .[1
=01 9
n ves 330 ©))
and the Lode parameter
21, -1, — T
w="2""1"73 Gith T, >Th>Ty (10)

T — T

describes the deviatoric stress state, which is calculated in terms of the principal stresses 7T;.

3 Parameter identification

Isotropic and kinematic hardening parameters are determined using the least square method based on the monotonic tensile
test. The experimentally obtained original force-displacement curve is converted into the equivalent stress ¢ - equivalent
plastic strain v curve (Fig. 1 (a)), and back stress a- equivalent plastic strain 7y curve (Fig. 1 (b)), respectively, for param-
eter fitting. The fitted curves show good agreement with the experimental results, as shown in Fig. 1, and the correlative
isotropic/kinematic hardening parameters are shown in the Tab. 1. It is worth mentioning that the yield point in the present
work is defined as the Cauchy stress corresponding to 0.01% plastic strain since the identification of yield stress affects the
hardening behavior, as pointed out by Abdel-Karim [9]. Thus, the yield stress is around 240.7 MPa which is lower than the
standard yield stress, with a value of 285 MPa corresponding to 0.2% plastic strain. As described in Eq. (2), ¢ is the initial
equivalent stress, which is 1/+/3 of the yield stress, i.e., co = 139 MPa. Regarding the Chaboche kinematic hardening compo-
nents, «; describes the plastic deformation at the beginning of the yielding, after which it remains nearly constant outside this
transition stage. As a result, the exponential parameter by should be large enough to rapidly diminish the first back stress term
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1. Additionally, as shown in Eq.(4), a3 includes an active/deactivate recovery term, which has nearly no influence on the
monotonic tensile test [8]. Hence, a3 is assumed to be a linear term, and the value of hardening moduli b5 is approximately
equal to the stress-strain slope at the end of the loading phase. In addition, bg can be inversely identified by the monotonic
tensile shear loading, the numerical results taking into account three different coefficients bg are shown in Fig. 2. As observed
in Fig. 2(a), there is no significant difference between force-displacement responses before point A (Auer = 0.6 mm) when
be parameters are varied since the angle parameter cos? 6 is almost close to 1 [8]. However, with an increases in bg, the slope
between the two points of the force-displacement curve AB decreases. As shown in Fig. 2(a), the numerical result is over-
estimated with b = 0 compared to the experimental result, whereas the numerical result with bg = 13.5 is underestimated.
Furthermore, the numerical results for the tensile test in Fig. 2(b) indicate that the mentioned kinematic hardening parameter
be has almost no effect on the force-displacement response undergoing tensile test.
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Fig. 1: Parameter identification: (a) equivalent stress c vs. equivalent plastic strain  curve fitting for the isotropic hardening, (b) back stress
« vs. equivalent plastic strain 7y curve fitting for kinematic hardening, and three back stress components are plotted in the solid blue lines,
respectively.
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Fig. 2: The force-displacement responses of the shear test (a) and uniaxial tensile test (b) taking into account different kinematic hardening
parameters be (see Eq. (4)).

Table 1: Material parameters.

co[MPa]  Q1[MPa] Qa[MPa] — pi[—=]  pa[] pl=]
139 74.93 21.31 8.96 676.01 0.41

b1 [MP&} bg[f] bg [MP&] b4[7] b5 [MP&] b6[7]
12250 350 895 15 155 7.5

The hardening ratio p plays an essential role in capturing the Bauschinger effect. The change of hardening ratio p results
in a change in the numerical yield stress under reverse loading. It seems that the hardening ratio p could be a function or a
constant value. To simplify the material model, the hardening ratio p is assumed to be constant. To avoid the damage and
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Fig. 3: Experimental and numerical force F vs. displacement Auys curves for uniaxial tension-compression (TC) with unloading after
compression: experimental data are plotted in black dashed line, solid blue line represents simulation with the pure kinematic hardening
(p = 0), solid green line is the simulation with pure isotropic hardening (p = 1), and solid red line depicts the simulation with combined
hardening (p = 0.41).

buckling affecting the yield stress after reverse loading, the uniaxial tension-compression (TC) test loaded in a small strain
range is used to calibrate the hardening ratio p inversely. As shown in Fig. 3, the predicted yield stress under compression
using isotropic hardening (p = 1) is significantly greater than one taking into account only kinematic hardening p = 0. It
is clearly demonstrated that the pure isotropic/kinematic hardening leads to over- or underestimation of the yield stress after
reverse loading. However, a combined hardening with the hardening ratio p = 0.41 shows very good agreement with the
experimental result. Furthermore, the pure Voce isotropic hardening cannot capture the nonlinear properties after reverse
loading. The Chaboche kinematic and combined hardening model involving three back stress components can, however,
describe the nonlinearity after reverse loading, as shown in Fig. 3.

In addition, the stress-state-dependent variables «, 3, &, and B in the damage model are identified by examining the
behavior of a unit cell containing micro-void with 3% initial void volume fraction. The aim of this work is to find the
mentioned stress-state-dependent parameters suitable for a wide class of the ductile metals, and the micro-numerical analysis
and corresponding material parameters have been presented by Briinig et al. [10]. Most important, those parameters have
been validated by doing series of experiments and numerical simulations with different metals: for aluminum alloy EN-AW
6082 [7, 8] and ductile steel X5CrNil8-10 [11].

4 Experimental and numerical results

In experiments, different cyclic loading patterns have been performed to study the influence of loading sequence and reverse
loading on the onset and evolution of damage and fracture behavior. As mentioned in the introduction, the damage mechanisms
are different under different stress states. For example, the damage is caused by the growth of micro-voids in tensile tests,
whereas the damage occurs due to the formation and coalescence of the micro-shear-cracks for shear tests. Thus, various
uniaxial tensile tests and shear tests have been performed in the current work.

The experimental and numerical force-displacement curves and the photo of tension-compression and shear specimen are
shown in Fig. 4, respectively. Moreover, the comparison between experimental and numerical predicted force F' and the
maximum value of first principal strain A; on the surfaces of the specimens just before the failure are listed in Tab. 2. The
numerical results show good agreement with experiments for the global force-displacement responses (Figs. 4(a)-(d)) and the
local strain level, as shown in Tab. 2 for different loading patterns. In addition, the specimens undergoing cyclic loading failed
earlier than after corresponding monotonic loading. The scanning electron microscopy (SEM) clearly shows that more coarse
dimples and voids can be observed under reverse loading conditions compared to the monotonic loading [8]. This trend can
also be observed in shear tests. It indicates that the more intense and accessible coalescence of micro-defects caused by reverse
loading leads to more brittle material behavior.

Furthermore, Fig. 4(g) depicts the distribution of the stress triaxiality 7 and Lode parameter w in the notched cross-section
of the shear specimen. The average value of the stress triaxiality and the Lode parameter over the notched cross-section area
is defined as, respectively

I e
n= §/ nds and @ = §/ wds, D
0 0

where S is the total area of the corresponding cross-section. Also, Fig. 5 shows the average value of the stress triaxiality 77
and w which changes only slightly during the investigated loading processes. For example, the average stress triaxiality 7 is
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Table 2: Comparison between experimental and numerical results for the force F' and the first principal strain A; on the surfaces of the
specimens just before failure.

Loading patterns EXP SIM Error (%)
EP FIKN] A [] FKN] A [[] FIKN] A []
mon-T 5.00 0.34 498 0.36 -0.40 5.88

Uniaxial tensile tests cyc-TCT 4.92 0.28 5.01 0.28 1.83 0.00
cyc-TCTCT  5.09 0.33 5.14 0.35 0.98 6.06

mon-T 542 0.57 5.51 0.62 1.7 8.77
Shear tests cyc-TCT 5.39 0.39 5.40 0.43 0.19 10.26
cyc-TCTCT  5.23 0.43 5.40 0.45 3.25 4.65

around 0.1 — 0.2, and the average Lode parameter w varies from -0.2 to -0.15. Therefore, the current shear specimen is suitable
for studying the damage behavior in positive and negative (reverse loading) lower stress triaxiality regions.
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Fig. 4: Force F' vs. displacement Auyr for uniaxial tension-compression ((a) and (b)) and shear tests ((c) and (d)), the photo of TC-
specimen (e) and shear specimen (f), and the distribution of stress triaxiality 7 and Lode parameter w in the notched cross-section for the
shear specimen under monotonic loading (g)
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Fig. 5: The average value of the stress triaxiality 77 and & versus the average value of the equivalent strain £.q over the notched cross-section
of the shear specimen.

The average value of the stress triaxiality 7 and & in the TC-specimen and shear specimen cross-section, and the predicted
maximum principal damage stress A{* just before failure are represented in Tab. 3. Additionally, the damage strain invariants
(I, Ig2, and I$*) for the critical point (where has the maximum principal damage strain), as shown in Tab. 3. Also, the
average value of the stress triaxiality 77 and @ for monotonic loading and cyclic loading show no apparent difference, see
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Table 3: Comparison stress-state parameters (77 and ) and damage strain invariants in the critical positions just before failure between
uniaxial tensile and shear tests.

stress-state . . . " "
damage strain invariants in critical positions

Loading patterns parameters
7 @ Aga I{a Vg Y/I§2 surface or cross-section

Uniaxial tensile mon-T 042 -0.9 | 0.0105 0.00666 0.00839 0.00129 cross—sect%on
tosts cyc-TCT 0.39 -0.9 | 0.0030 0.00123 0.00169 0.00041 cross-section
cyc-TCTCT | 041 -09 | 0.0084 0.00406 0.00514 0.00085 cross-section

mon-T 0.19 -0.18 | 0.0063 0.00074 0.01035 -0.00242 notch’s surface

Shear tests cyc-TCT 0.14 -0.13 | 0.0090 0.00065 0.01085 0.00443 notch’s surface

cyc-TCTCT | 0.15 -0.15 | 0.0209 0.00160 0.02583 0.01108 notch’s surface

Tab. 3. In addition, the maximum value of the first damage strain A‘fa is observed in the center of the cross-section of the
TC-specimen, whereas it occurs in the notched surface of the shear specimen. Moreover, it can be observed that the first
damage strain invariant I for uniaxial tension tests is significantly greater than for shear tests since the micro-voids grow
predominantly in the direction of tension rather than shear. On the contrary, the roots of the second damage strain invariant
/1% and the third damage strain invariant {/7$* have a sizeable significant influence compared to the first damage strain
invariant 7{* undergoing shear loading. This observation suggests that the fracture criterion based on the state of damage
strain proposed by Briinig et al. [12] is reasonable.

5 Conclusions

A modified anisotropic stress-state-dependent elastic-plastic-damage model is used to predict damage onset and evolution
under reverse loading conditions. The tensile and shear monotonic, cyclic experiments are used to validate the proposed
continuum model, and the numerical results are in good agreement with the experiments. As observed in experiments, the
reverse loading builds more coarse dimples, making the material more brittle. It can be seen that the number of loading cycles
and sequences affects the damage behavior and its evolution.
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