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SUMMARY

The current paper deals with the assessment and the numerid¢asimulation of low cycle fatigue
of an aluminum 2024 alloy. According to experimental obserations, the material response of
Al2024 is highly direction-dependent showing a material beavior between ductile and brittle.
In particular, in its corresponding (small transversal) S-direction, the material behavior can be
characterized as quasi-brittle. For the modeling of such a rachanical response, a novel, fully
coupled isotropic ductile-brittle continuum damage mechaiics model is proposed. Since the
resulting model shows a large number of material parametetsan e cient, hybrid parameter
identi cation strategy is discussed. Within this strategy, as many parameters as possible have
been determined a priori by exploiting analogies to estabkhed theories (likeParis ' law), while
the remaining free unknowns are computed by solving an optirization problem. Comparisons
between the experimentally observed and the numerically shulated lifetimes reveal the predic-
tion capability of the proposed model.

1 Introduction

High-performance materials like aluminum alloys are fregmtly employed in structural
components of transportation vehicles (e.g., airplanes,utbmobiles and motorcycles).
They have a high strength-to-weight-ratio and a high corraen-resistance resulting in
high e ciency. In particular, Al2024 is frequently used forcomponents in the aerospace
industry, e.g., for airframes or the fuselage of airplanesrhis special aluminum alloy is
known to be very damage tolerant and a good fatigue performecf. (ASM-Handbook,
1996). Due to practical relevance, the material propertiesf aluminum alloys have been
analyzed extensively to assess their performance undergdeloading events (monotonic
loading) as well as under repeated loading at low stress l&s/éhigh cycle fatigue (HCF)),
cf. (ASM-Handbook, 1996).

Engineering structures frequently made of high-strengthllays such as aerospace struc-
tures are usually subjected to a number of loading incidentduring service life which are
often of cyclic nature like recurrent landing operations oalternate pressure loadings at
high altitudes. In benign situations, the stress levels ammparatively low. However, dur-
ing critical overloads, e.g., experienced during unpredable mechanical events like tough
landing operations, bad weather conditions, etc., the mat@l may experience higher local
stresses. Even though the bulk of the material may be belowetlyield limit, local aws
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or inhomogeneities may increase the local stress level abdke elastic regime, which may
promote material degradation at higher stress levels (lowycle fatigue (LCF)). Thus, the
experimental assessment of the LCF behavior of aluminum ajis is of great importance.
Usually, a number of experiments have to be conducted undeistinct loading conditions
which is costly and time-consuming. The demand for numeritenodels for the simulation
of LCF is, thus, obvious.

Evidently, the LCF behavior of aluminum alloys such as AI202, or more precisely,
their mechanical response in general, is strongly a ectedylthe kind of manufacturing
process. For instance, the thermomechanical treatment dag wrought processing like
hot working can produce highly directional grain structure and a signi cant degree of
texturing. As a result, the material response may be direan-dependent. Recently, the
material behavior in the longitudinal (L-), the transversd (T-) and the small transversal
(S-) directions of a block of Al2024-T351 have been analyzedf. (Khan et al., 2010;
Vyshnevskyy et al., 2009). In monotonic loading tests, the aterial response for specimens
loaded in S-direction was less ductile and had a reduced rupé strain compared to those
loaded in L- or T-directions. Moreover, in contrast to the L-and T-direction, necking was
negligible and the nal fracture surface was almost perpemcllar to the loading direction.
In summary, the material behavior in S-direction can be chacterized as quasi-brittle, i.e.,
it lies in a certain range between ductile and brittle. Evenhough the underlying damage
process is driven by local plastic strain accumulation as Wei.e., can be considered
as ductile, the amount of global plastic deformation and theotal energy absorbed is
comparably small. The aforementioned quasi-brittle damagmechanism might also have
a considerable e ect on the damage process under LCF. Theyed, a novel material model
capable of describing such a quasi-brittle damage is elabted within the present paper.
It is based on a new approach for brittle damage combined with well-established model
for ductile material degradation.

Models describing the failure processes in ductile matelsacan be classi ed into two
major groups: Micromechanically based models and those wihiapproximate the respec-
tive damage processes by means of rather phenomenologiqgdraaches. So-calleductile
fracture modelsbelong to the rst class. They are based on (semi-)analytithomogeniza-
tion procedures of void growth in representative volume eteents, cf. (Chabanet et al.,
2003; Tvergaard and Needleman, 1984). In the past, eitherugged approaches (Gurson,
1977; Rousselier, 1981), where the softening behavior msiated by means of a fully cou-
pled elasto-plastic yield criterion, or uncoupled critea (Rice and Tracey, 1969), where
failure is assumed when the evolution of the damage variabieaches a critical threshold,
were used. In the last three decades, this modeling class ls&en a rapid development.
For the modeling of the monotonic loading behavior of Al202# S-direction, refer to
(Steglich et al., 2008). Even though ductile fracture modslcan be quite general and may
include rather complex void shapes or may consider damagecaulation under cyclic
loading (see (Kintzel, 2006) and references therein), tgisemi-)analytical tractability
is naturally limited. In more recent analyses of material dgradation, multiscale nite
element approaches are thus used, cf. Verhoosel et al. (2010

In the second class of models, the damage process is desdrime means of a more
phenomenological approach. An explicit micro-mechanicahodelling of defect evolution
such as void growth in a representative volume element is noebnsidered and no ho-
mogenization procedure is applied. Dierent to ductile frature models, where the yield
function depends on a softening variable, material degratian is taken into account by
reducing the stored energy function, while the respectiver@ution equations are derived
by considering certain general principles like the e ectie stress concept or the principle of
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Table 1: Chemical composition limits of the considered AL2% alloy (weight %), Source:
http://www.alcoa.com

Cu Mg Mn Si Fe | Zn | Ti Cr | Others, total Al
3.8-4.9| 1.2-1.8| 0.3-0.9| 0.50| 0.50| 0.25| 0.15]| 0.10 0.15 Balance

strain equivalence (Lemaitre, 1992) or energy equivalenf@ordebois and Sidoro , 1979).
Starting from the early proposition by Kachanov (Kachanov, 1958) for ductile creep
damage, this phenomenological approach has already beerplségdl to a wide range of
di erent mechanical problems with great success. Espedialthe ductile damage model
of Lemaitre (Lemaitre, 1992) became very popular. It has been genera@d to a fully

anisotropic damage law in (Lemaitre and Desmorat, 2005). T©imodeling class is often
referred to ascontinuum damage mechanics (CDM)

Due to the complex microstructure of Al2024 (see (Khan et al2010; Vyshnevskyy
et al., 2009)), a micromechanically based model does notise® be promising for analyz-
ing the resulting LCF response. Instead, a phenomenologi€&DM approach is considered
in the present paper. In our earlier analyses in the past, onductile damage was taken
into account, cf. (Khan et al., 2010; Vyshnevskyy et al., 2®). However, since the mi-
crostructural arrangement of Al2024, as observed in our aent sample (Quan et al.,
2004), may favor also brittle failure modes, a fully couplethodel is proposed here. While
ductile damage is modeled in a similar fashion as advocated (Lemaitre, 1992) (with
few modi cations), a novel approach is elaborated for brite damage. In sharp contrast
to the ductile damage model, material degradation can alrdg evolve below the yield
limit. Since early work on a large number of smooth and notchdespecimen demonstrated
that wide variations in commercial aluminum alloys causedttle or no detectable di er-
ences in fatigue strength (ASM-Handbook, 1996), the novebgpled damage model is also
applicable to a wider range of aluminum alloys.

The paper is structured as follows: In Section 2, the micrastcture of Al2024-T351 is
described. The micromechanisms associated with materiahrdage are brie y explained
in Section 3. The novel CDM model is elaborated in Section 4. aBed on mechanical
experiments summarized in Section 5, the calibration of th€EDM model to Al2024 is
discussed in Section 6. Finally, the numerical simulationgresented in Section 7 reveal
the prediction capability of the novel quasi-brittle damag@ model for low cycle fatigue.

2 The microstructure of Al2024-T351

The material currently investigated is the aluminum alloy A2024-T351. Typically, this
material is used in thin sheets, e.qg., for aircraft compon&n All specimens were cut from
a block of Al2024 with a thickness of 100 mm.

The matrix is precipitation hardened by nely dispersed seandary phasesAl,Cu and
Al,CuMg (Quan et al., 2004). The chemical composition is given in Tal. Copper is the
main alloying component. Manganese, together with magnasin, improves in particular
the quenching properties and chromium enhances the corrasiresistance.

The label T351 characterizes the wrought processing rouénvhere T3 indicates so-
lution heat treatment, air quenching and cold working, whi¢ 51 stands for stress relief
by cold stretching. Before repeated rolling, the blocks areoughly 300-600 mm thick.
Already after cooling down, the secondary phases are codysdistributed throughout the
Al-matrix. During hot rolling, particle clusters are formed fenceforth called particles of
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level 1) aligned in rolling direction which form internal néworks separating the structure
into at disks of Al-matrix domains surrounded by particle free bands (PFB). Aan ned
re-crystallization initiated during hot working leads to atexture with grain dimensions
elongated in rolling direction. During solution heat treament after hot working some
coarse particles are dispersed into thAl-matrix favorably at grain boundaries (grain
boundary segregation; henceforth labeled particles of E\I) with precipitates-free zones
(PFZ) around. During mild quenching in air, ageing occurs &wing a precipitation of ne
particles into the Al-matrix (henceforth labeled as particles of level Ill) whie hardens
the alloy by acting as dispersoids or grain re ning agents. drelieve residual stresses and
to straighten the plate, it is work-hardened by stretching uatil a plastic deformation of
1.5-3% is reached.

Some words on microstructural dimensions (see Tab. 2): Thetork-like connected
particle clusters of level | have a particle size of Z3 167 m and are surrounded by
PFB of approximately 5 m-thickness. The matrix domains are formed like disks withra
average radius 236 1255 m and thickness of 28 11:3 m, hardened by secondary
particles of level Il with a particle size of 036 0:038 m. The particles of level IlI
are nely distributed throughout the Al-matrix and are shaped like small needles. The
dispersoids and some external inclusions (oxides, etc.) lefel 1l with a particle size of
0:30 0:21 m are located at the grain boundaries. The grains are aligned rolling
direction and are formed in a pancake shape with an averagediti of 120 m and an
average thickness of 52m.

Particle size| Mean diameter | Volume fraction
Level | 235 16.7 m 3.2 0.7 %
Level 11 0.30 0.21 m 4.8 21 %
Level I 0.036 0.038 m 23 12%
Table 2: Dimensions and volume fractions of the particles ¢ével I, Il and Ill, cf. (Khan

et al., 2010; Quan et al., 2004)

3 Characterization of the microstructural failure modes

In the following, the failure modes under monotonic and cyidl loading are briey dis-
cussed (see also (Khan et al., 2010)). To analyze the corresding failure processes,
tests on smooth and notched round bars (RB) were conducted ¢h erent loading direc-
tions as shown in Fig. 1. Experimental evidence in form of SEMictures, which were
taken from the fracture surfaces, is provided. With the aid foimaging software it was
possible to produce also three-dimensional visualizatigrof the fracture surfaces for a
better characterization of the failure mechanisms.
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Figure 1: Characterization of S-, L- and T-directions and sggcimens taken

3.1 Monotonic loading

Monotonic uni-axial tensile tests on smooth round bars as gsented in Fig. 2 revealed that
the plastic deformation follows the same characteristicsithe beginning of the loading
process in all tested directions. However, while the plastbehavior in L- and T-directions
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Figure 2: Stress-strain diagrams for uni-axial tension f@amooth round bars

is nearly uniform even in the non-linear range, the ductilit in S-direction is reduced and
fracture occurs already very early. Furthermore, for spetiens loaded in S-direction,
necking was almost negligible and a at-faced type fractursurface could be detected as
illustrated in Fig. 3. In summary, for specimens loaded in Lor T-direction mostly a

Figure 3: Fracture surface orientations for di erent loadng directions

slant-shear fracture surface was observed and for specimenclined with respect to the
S-direction the fracture surface was at-faced. Concludm the overall plastic deformation
is reduced in S-direction and the failure process is more tie. More precisely, it can be
characterized as quasi-brittle.

Fracture in commercial aluminum alloys is typically causedby microvoid formation
at second-phase particles either by decohesion at the paté/matrix interfaces or by
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Figure 4: Monotonic loading. 3D-visualizations of the fraare surfaces for di erent load-
ing conditions: a) L-direction; b) S-direction

fracture of large and brittle intermetallic particles or carse precipitates, sometimes also at
smaller dispersoids and precipitates (ASM-Handbook, 1996teglich et al., 2008). During
coalescence, the rupture of the ligament, void impingement shear rupture may follow.
An important failure mode in aluminum alloys with a high amount of larger particles is
void sheet coalescence by the process of linking up of snralleids along bands of shear
between larger voids, leading to premature void coalescencSince larger constituents are
prevalent in Al2024, which cannot be further resolutionedybheat treatment, the fracture
toughness is generally reduced in aluminum alloys. The daton-dependent behavior
can be explained by taking the softer PFB around the particlelusters of level | and the
softer PFZ near the grain boundaries (level 1) into accountwhich are denuded zones
devoid of particles (see (de Hass and De Hosson, 2001)). Trae preferential sites of
localized plastic slip. For specimens loaded in L- and T-diction, damage may nucleate
in the weakest part of the microstructure, the PFB, but has tocross the tougher matrix
material leading to higher strength and dominant slant-ster fracture. By way of contrast,
for specimens loaded in S-direction, the damage rate in thefter PFB is increased and the
fracture process follows mode | along the interfaces betwethie PFB and particle clusters
of level | (transgranular cleavage or quasi-cleavage) ordghnterfaces between the PFZ and
the grain boundaries (intergranular separation). Since llo microstructural features are
preferentially oriented in rolling direction (direction d the long grain dimension), the
fracture surface becomes at-faced.

In Fig. 4, 3D-visualizations of the fracture surface for the.- and S-directions are
presented. For the L-direction, the fracture process can beharacterized as a dimple
rupture, since the shear lips between the dimples and a roughrface structure are clearly
visible. For the S-direction, the fracture surface is at-iced with di erent height levels
connected by walls of intense shear rupture (\shear lips")As can be seen in Fig. 5, where
a dimple structure can be observed for both loading directis, the primarily damage
process is caused by ductile fracture, i.e, microvoid nuektgon and coalescence. However,
for the S-direction this is more localized in the softer préuitate free zones leading to a
at-faced fracture surface with less expenditure of overbknergy.

3.2 Cyclic loading

The failure process in cyclic loading is di erent than that h monotonic loading. The
plastic strain range is smaller, but for a high number of cyek, the accumulated plastic
strain may exceed that of a corresponding monotonic loadingst by far leading to an
intense plastic strain accumulation.
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Figure 5: Monotonic loading; fracture surfaces: a) L-diréion (ductile); b) S-direction
(quasi-brittle)

The damage process for cyclic loading can be divided into & regimes: In the rst of
those, the accumulation of plastic strain and the increase dislocation density leads to a
three-dimensional arrangement of slip bands. In the begimg, planar slip arrangements
prevail where the dislocation movement is con ned to localundles or veins due to primary
slip, until a three-dimensional cell structure is nally famed when secondary slip becomes
more active. For higher load levels, the transformation to eell-like structure occurs earlier
which is also dependent on other intrinsic factors, cf. (ASNHandbook, 1996). When an
almost stable arrangement of dislocation structures is rehed, a saturated cyclic stress-
strain curve (CSS) is formed. For aluminum alloys in overageconditions where the
larger fraction of particles is incoherent and non-sheard) cyclic hardening instead of
cyclic softening can be observed during saturation. The atmentioned process de nes
the initiation phase of damage. It bears emphasis that thisliase can take up to one half
or more of the total lifetime. In the second phase of the damagprocess, microcracks are
initiated which may nucleate at microstructural stress raers like voids, inclusions, grain
boundaries, stronger second-phase particles or notchesandthe local stresses and plastic
strains are concentrated, cf. (Beremin, 1981; Lassance ét, 2007). Finally, during the
last phase, the microcracks, which are distributed over th&ructure, evolve to mesocracks
forming eventually a dominant macrocrack which propagatesntil the structure fails.

For the de nition of mesocrack initiation, the rst stage of microcrack propagation
is important. The crack initiation and propagation phase istypically divided into two
stages. Within stage I, crack growth follows the direction fothe maximum shear stress
and nucleation starts typically at the surface where slip bads have produced intrusions
and extrusions leading to a rough surface structure and mmnotches generating stress
concentrations. Subsequently, the crack growth changes &direction perpendicular to
the principal tensile stress direction. This is called stagll crack growth. Since this is
usually correlated to macrocrack growth, only stage | is ohierest for the prediction of
mesocrack initiation. Roughly, a mesocrack is initiatedfia certain characteristic crack
length is reached which is typically in the range of 0.5 to 1 mmThe duration of shear
crack growth is longer, if the plastic strain is more localed or the stress range is higher.
This is the case, if the structure contains coherent parties which are shearable (underaged
condition), since they can be easily cut by dislocations ani@dvor planar slip bands. For
incoherent particles which are non-shearable (overageddition), the dislocations cannot
cross the particles such that the mean intercepts of the inherent particles de ne the
length of the active parts of the slip bands with fewer dislations initiated, moving and
piling-up against the obstacles leading to a higher overdiatigue resistance, cf. (ASM-
Handbook, 1996). To the best knowledge of the authors, the rcant sample of Al2024 is
in an overaged condition with a mixture of shearable and noshearable particles which
leads to good fatigue performance, since the plastic slipriore homogeneous. The softer



8 J. Mosler

Figure 6: Cyclic loading. Lateral SEM micrographs of cyclally damaged notched speci-
mens. a) Mesocrack initiation; b) Coherent and incoherentgsticles

PFB and PFZ are also regions of intense plastic strain locaétion and fatigue crack
growth, but participate only, if the sample is loaded such tht the particle-free interfaces
are oriented in direction of maximum shear (ASM-Handbook,996).

Microcrack growth initiates dominantly at the surface, siwe single slip leading to
higher strain localization is more easily accommodated irudace grains than in con-
strained bulk grains where a large amount of multiple slip imecessary. In Fig. 6, a
visualization of an initial mesocrack at the notch root of a atched round bar is pre-
sented. On the right-hand side of Fig. 6, it is visible that tle particles of level | and Il are
partly broken and partly intact which shows that the sample las a mixed state of ageing.
Concluding, the plastic strain accumulation, which is the pmary ductile micromecha-
nism, leads to plastic strain localization. Localized pldie slip may produce large slip
o sets at the surface generating micronotches and microais. Any microstructural fea-
ture that results in an inhomogeneous plastic strain disthiution leads to undesirable local
stress concentrations at microstructural stress raiser$Such concentration sites could be
the particle/matrix interfaces which can be clearly seen irFig. 6 where the crack path
follows the path between the fractured larger particles.

3.3 Conclusion

In summary, the material behavior in S-direction can be chacterized as quasi-brittle.

More precisely, plastic strain accumulation as damage ding process as well as small
fatigue crack growth as brittle damage mechanism can be obged for LCF. Therefore, a

coupled ductile-brittle damage law seems to be promisingu&h a model will be elaborated
within the next section.

4 CDM material modeling

Notations:
D, DY D": damage variable, ductile and brittle parts
d b composition factors, ductile and brittle
, & P total strains, elastic and plastic parts
: Cauchy stress tensor
f(l), f(z), f’) . kinematic hardening stresses
(kl), (kz), f’) . kinematic hardening strains
Qi, i, gq : isotropic hardening and initial yield limit
Y, Y9 Yb: energy release rate, ductile and brittle parts
Qao, » Qg : in-/variable brittle damage thresholds

, d- associated strain-like quantities
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C, HS), Hi : elastic and plastic moduli
H ,Hg: brittle material moduli
BE), Bi, B , By :mater. parameters de ning saturation values

Tensor operations:

a:b=a; b : double contraction of two second-order tensors
tr(a) = a; : trace of a second-order tensor
sign(a) - 1 8 tr(a) O

' 1 8 tr(a)<O0

In the current section, a novel coupled ductile-brittle darage model suitable for the nu-
merical analysis of LCF in aluminum alloys is outlined. For hie ductile damage model,
an evolution law is used which depends on the plastic straimte and the energy release
rate as proposed byemaitre , cf. (Lemaitre, 1992). However, in contrast to the frame-
work in (Lemaitre, 1992), not only e ective Cauchy stresses but also e ective hardening
stresses are considered, cf. (Grammenoudis et al., 2009)or Ehe brittle damage ac-
cumulation, a novel damage indicator function is introduag which depends also on the
energy release rate and thus, on the elasto-plastic strain@mulation. Its related damage
evolution is controlled by the damage mechanism associatedth fatigue crack growth.
The introduction of a shift tensor, which plays a similar ro¢ as the back stress tensor in
elasto-plasticity, allows the consideration of damage aotwulation under cyclic loading.

This section is structured as follows: First, the ductile ad the brittle damage models
are introduced and explained in detail. Finally, they are cmbined to yield a fully coupled
ductile-brittle damage law. Throughout the paper, a geomeically linear setting is used,
where the strains are coupled additively according to

= e+ P €

Here, represents the total strains, and ® and P are the elastic and the plastic parts of

4.1 The ductile damage model

For describing typical plastic e ects such as theéBauschinger e ect, cyclic hardening
up to saturation as well to allow a good approximation of the lastic hysteresis curve
(see (Lemaitre and Chaboche, 1994),p. 234), three back slsetensorsQf(”, (=1,2,3) and
an isotropic hardening stres€); are introduced. With these assumptions, &lelmholtz
energy potential of the type

e.C- e x3 0 (kj) . (ki) 2
;=1 /" + HWW XX +H, - 2
2 K 2 ) )
j=1
is adopted in what follows. HereC = 1 1+2 Py is the isotropic elastic sti ness

tensor involving the bulk and shear moduli and , respectively,H; and Hy are hardening
moduliand ; and (k” represent the strain-like dual variables td; and QE), respectively.

I =(1 D) is the so-calledcontinuity function which depends on the damage variable
D. According to EqQ. (2) and in contrast to Lemaitre (1992), thecomplete stored energy
function is reduced by! which may lie in the range [0,1].
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Based on Eg. (2), the state variables can be derived in standamanner, i.e., by means
of the gradients to the energy potential (2). More precisely

@ °° @ _ e.
= = :.C: 3
@@eep @r ’ )
Q= o= 'HO W (=123); (4)
Kk

@ °P | :

i = = IH i:
Q @; ©)

Clearly, in contrast to the stress-like internal variablesQ(k” and Q; being de ned by
Egs. (4) and (5), the Cauchy stress tensor as dual variable to € follows from the
second law of thermodynamics for fully reversible processe

For modeling damage accumulation, the e ective stress coeyt is utilized which is
based on the principle of strain equivalence. According tdis principle, the strain associ-
ated with the damaged state under the applied stress equivalent to the strain associated
with the undamaged state under the e ective stress cf. (Lemaitre, 1992). The undam-
aged state is de ned by considering the virgin modulC, H; and H,E” for vanishing damage
(D =0). Thus, the e ective state variables (~) are given by

~=C:-%; (kj)z HS)~E)(j:1;2;3); Q= H~: (6)
By enforcing the conditions of strain equivalence, i.ef = € ~? = P ~(kj) = (k” and
~ = i, the relationships
: h_ QY o Qi
s Q=S (=129 Q=7 (7)
between the e ective stress-like variables~) and their physical counterparts () can be
derived.

For deciding whether a considered loading step is dissipagior fully reversible, a yield
function P is introduced. It is assumed that this function depends sdieon e ective
stresses. More precisely, won Mises vyield function of the type

r

P = gdev(~ Qu:dev(~ Q) (Q+Qy) O (8)

is adopted, whereQg" represents the initial radius of the elastic domain and devj is

the deviatoric projector, i.e., dev() = 1=3tr 1 Hence, according to the e ective
stress concept, damage and elasto-plastic e ects are unpted, i.e., the yield function is
independent ofD. However, a kinetic coupling still exists, since the damaggvolution is

a ected by the plastic strain rate. This will be shown explidtly later.

The model is completed by suitable evolution equations. Fgroviding enough exibil-
ity even for non-linear kinematic hardening, the frameworlof generalized standard media
is utilized here, cf. (Lemaitre and Chaboche, 1994). Withithis framework, the evolution
laws are derived from a plastic potential P. Similar to (Lemaitre, 1992; Lemaitre and
Chaboche, 1994), P is assumed to be of the type

ooy e elalol B ©)
K j )
MS;! 1 D) i ngJ) 2

|
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Here, M, S; and K are material parameters describing the damage evolution dllBl((j)
and B; are material parameters controlling the saturation valuesf the hardening stresses

according to Armstrong-Frederick . Furthermore,
ep e-C: e x3 D) : () 2
Y = %D: 5+ H k- k. S Hio (10)

=1

is the energy release rate. Complying with the framework okgeralized standard media
(see (Lemaitre and Chaboche, 1994)), the evolution laws apestulated as

p = 2@ _ ,@ @ _ °n

= = == _— =pn; 11
-’ @ @ @ (!) p (11)
, @P @P | ]
W= g Py (1=1529);
@y @’ @y
P B i) M 0
- LneBop el P @2
) k
- PO, @7 @
- @R @ @Q
P B.
= 1+#Qi): p(L+Bi i); (13)
. |
@p YM 1
D = p = : 14
@Y s/ @ DK 4
Here, the de nitions p := ,—p and n := %p have been introduced. Hencep equals the
equivalent plastic strain rate, i.e.,
.
pir=p: (15)

The plastic multiplier P 0 ful lls the Kuhn-Tucker complementarity conditions
P 0; P(;QY5Q) 0 and P P=0 (16)
as well as the consistency condition
PP=Q: (17)
Considering -P = 0, together with Eqgs. (11) to (13), the plastic multiplier p is derived as
D= n:C:_ : (18)

P . . .
n:C:n+ HYCE+Bn: D)+ H@+8B )
j=1

It can be proved in a straightforward manner that the dissipaon

x () (i)
D= = Py o+ u+yYD 0 (19)
i=1
as predicted by the discussed model, is non-negative and fhuhe second law of thermo-

dynamics is indeed ful lled. This is a direct consequencef the convexity of the plastic
potential P, cf. (Lemaitre and Chaboche, 1994).
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4.2 The brittle damage model

According to Sections 2 and 3, a quasi-brittle-type damage enhanism can also be ob-
served in Al2024. Therefore, the ductile damage model, assdiissed in the previous
subsection, is supplemented by an additional brittle-typelamage model here. For decid-
ing whether this additional model is active or not, a novel damage indicator function is
proposed (analogous to a yield function). It reads
CUN .
=) @raw o (20)
2

Here, Q4+ Qqo) de nes a threshold with a constant valueQq, and a variable valueQy.
is the so-calledshift tensorwhich has been introduced for describing cyclic loading ecés
(similar to Armstrong-Frederick -type hardening), Y is the energy release rate (see
Eq. (10)) and N is a material parameter. Assuming the internal variables gerning
ductile and brittle damage to be uncoupled, an additive fornof the Helmholtz  energy
is assumed. More precisely,

2 2
d=1Y +Hg-2+H —: 21
a5t H (21)
and 4 are the strain-like variables dual to the energy-like varisles and Qgq, respec-
tively. Both sets of variables are related by the state equeins as

@ @
@ @4
Accordingly, H and Hy4 can be interpreted as hardening parameters.

Fully analogous to the elasto-plastic model presented be#y the novel approach dis-

cussed here is further elaborated by postulating suitablev@ution equations. For that
purpose, the (convex) damage potential

d = d + & Q_(% + B_ _2

He 2 H 2
is introduced. Here,B and B4 are material parameters which have a similar meaning as
the saturation parametersB; or B,ﬂ” in the elasto-plastic rate problem. Based on Eq. (23),

the evolution equations are derived by applying the framewk of generalized standard
media (see (Lemaitre and Chaboche, 1994)), i.e.,

H and Qq = Ha 4a: (22)

(23)

@ sign(yN )
— d — d .
= @ - (—82 +B ); (24)
d
L= et WrBe o (25)
D = dg:{: oS00 ) iy e (26)
2

The multiplier ¢ 0 fullls the Kuhn-Tucker complementarity conditions
¢ 0; UY;:Qy 0 and ° “=0; (27)
together with the consistency requirement

d d=p: (28)
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Considering -£ = 0, the damage consistency parameter can be obtained as

L SIgnO ) Ny N Ly
- Slgn(YN ) (29)
B (1 )+ Ba(Qer Qu)

where the limit stresses ; = HS‘%# and Qg = ';—g have been introduced by
assuming the limit values
sign(y N
%+B 1 =0 and 1+Bg 41 =0 (30)
2

in combination with Egs. (22). A careful analysis of the the dmage rate

N 2 Y2 Dy

S g ST ) (0 )+ Bg(Qa: Q)

reveals that ; andQqg: de ne animplicit threshold at which the damage rate accelates
signi cantly. In contrast to D.it can be shown that the evolution of or Qq is not a ected
by the limit values 1 0rQq: . Thisisin sharp contrast to the elasto-plastic rate proble
whereB; or B U) actually de ne the saturation values for the hardening strsses.

For the sake of completeness, the dissipation predicted blge model is given as well.
It reads

D= +Qgy g+tYD O: (32)

As mentioned before, since the evolution equations have Inederived from a convex
potential, i.e., within the framework of generalized stanard solids, the second law of
thermodynamics is automatically ful lled.

4.3 The coupled ductile-brittle damage model

Finally, both models as outlined in the previous two sectia are integrated into one
ductile-brittle damage model. In line with the previous subection, the Helmholtz
energy of that model is assumed to be of the type

e.c-e X (DR () 2
CZ: + HIEJ) k kK 4|

i=1
(21 2

+tHy—+H —: 33

i 5 (33)
While the elasto-plastic part of the model is governed by thgield function (8), together
with the evolution equations implied by the plastic potental (9), the brittle damage
evolution is driven by Egs. (20) and (21). The total materialdegradationD is assumed
to be a superposition of the plastic partD® and the brittle part D°. More precisely,

by introducing the composition factor ¢ = (1 by 2 [0: 1] ful lling the compatibility

equation 9+ P=1, the coupling of both models is provided by

=1 9p¢ PDY): (34)
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This choice leads to an additive decomposition of the energglease into a ductile and a
brittle part, i.e.,

e-C: © x3 ) (J'): () 2
Yd - d 5 + HIEJ) k 5 k +Hi_l : (35)
j:l |
b _ b :C: o 9P 7
Yb = > + Hy 5 + H; (36)

which in turn, yields the additive structure of the damage eslution D = 9D%+ PDP2
[0; Derit ] with

d _— YdM ! . d .nd .
D" = p—sl 1 Dd)K ) D" 2 [0; Dcrit] ' (37)
; bN
D_b — d S|gn(YS2 ) N YbN 1 : Db 2 [0, Dsrit ]: (38)

It can be shown in a relatively straightforward manner that his additive decomposition
is also ful lled for the dissipation, i.e.,
@° 4 4@°
P—_Y —Y": 39
@Y @y (39)
Since each submodel (ductile damage and brittle damage) isermodynamically consis-
tent, i.e., obeys the second law of thermodynamics, the rd8ng model is indeed physically
sound as well and the dissipation inequality is thus ful llel. To guarantee a positive dam-
age evolution for brittle damage, damage growth is considat for a half-cycle only, i.e.,
in case of a positive sign ofY{®N ).

DY=

5 Mechanical testing

Two types of specimens were tested. A so-callé@amage Low Cycle specime(DLC,
smooth round bar) was designed for tension-compressiontgeshowing a stress state close
to the uni-axial one. Additionally, circumferential RoundNotch Bars (RNB) with various
notch radii were designed to achieve a variation of the strestate in the middle cross
section of the specimens. For detailed information, refeotKhan et al. (2010). All
specimens were cut from the same plate of Al2024-T351 in 3@l transversal)-direction
and they were mechanically treated with a turning machine. fie length of the specimens
is equal to the thickness of the plate. Hence, the e ective msuring length is associated
with the mid-plane of the plate under investigation. Since@atches at the surface of the
specimens could result in stress concentrations which atethe lifetime, the surfaces of
the specimens were ground and mechanically polished in theettion of loading.

The fatigue tests were performed on a 160 kN servo-hydraulicachine in accordance
with practices E 4 and E 467. All tests were conducted at roonemperature and the
testing machine, together with xtures, ful lled the ASTM b ending strain criterium E
606. Specially designed gripping of the testing setup andaahping threads of the spec-
imens allow for tension-compression reversal loading. Tlgclic tests in all cases were
performed displacement-controlled. The longitudinal d@acements were measured using
an extensometer attached to the working distances in the @a®f the DLC-specimen as
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Figure 7: Experimental test specimens. a) DLC (Damage Low Cle specimen); (b) RNB
(Round Notch Bars) R = 10mm; (¢) RNB R =2mm, (Khan et al., 2010)

Specimen / | [mm] PN NP NS
ML /0.8 0.08 | 0.0664 1 - 1
SR-1/0.4 0.04 | 0.0247 9 1 10
SR-2/0.3 0.03 | 0.0153| 27 3 30
SR-3/0.25 0.025| 0.0115| 48 5 53
SR-4/0.2 0.02 | 0.0063| 116 22 138
SR-5/0.18 0.018| 0.00487| 145 21 166
600

'

o

= 400

0

X

®

()

o200

8 o Tension (exp)

= o Compression (exp)

“ 9 | |

0 50 100 150

Number of cycles

Figure 8. (a) Experimental results for smooth round bars (direviation DLC or SR);
S-loading direction. Sketches for de nitions of (b) cyclicstrain range; (c) NDexp’ NSXp
and Nsxp (Khan et al., 2010)

shown in Fig. 7, while the extensometer was attached to spalty manufactured grooves
in case of the RNB-specimens, see Fig. 7. A symmetric cyckR=(1) based on a triangu-
lar wave shape was imposed with various displacement ampiites |. The time period
was not varied (T=100s). All tests were conducted until complete failure (separadn of
the specimens into two parts). Time-force-displacement sponses during the tests were
recorded with a digital acquisition device. A su cient number of simultaneous data pairs
(force and elongation) was taken for both the ascending anti¢ descending segments of
the hysteresis loop. In line with E 606, the aquisition fregency was set to 0.01 Hz. The
gauge length of the smooth round bars (DLC) was 10 mm and thaf the RNB 25 mm.

The experimental results (number of cycles) for di erent s&in ranges are presented
in Fig. 8, where P represents the strain amplitude for stabilized conditionsi.e., when
the peak stress remains constant from cycle to cycle.
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6 Parameter identi cation

In the present section, the parameter identi cation stratgy is outlined. First, the brittle
damage law is calibrated to small fatigue crack growth cort@ring Al2024 alloys. Then,
the plastic moduli are de ned by matching the experimentall observed elasto-plastic
hysteresis curve for a medium strain range. For de ning dangg initiation, a reasonable
activation criterion is presented which is nally calibrated to Al2024 by comparing the ex-
perimentally observed and numerically simulated number alycles. For this purpose, the
time of damage initiation, as observed in the experiments,als been identi ed by the mo-
ment when the peak stress starts decreasing. Finally, thefsaning process is described by
the proposed ductile-brittle damage law. Its material parmeters are found by comparing
the experimentally observed and numerically simulated &times. As optimization strat-
egy, an iterative approach has been used according lelder Mead , cf. (Nelder and
Mead, 1965). The parameter identi cation has been done for@e-dimensional uni-axial
tension-compression test.

6.1 Calibration of the brittle damage model to Al2024

The novel brittle damage law discussed in the present papes used for describing the
damage process of fatigue crack growth. A well known model iwh describes fatigue
crack growth for rather long cracks was proposed Wyaris (Paris et al., 1961). It reads

da

N C( K) ; (40)
where C and are material parameters. K is the stress intensity factor range which
can be computed by K = Kpax  Kmin = Kmax = K, if Kinin = 0 is assumed (cyclic
loading with R = 0). In general, the rate of small crack growth can be di erento that
of long crack growth. However, according to (ASM-Handbookl 996), the small crack
growth rate can be reasonably approximated by a model for Igncracks. Consequently,
Paris ' law is also considered here. For Al2024, the material paraters for the Paris
law are documented in (Pieri and Sinclair, 1994). For two dierent geometrical scaling
factors, two distinct values of , 2.73 and 3.24, are reported. In what follows, an average
value of = 3:0 is considered. Regarding the stress intensity factor, iao be computed
in terms of the energy release rate (see (Lemaitre, 1992),f1). More precisely,

k=PEc=PEV. (41)

where G is Griffith 's energy release. Clearly, in case of crack growth, it eqeahe
energy release raté& .

For relating Paris law to the brittle damage model elaborated in the previous $u
section, the time derivative of Eq. (40), evaluated over oneycle, is computed. It gives

a= CK MK (42)

Consequently, by inserting Eq. (41) into Eg. (42), a relatio between the energy release
rate and the crack growth of the type

p_—
PEV) 1TEY Y =Ccy 21ty ; (43)

M

a= C(
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can be derived. HereC is a material constant. By further assumind).  a, the proposed
brittle damage evolution in Eq. (31) is de ned as

D y2® Yy (44)

Accordingly, a comparison of both models yields the matetiparameter N = 1:25.
Considering the damage evolution rate (31)5, can be neglected. Here, the admissible
choice S,=N=1:25 is made. For the sake of further simpli cation and to redue the
unknown material parameters, the variable damage threshblhalue Q4 will be neglected
in our numerical simulations, i.e., an evolving damage thskold will be modelled by
means of the shift tensor only. Summarizing the aforementined assumptions and
simpli cations yields nally
NP Yeyd  105P Yoy _
y

B (. ) B (1 (45)

Here, (), denotes the limit value of the respective variable {.

For computing the constant damage threshold valu€gyo (initial threshold), the en-
durance limit is considered in general. However, for alumim such a clear endurance
limit does not exist. Given that the endurance limit can be gefor a number of cycles at
fracture Ny 10’-10%, the Cauchy stress lies in the range; 50-75 MPa. Knowing
and assuming instantaneous damage initiation in the rst cgle, i.e.,

d YbN
=N Quo=0 (46)
Qgo can be computed from
b 2 N
2E
Quo = N : (47)

Here, a purely elastic material state has been consideredrian average value  =62.5 MPa,
Qo is computed as 0.009636272 (Mth®)N ( P=1.0, E=67000.0 MPa,N =1.25).

6.2 The approximation of the elasto-plastic hysteresis cur ve

To permit a good approximation of the plastic hysteresis cwe, three back stress ten-
sors are superposed (see (Lemaitre and Chaboche, 1994), )2 In particular, the
introduction of a linear kinematic hardening rule (third back stress tensor) improves the
description of strain ratcheting, i.e., the growth of permaent strains from cycle to cycle.
A single Armstrong-Frederick rule usually overpredicts the ratcheting e ect. The
linear rule de nes in particular the slope of the hysteresigurve at the point of strain
reversal. The set of plastic parameters has been found by rohing the experimentally
obtained and numerically simulated elasto-plastic hystesis curves for a medium strain
range of = 0.025 with 53 number of cycles to fracture, see Tabs. 3 (cadsr a factor
% for ng” in the three-dimensional case). In Fig. 9, the stress-straidiagrams obtained
experimentally and those simulated numerically are prestad. The approximation is not
completely in line with the experimental data, but reprodues the cyclic behavior quite
satisfactorily.
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Table 3: Optimized material parameters characterizing thelasto-plastic response (DLC

specimen, =0.025)
m ) 3) :
HY (MPa) | H® (MPa) | HY (MPa) | H; (MPa) | E (MPa)
180000.0 5000.0 6010.0 1026.496| 67000.0
BY |BZ [BY| B ° (MPa)
3050.0| 20.0| 0.0 | 6.8433 225.0 0.3
400r Experiment i S00F :
—_ prfEEg y . Fomm- Experiment
g ;gg —— Simulation % 300: — Simulation
g 100 & 100+
g 0 2 0t
8 -100 | £ -100}
Z 200} 2t
S 300 g -300¢
S 400} ‘ . . S ol L = . . ]
0.015 0 0.005 0.01  0.015 -0.015 -0.01 -0.005 0 0.005 0.01  0.015

Strains €,

Strains €,

Figure 9: Elasto-plastic hysteresis; Experimental data ahsimulations for a strain range
of =0.025 (a) rst 4 cycles; (b) stabilized cycle 46

6.3 The damage initiation phase

The instant of damage initiation is related to the amount of eergy expended on the
incubation of defects. Hence, it is correlated to the storagof internal plastic energy.
In line with (Chrysochoos, 1987), a modi ed energy functioal is considered here. More

precisely, the energy expended on the incubation of defectdated to isotropic hardening
is assumed to be of the type

Zy .
n+ A m
W = R, (1 e™ = rrdt

0

(48)

Here, A and m are scaling parameters. The same model has been used in oulieravorks
(Khan et al., 2010) for de ning damage initiation. r is the accumulated plastic strain (see
(Lemaitre and Desmorat, 2005),p. 28), whileR; and b are related to an exponential
decay rule. Since in the current setting a\rmstrong-Frederick rule is used, which
is de ned by H; and B;, both parameter sets have to be consistent.

Evidently, the stored energy corresponding to the back stss tensor a ects damage
initiation as well. However, since the rst back stress satates very fast, while the last
back stress would lead to a too large energy (linear hardegin only the second back stress
is considered in what follows. Thus, the energy expended olnetincubation of defects is
approximated by

H? o @

: (49)

and damage initiation is assumed, if
Ws (50)

with wp being a threshold value.
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In summary, de ning damage initiation requires to determime the set of material pa-
rameters A; m; wp ].

6.3.1 Parameter identi cation strategy
In order to determine a set of material parameteré&, m and wp, the objective function

fAm: = n bs(logN P 1ogn SIMY) - 51
miwog =arg min (* absoN P ogNSIM) : (51)
SJITHLW D 1

IS minimized. Here,NDe;)i(p are the experimentally observed cycle&lg;'im are the numer-
ically simulated counterparts andn is the number of experiments with di erent strain
ranges (see Fig. 8n=5; SR-1 to SR-5).

The nal material parameters are summarized in Tab. 4. Withn the computations,

Table 4: Optimized parameters for de ning damage initiatio

m A wp (MJ=m?3)
4.8972| 0.009824 0.66295

R; =150:0 MPa andb=6.82 have been used for the exponential decay rule. UsiRg and
b, rlyaarly 96.6% saturation of cyclic hardening is reached fan accumulated plastic strain
of B'W“'ES P=0.5. The consistent material parameterdd; and B; are de ned according
to Tab. 3.

6.4 The coupled damage model

Although a ductile damage model similar to that proposed intte present paper has already
been calibrated and applied in our analyses (Khan et al., 201Vyshnevskyy et al., 2009),
all material parameters associated with the ductile damagmodel are re-calibrated here.
Hence, by assumingK = 0, M and S; have to be determined. Adding the till now
unknown parametersB andH for the brittle damage model and the composition factor

d the parameter set to be de ned isM;S1;B ;H ; 9]. A mescoscopic crack is assumed,
if the critical values of the damage variableﬁ)f:’;ﬁ = D.it =0.23 are reached.

6.4.1 The crack closure e ect

For the modeling of crack closure, a prefactor of 0.2 is codsred for the ductile compo-
sition factor 9 in the compressive part of a cycle (if tr()<0). For the brittle damage

contribution, no such distinction is made. However, the e et of crack closure is consid-
ered also for the brittle damage part, since damage evolves a half-cycle only, i.e., if

. YbN
sign —; > 0.

6.4.2 Parameter identi cation strategy

The parameter identi cation was carried out in three steps. Within each of those the
minimization problem
X .
f g =argmin( abs(logN P logNSM)) (52)
9 ; ;

1
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Figure 10: Sketch of the DLC-specimen, loading conditionsid nite element discretiza-
tion

was consideredr{=5, cf. Eq. (51)). At rst, the ductile damage model was calilvated (for
nding M and S;). Subsequently, the same procedure was applied to the detenation
of the brittle damage parameterd88 andH . Finally, a fully coupled analysis yielded the
composition factor 9. The nal material parameters are presented in Tab. 5.

Table 5: Remaining material parameters for the combined dtite-brittle damage model
law

M S B H d
1.6|1.544| 0.992| 121.5| 0.86

7 Numerical example of a smooth round bar (DLC-
specimen)

The prediction capability of the novel ductile-brittle damage model is demonstrated here
by re-analyzing a smooth round bar (SR), see Fig. 8. Its midelsection has been dis-
cretized by the nite element mesh shown in Fig. 10. Due to symetry, only one quarter
of the structure has been discretized. For a detailed degation of the specimen dimen-
sions, refer to (Khan et al., 2010). The computation was dondisplacement-controlled.
The right boundary at the free end is slightly conical to fore localization at the bottom
right corner of the structure. The fully three-dimensionalCDM model as presented in
the previous sections has been implemented into a UMAT-roue in ABAQUS. To im-
prove the convergence of th&lewton iteration scheme at the material point level, a
line-search according to (Rerez-Foguet and Armero, 2002)as been applied. The same
technique was also employed at the global level (equilibriu iteration). Mesocrack ini-
tiation was assumed at the moment at which the critical damag threshold of 0.23 was
reached. As expected, this threshold was reached rst at thecal integration point near
the middle-section at the right boundary of the structure (int A).

The results are presented in Tab. 6 where also the estimatedimber of cycles for
the one-dimensional case (as optimized during the parameidenti cation) are included.
As can be seen, the numerical results for the one-dimensibaad the three-dimensional
case are nearly identical. Only for SR-1, the fully three-diensional computation gives
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Table 6: Numerically simulated number of cycles! SIM and NSIM and error with respect
to Ny eXp ("SR-X" abbreviation according to Tab. 8)

1-D 3-D

Type Nglm Nglm Nglm Nglm
SR-1| 9.25 | 12.11/+21.1%| 8.7 11.2/+12%
SR-2 | 29.75 | 34.06/+13.5% | 29.27 | 33.7/+12.3%
SR-3| 52.25 | 58.25/+9.9 % | 52.2 | 59.0/+11.3%
SR-4 | 101.25| 112.04/-18.8%| 101.7 | 113.0/-18.1%
SR-5| 144.25| 159.13/-4.1% | 145.7| 161.0/-3.0%

W8
w,=0.662 o elp 0,61 W,=0-662
0,6
o &
£ £ 041
i har)
% 0,4 s
o » -
2 L 2 02 —— De=0.018,N_=146
—— De=0.04,N_=9
0,0 T T T T T T 0,0 T r T T
0 2 4 6 8 10 12 0 40 80 120 160
Number of cycles Number of cycles

Figure 11: Damage activation criterion for two di erent strain amplitudes in point A (a)
SR-1; (b) SR-5; see Tab. 8

a slightly better prediction for N3'M. Accordingly, the use of the fully coupled ductile-
brittle damage model leads to a prediction of lifetimes in gomd agreement with those
experimentally observed. A more careful analysis revealbdt the numerical simulation
could be further improved by modifying the damage activatio criterion (compareN 3 sim

to Fig. 8) since an error inNSIM clearly a ects also the prediction forNS$IM. According
to Fig. 11, the portion of the plastlc strain energy relateda@ kinematic hardenlng plays a
much greater role for SR-1, in comparison to SR-5 where theatiz portion of the ws-curve
is negligible.

In Figs. 12 and 13, the total damage accumulation as well asitle ning single parts
are plotted.  As evident, the brittle damage part plays only aminor role for SR-1,
while its e ect is more pronounced for SR-5. This would implythat small fatigue crack
growth is more relevant for large numbers of cycles, espdbjdor HCF. Furthermore, as
can be seen in Figs. 12 and 13, the fracture criterion f@¢ is reached rst, while the
complete damage variable is still below its threshold. By aaparing the numerical results
to the experimental obervations, it can be concluded that th brittle damage part is
slightly underestimated for a smaller number of cycles. Tocrease its in uence, di erent
modi cations are possible. The probably most promising onevhich will be considered
in future, is a variable composition factor.

The peak stresses as a function of the number of loading cycéee shown in Fig. 14. As
can be observed, the maximum stresses in tension are smaltean those in compression.
This e ect, which can also been observed in experiment, is arect consequence of the
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Figure 12: Complete damage variable for two di erent strairmmplitudes in point A (a)
SR-1; (b) SR-5; see Tab. 8
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Figure 13: Ductile and brittle damage variables for two di @ent strain amplitudes in
point A (a) SR-1; (b) SR-5; see Tab. 8
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Figure 14: Maximum Cauchy stresses for two di erent strain amplitudes in point A (a)
SR-1; (b) SR-5; see Tab. 8

assumed crack closure e ect.

8 Conclusion

In the present paper, a coupled isotropic ductile-brittle dmage model suitable for the
numerical analysis of LCF in high-strength aluminum alloyshas been proposed. This
model is a result of research activities in di erent areas raging from experiments and
characterization to the numerical implementation as well @ the nal calibration of the
material parameters. For modeling ductile damage evolutip an approach similar to that
proposed byLemaitre (see (Lemaitre, 1992)) has been utilized, while for brittldamage
accumulation a novel model for small fatigue crack growth Isabeen proposed. Based on
these models, a fully coupled approach approximating a qudwittle damage evolution
was advocated. It has been applied to the prediction of lifehes at high stress levels
(LCF) in the S-direction of an aluminum 2024 alloy. Since theesulting model shows a
large number of material parameters, an e cient, hybrid paameter identi cation strat-
egy has been discussed. Within this strategy, as many pararees as possible have been
determined a priori by exploiting analogies to establishetheories (like Paris ' law), while
the remaining free unknowns were computed by solving an optization problem. Com-
parisons between the experimentally obtained lifetimes dntheir numerically simulated
counterparts revealed that the proposed model is very prosing for the application to
LCF.

Although the predicted lifetimes are in good agreement witlthe respective experi-
ments, the relative contribution of the brittle damage modekis slightly underestimated
for a smaller number of cycles. Therefore, future work wilbtus on a variable composition
factor ¢ and improved threshold values for the brittle damage law.
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