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The present paper reviews experimental results on the fatigue damage of austenitic-ferritic duplex steel
under various load levels ranging from LCF to VHCF, placing the focus towards the relationship between
the crystallographic orientation of individual grains and grain patches that exhibit slip band formation,
fatigue crack initiation and growth. A combination between fatigue testing of electropolished specimens
and analytical electron microscopy (SEM/EBSD, TEM) revealed that under LCF loading conditions almost
all the ferrite and the austenite grains showed plasticity, while under HCF and VHCF loading conditions,

giy;lv:;dsst:eel slip band formation was limited to the softer austenite grains and a low plastic activity is observed in the
Short fatigue cracks ferrite. Once being formed, the bands generate high stress concentrations, where they impinge the a-vy
LCF phase boundaries, eventually, leading to the crack initiation. This is discussed by applying a numerical
VHCE simulation approach based on the finite-element (FEM) and the boundary-element (BEM) method.

Modeling © 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Duplex stainless steels (DSS) are increasingly used for industrial
applications that involve fatigue loading in corrosive environ-
ments. Due to the high Cr and Mo content DSS exhibit a superior
resistance to stress-corrosion cracking. The mechanical properties
can be tailored for the two phases, bcc ferrite (o) and fcc austenite
(v), separately by heat treatment (475 °C embrittlement) or nitro-
gen alloying [1].

Fatigue damage generally initiates at plastic strain concentra-
tion sites. Under low-cycle fatigue (LCF) loading conditions, plastic
deformation involves large areas of a structure and causes immedi-
ate multiple-site crack initiation. Previous studies in the LCF re-
gime have revealed that when the material is in the as-received
form, all the ferrite and the austenite grains showed plastic defor-
mation [2].

The lower critical shear stress and the planar slip character of
the dislocations produce a homogeneous slip band distribution
earlier in the austenite than in the ferrite. The associated disloca-
tion structure belongs to dislocation bands on one or two {111}
slip planes. In the ferrite, dislocations present the typical wavy slip
character and the slip markings in the specimen surface are com-
posed of all kind of slip features, i.e., slip lines, band-like extru-
sions, curvilinear cord-like extrusion and highly rugged areas.
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Strain localizes in these rugged zones, which promote crack initia-
tion [3,4]. According to other authors, microcracks may nucleate in
an intergranular manner in the ferrite areas, which is in agreement
with the analysis of Vogt et al. [4], or along persistent slip bands in
those grains where single slip is more favourable. Microcracks
propagate in an oscillating way until their coalescence [5,6]. In par-
ticular in the case of high mean stresses, crack coalescence strongly
contributes to short crack propagation, which can be attributed to
a high crack density (cf. [7]). Finally, a large portion of the fatigue
life is determined by long fatigue crack propagation (technical
cracks, cf. Fig. 1a), which can be assessed by, e.g., the empirical
Paris law (for an overview see [8]).

Contrary to that, high-cycle (HCF) and very-high-cycle fatigue
(VHCF) damage occurs locally, when the applied load is macro-
scopically elastic. Second phases of different mechanical properties
as well as crystallographically misoriented grains give raise to
stress concentration that leads to the development and growth of
slip bands during cycling [9,10]. These bands may be blocked by
or transmitted through grain and phase boundaries. Due to partial
irreversibility of cyclic plasticity along single slip bands (cf. Section
4), vacancy-type annihilation of dislocations moving back and
forth at the slip band can be considered as infinitesimal crack ad-
vance. Arrest and overcoming grain and phase boundaries by the
plastic zone and the crack, respectively, give rise to an oscillating
fatigue crack propagation rate. In the case of VHCF, this oscillation
may prevail throughout the complete fatigue life [10,11]. If the
microstructural barriers are strong enough, all the initiated cracks
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Fig. 1. Schematic representation of (a) the damage development (crack length)
during LCF, HCF and VHCF, and (b) the probability of the occurrence of
microstructure heterogeneities as a function of the heterogeneity level (cf. [12]).

are blocked, and the fatigue limit is reached. Accordingly, the resis-
tance to fatigue damage for low stress amplitudes (HCF and VHCF)
becomes strongly dependent on the microstructure heterogeneity
level and the probability of the occurrence of critical heterogene-
ities [12], the latter being dependent on the specimen or compo-
nent size and the production process, respectively. This is shown
schematically in Fig. 1b. In the case of duplex steel, the response
to fatigue loading depends on the initial mechanical conditions
(stress or strain range, strain rate, etc.) and on the mechanical
strength of the two phases [1,8,13]. In earlier work it was found
that cyclic plasticity is partitioned mainly to the softer austenite
phase leading to the occurrence of elastic residual stresses in the
ferrite grains during HCF and VHCF or the mutual interaction of
the phases to accommodate plastic deformation during LCF. There-
fore, slip bands and microstructural crack formation cause stress
relief and the onset of the fatigue damage process.

The present paper summarizes previous results on HCF and
VHCF in the homogenized DSS and adds new results of LCF and
HCF experiments varying the strength of the ferritic phase by an
embrittlement heat treatment. As well, it will be outlined how
the apparently different damage mechanisms can be assessed by
a uniform short crack modelling concept.

2. Experimental

The duplex stainless steel used in this study, with the chemical
composition according to Table 1, was given a grain-coarsening
heat treatment in order to ease 2D and 3D measurements of the
crystallographic orientation distribution. The strength of the ferrite
phase was varied by means of an embrittlement heat treatment
causing the formation of Cr-rich o precipitates within the ferrite
grains by spinodal decomposition [1]. The heat treatment parame-
ters and the corresponding yield stress, hardness and grain-size
values are represented in Table 1.

The two-phase microstructure (phase fractions about 50% o and
v, resp.) is shown in Fig. 2a, in a cross section normal to the rolling
direction. Mechanical testing was carried out on various mechani-
cal conditions in a wide fatigue range. HCF and VHCF tests were
performed in resonant fatigue testing (RUMUL Testtronic, 40—
260 Hz), servohydraulic (MTS 810, 1000 Hz) and ultrasonic (BOKU
20 kHz) testing systems using different specimen geometries,
mainly under stress control and a stress ratio of R=—1. Fig. 2b
and c show the shallow-notched specimen design that allows lim-
itation of crack formation within an electropolished notch area
(notch factor B~ 1.1). In-situ observations with a long-distance
QUESTAR optical microscope coupled to a digital camera at the
testing machine were made. As well, a discontinuous evaluation
of fatigue damage at the surface by scanning electron microscopy
in combination with automated electron back scatter diffraction
(EBSD) were carried out [14,15]. For LCF tests an electromechanical
Instron machine mod.1362 was used. Testing was performed un-
der plastic-strain control with a fully reversed triangular wave at
total strain rate of 2 x 0~ s~ . In order to characterize the surface
damage, the test was stopped (at 80% of g\ax) periodically. Fig. 2c
shows the shallow-notched specimen design that allows crack ini-
tiation in a limited electropolished area. The flat part of the notch
for LCF was systematically explored during the test using a high
resolution CCD camera JAI mod. CM-140MCL with a 50x objective
and a 12x ultra zoom device mounted on the fatigue test machine.

3. Results

During LCF in the embrittled condition, the austenite phase pre-
sents — as in the as-received condition - homogeneous distribution
of planar slip markings, while the ferrite exhibits first straight slip
lines, which turn into slip bands during ongoing cycling. One char-
acteristic feature of these bands is that they are heterogeneously
distributed on the specimen surface as is illustrated in Fig. 3a
and b. In fact, the ferrite presents planar slip- or less wavy slip-
character due to spinodal decomposition; dislocations are more
confined to their glide planes not being able to cross slip as usually
occurs in a bee structure [16]. This fact was proven in earlier papers
by Gironés et al. and Armas et al. [17,18]. During fatigue, the back
and forth dislocation motion diminishes the amplitude of the spin-
odal decomposition [19], which favours the subsequent dislocation
motion and the generation of localized deformation regions

N P S

Table 1

Chemical composition (in wt%) and heat treatment parameters of the duplex steel (German designation 1.4462) used in this study.
Fe C Cr Ni Mo Mn
Bal. 0.02 21.9 5.6 3.1 1.8

Homogenized condition + grain coarsening

0.19 0.023 0.002

1250 °C (4 h), followed by slow cooling to 1050 °C and, eventually, water quenching

Ferrite: grain size 33 pm, hardness 280 HV
Austenite: grain size 46 um, hardness 260 HV

Yield stress: 550 MPa

Embrittled condition + grain coarsening

Yield stress: 830 MPa

1250 °C (4 h) followed by slow cooling to 1050 °C and, eventually, water quenching 475 °C (100 h)
Ferrite hardness 465 HV
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Fig. 2. (a) Ferritic-austenitic microstructure of the duplex steel used in this study,
(b) specimen geometry for HCF and VHCF, and (c) LCF testing.

(microbands), Fig 3c and d. This deformation concentrates in bands
along the {110} and {112} planes, which lastly give rise to the for-
mation of microcracks when these planes intersect the free surface
of the specimen [15,20]. Alternatively, the critical strain concentra-
tions at the intersection of these bands to the phase-boundary can
form crack nuclei as well, Fig. 3d. Microcrack grows in an oscillat-
ing way, being the o~y phase boundary a barrier to crack propaga-
tion. The strength of this barrier depends on the crystallographic
misorientation angles between neighbour grains [13].

Under HCF in the homogenized DSS, the cyclic plastic activity
begins after few cycles in the austenitic phase. As cycling proceeds,
slip lines intensify and finally most of them propagate into the fer-
rite. The concentration of stresses in the ferrite increases and slip

markings intensify and turn into coarse bands that can remain ar-
rested at the grain boundary, Fig. 4a. TEM micrographs show a cer-
tain degree of plastic activity in the ferrite not forming complex
structures, Fig. 4b. In the embrittled DSS, the first slip markings ap-
pear mostly in the austenitic phase and as cycling proceeds, these
lines intensify and some propagate into the neighbouring ferritic
grains or remain arrested at boundaries. Microcracks often nucle-
ate mostly at o—y boundaries and then propagate along slip mark-
ings formed successively in the austenitic and ferritic grains, Fig. 4c
and d. To a less extent, microcracks can also nucleate on slip mark-
ings in the austenite and at o—o boundaries [21].

VHCF loading conditions were tested only in the homogenized
DSS. The plastic activity seems to be limited to the softer austenite
grains. This kind of plasticity, occurring at a remote stress ampli-
tude below the macroscopic yield strength, can be attributed to
the elastic anisotropy of the material, which has been proven by
the finite element simulations (cf. Section 4). In accordance to ear-
lier work of Heinz and Neumann [22] and Blochwitz and Tirschler
[23], twin boundaries were found to be preferential slip-band ini-
tiation sites. Once being formed, the bands generate high residual
stress concentrations at the o~y phase boundaries, Fig. 5a and b,
eventually leading to the formation of isolated slip bands in the
ferrite, which are enclosed in dotted lines on Fig. 5a. Actually, fati-
gue damage in the VHCF regime causes the formation of slip bands
followed by initiation and propagation of microstructurally cracks
in a pronounced localized manner, manifesting itself by heat gen-
eration [10,24]. Accordingly, under VHCF conditions, slip activity
was found to occur at low stress amplitudes (N > 108 cycles) with-
out fracture.

It is clear that with decreasing plastic strain/stress amplitude,
the number of grains exhibiting slip bands decreases. It was shown
that the number of slip bands in those grains increases with
increasing number of cycles due to cyclic irreversibility and work
hardening on the individual slip planes. At the same time, back
and forth dislocation movement on separate slip planes of the
same band during cycling leads to vacancy-type annihilation
[25,26]. Eventually, this mechanism results in crack formation
and propagation along a slip band.

In the case of the austeno-ferritic stainless steel, once a micro-
crack is nucleated (microstructural short crack), the propagation is
in an oscillating way until the macro-crack sets in. This behaviour
can be rationalized due to the following facts:

(i) The growth process in the softer austenite is much slower
than in the ferrite due to the activation of alternating slip
systems, while the propagation in the ferrite is rather fast
and even faster in the embrittled phase. The propagation
path of microstructural cracks in the ferrite seems to follow
single slip markings (band-like extrusions).

(ii) A high misorientation angle between the slip systems in the
neighbouring grains (subdivided in twist and tilt angle with
respect to the grain-boundary plane) was correlated with a
strong barrier effect, i.e., the crack propagation decreases.

Therefore, HCF and LCF is governed by the same relationship be-
tween the misorientation between neighbouring grain or phase
areas and the oscillating propagation behaviour of microstructural-
ly short fatigue cracks in both the homogenized and the embrittled
DSS. These elements were used to simulate the early fatigue crack
propagation process in HCF in earlier papers [14,21,27]. Likewise,
the simulation of the fatigue crack propagation was proven in
the present paper using previous results [13,15,28] and adapting
the existing parameters [8,29,30] for the LCF regime (cf. Section 4).

Fig. 6a and b shows the fatigue life under LCF and HCF/VHCF
loading conditions in the homogenized and embrittled DSS, respec-
tively [10,31]. They clearly show an increment of the fatigue life in
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Fig. 3. LCF-loaded specimen: Ag,=0.3% (a) secondary electrons (SE) contrast showing slip bands in the austenite phase and (b) back-scattered electrons (BSE) contrast
showing microcracks in the ferrite phase [15], A¢, =0.3% (c and d) TEM dislocation structure: localized deformation regions (microbands) along glide planes in the ferrite
phase. (d) This image gives evidence of the strain propagation between phases through the phase boundary.

the embrittled condition under HCF and VHCF. Recent experiments
using ultrasonic fatigue at 20 kHz have shown that even at 10° cy-
cles the aforementioned damage process is active: slip band forma-
tion in the austenite grains in combination with an increase of the
(elastic) residual stresses in the ferrite grains. Under LCF condi-
tions, the embrittled condition slightly decreases the fatigue life
rather than worsen it drastically. Actually, the different stages from
strain localization along slip bands (microbands formation) up to
the corresponding crack nuclei formation is a gradual process
and rather comparable with the process of strain localization (per-
sistent slip band PSB formation) in the homogenized DSS [6].

The barrier efficiency of grain and phase boundaries was esti-
mated by evaluating cyclic stress strain curves (cyclic yield
strength o) of fcc, bcc and duplex steel with various grain sizes
d according to the Hall-Petch approach (for details see [11]). Here,
the critical shear stress for slip was set equal to the (cyclic) friction
stress Tg in Eq. (1) and the barrier strength were derived from the
cyclic Hall-Petch constant k. (Table 2).

Ocy

TZTfr+kc

1
—. 1
7 1)
This was done for the individual phases as well as for grain and
phase boundaries to obtain the required data set for simulation of
the early fatigue crack propagation process in DSS.

4. Discussion and modelling concept

For microstructure-based modelling of LCF, HCF and VHCF dam-
age of DSS, the grain and phase distribution with the respective
crystallographic orientations, the critical shear stress (friction
stress Tg) to activate plastic slip, and the barrier strength of phase

and grain boundaries need to be known. EBSD measurements of
surface areas, where slip bands and/or microcracks were found, al-
low the reproduction of the respective microstructure as a FE mesh
(2D plate with 8 elements thickness). By knowing the direction-
dependent values of the stiffness tensor (elastic anisotropy) and
the directions of the slip systems of the grains involved, locations
of plastic strain concentration were predicted. These locations
were correlated with the slip band and/or crack initiation sites
(see Fig. 7).

Once the crack initiation sites are known, the number of cycles
to crack initiation N; is the second question to be answered. Tanaka
and Mura [25] and later Chan [26] suggest a concept, which is
based on dislocation dipole accumulation on slip bands and dislo-
cation pile up at the grain boundaries with the respective grain size
d. Here, the difference between the shear stress amplitude At ap-
plied on the respective slip plane and the value of the friction stress
T acts as driving force for the crack initiation process.

- 4Gws
"1 —vd(At - 214)%

While the original model of Tanaka and Mura is based on the
specific fracture surface energy ws, Chan extended the model tak-
ing the slip band width h and an irreversibility factor for cyclic slip
/. into account. Then, the number of cycles N; for initiation of a
crack of length a can be calculated as:

8G* h\? 1
Ni~ (1 —v) <g) (a) (AT - 214)2 3)

with G being the shear modulus and v the Poisson ratio.
Once a crack has nucleated, it is assumed to propagate along
slip bands. This process has been assessed by a boundary-element

@)
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Fig. 4. HCF-loaded specimen: Ag/2 =350 MPa; R = —1. Homogenized DSS: (a) SEM micrograph showing slip lines in both phases, (b) TEM micrograph showing the intense
slip activity in the ferrite, (c) SEM micrograph showing the crack initiation at phase boundary and the crack path after fatigue, and (d) stress concentration zones due to pile-

ups of dislocations at grain boundary.

(a)

(b)

Fig. 5. VHCF loading of homogenized DSS specimens Ag[2 =300 MPa; R = —1: (a) SEM micrograph showing intense slip marking in the austenite bands and some of them
generate high residual stress concentrations at the (y-o) phase boundaries; and (b) dislocation pile-ups at a (y-ao) phase boundary.

(BEM) approach [8,29,30], where the crack and the adjacent slip
bands are meshed by boundary elements that represent tangential
displacement steps within the slip band and tangential/normal dis-
placement steps within the crack area. These displacement steps
can be considered as mathematical dislocation dipoles. Therefore,
the interaction between two elements i and j can be calculated
on the basis of stress fields around edge dislocations. For all slip-
band and crack elements an equation system can be setup and
solved accounting for the boundary conditions that (i) the normal
stresses within the crack must be positive, (ii) no shear stresses

appear in the crack area, and (iii) the shear stresses within the plas-
tic zone are limited by 7. Solution of the equation system provides
the displacement field along the crack and the yield strips (slip
bands) in front. The displacement at the crack tip, i.e., displace-
ment interval between maximum and minimum load ACTSD is
used as crack driving force, using the following crack propagation
law:

da
N~ C - ACTSD, (4)
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Fig. 6. Fatigue life of homogenized and embrittled DSS: (a) LCF data and (b) HCF
data.

with C being a constant representing the irreversible fraction of
crack-tip displacement having a similar meaning than the constant
2 used in Eq. (1). The constant C was adapted to the experimental
results yielding C=0.002, which was used for all simulations in
the embrittled steel during HCF, and C=0.08 for LCF. It has to be
noted that the irreversibility of cyclic slip implies fundamental fati-
gue mechanisms, which should rather be represented by a parame-
ter depending on the actual loading and microstructure [32]. Slip
transmission form the first grain to the neighbouring grains is con-
sidered by the use of sensor elements. These kinds of boundary ele-
ments are placed in the neighbouring grains at the intersection
points between the slip band in grain 1 and the grain boundaries,
representing the potential slip systems of the respective grains
(see Fig. 8). During each calculation step, crack advance results in
a decrease in ACTSD along the slip band in grain 1 and a stress in-
crease at the sensor elements, respectively. As soon as a critical

Table 2
Cyclic Hall-Petch data for the different kinds of phase (ory) and grain (oo, vY)
boundaries in duplex stainless steel (cf. [11]).

vy oo oy Duplex

Microstructural cyclic yield stress oy (MPa) 137 198 - 196
Cyclic Hall-Petch constant k.y (MPa,/mm) 4.2 50 158 10.1

Fig. 7. Crack initiation at a ferrite-austenite grain boundary as a consequence of
elastic/plastic anisotropy: (a) SEM micrograph of the fatigued surface of DSS: Aa/
2 =380 MPa, 2,000,000 cycles, and (b) respective FEM simulation based on EBSD
data and an elastic anisotropic/crystal plastic material model [9].

stress value is exceeded at one of the sensor elements, the respec-
tive slip band is meshed by a set of boundary elements and the dis-
placement field is extended by one grain. Consequently, the fatigue
crack and the plastic zones follow the given microstructure arrange-
ment, while the barrier strength is implied in the use of sensor ele-
ments. Furthermore, slip along two alternating operating slip
systems can be accounted for by measuring the stress distribution
at the propagating crack tip [14].

For verification, the model was successfully applied to a variety
of experimentally observed HCF and LCF fatigue cracks in the as-
received and embrittled condition using the respective EBSD data
and the crack geometries observed during fatigue experiments
[8,21,29]. Since in LCF the tests are carried out under plastic strain
control, the stress amplitude used for calculation was that attained
during the saturation stage and corresponds to Ag/2 =300 MPa.
Fig. 9a shows a calculated crack path in comparison with an exper-
imentally observed crack. The start of the crack was defined
according to the experimental result, i.e., the o/t grain boundary.
According to the model, in grain #1 the crack grows on a single-slip
(111) plane and after few cycles, an additional slip system is acti-
vated resulting in crack propagation on multiple slip bands. In the
austenite grain #2 the crack grows by double slip operating sys-
tems with high Schmid factors 0.48 and 0.49, respectively. After
several cycles the crack returns to single-slip propagation on the
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Fig. 9. (a) Scanning electron micrograph showing the crack path and the simulated
crack path; and (b) comparison of the calculated and measured values of the crack
lengths versus the number of cycles during LCF.

plane up to the phase boundary where it is arrested. Finally, the
crack grows on a (112) plane in the ferritic grain #3. Therefore,
the model agrees well with the behaviour of the real crack [28].
Fig. 9b shows the simulated crack length versus number of loading
cycles in comparison with experimental data. A change in the crack
propagation rate was observed when the crack path switched from
double slip to single slip, increasing the crack propagation rate un-
til the boundary phase was reached where the crack was arrested
for several cycles. The predicted crack growth rate is in good agree-
ment with the experimental data. The blocking of the slip bands at
the grain boundaries as well as the retardation of the crack while
approaching the boundary can be simulated.
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Fig. 10. Simulation of microcrack propagation: (a) calculated crack path and
activated slip bands in a synthetic Voronoi microstructure and (b) respective S/N
fatigue life data in comparison with experimental data [29].

Alternatively, the model can be applied to synthetic microstruc-
tures, e.g., generated by the Voronoi algorithm. Such a simulation
of a crack propagating through a DSS microstructure is shown in
Fig. 10a. To obtain the fatigue life, the simulations were stopped
when a critical projected crack length of 1 mm (in a cylindrical
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specimen of 7 mm diameter) was reached. For each of the four
stress levels shown in the S/N Woghler diagram in Fig. 10b only
the fastest cracks of 100 simulations were used to derive the fati-
gue life taking into account that under real conditions many crack
embryos are formed, but only one or two form the final crack.
When all of the crack embryos are stopped completely by the bar-
rier strength of phase and grain boundaries, the fatigue limit is
reached [29].

The simulations are in reasonable agreement with the experi-
mental data. In particular, the simulation results represent the
scatter in the fatigue life, which increases with increasing number
of cycles (and decreasing stress amplitude). As a conclusion, the
scatter in fatigue life can be attributed to the probabilistic arrange-
ment of the microstructure of the material, as it is outlined by the
scheme in Fig. 1.

5. Conclusion

Research work on the short crack propagation behaviour of du-
plex stainless steel in the low-cycle (LCF), high-cycle (HCF), and in
the very-high-cycle fatigue (VHCF) regime, revealed a strong
dependence of the cyclic plasticity in the ferrite phase from the re-
mote stress amplitude. While the fcc austenite grains show slip
band formation even at very low stress amplitudes up to one bil-
lion of cycles, the stronger bcc ferrite grains exhibit dislocation pat-
terning only under LCF loading conditions. Obviously, the
dislocation networks in the ferrite promote transfer of the slip
bands from the austenite grains. Under HCF and VHCF loading con-
ditions, the ferrite phase contains only very few dislocations, giving
rise to an increased barrier strength of the respective austenite-fer-
rite phase boundaries and, consequently, a higher fatigue life as
compared to LCF loading. The fatigue life under HCF/VHCF loading
conditions is determined by the initiation phase of technical
cracks. During this phase, microstructurally short fatigue cracks
strongly interact with grain and phase boundaries. For the situa-
tion that all barriers are sufficiently strong to block transmission
of plasticity across grain and phase boundaries, duplex steel seems
to exhibit a real fatigue limit. Furthermore, depending on the prob-
abilistic arrangement of the material’s microstructure, the fatigue
life data exhibit a pronounced scatter. This was proven by a micro-
structure-based numerical short crack model.
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