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Duplex stainless steels (DSS) have become candidate materials for structural applications, where conven-
tional austenitic stainless steels fail due to very high cycle fatigue (VHCF) in combination with corrosive
attack. It seems that DSS exhibit a fatigue limit, which can be attributed to the two-phase austenitic—
ferritic microstructure. Ultrasonic VHCF testing revealed that the phase boundaries are efficient obstacles
for the transmission of slip bands and microstructural fatigue cracks up to 10° cycles and even beyond.
The barrier strength is determined by the misorientation relationship between neighbouring grains but
also by the strength of the individual phases. By thermal treatment at 475 °C, spinodal decomposition of
the ferrite phase results in the formation of Cr-rich o precipitates. While during static loading these pre-
cipitates give rise to a loss in ductility (475 °C embrittlement), it was shown that the HCF strength can be
increased and that there is also a tendency towards a beneficial effect on the VHCF behaviour. A more
detailed analysis of the local plasticity sites by means of atom probe tomography (APT) revealed a disso-
lution of the o precipitates within operated slip bands. The dissolution might be an indication for a local
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softening mechanism that limits the VHCF strengthening effect of spinodal decomposition.

© 2016 Published by Elsevier Ltd.

1. Introduction

Increasing use of renewable energies, e.g. by wind power plants,
biogas plants and solar-thermic power plants, as well as hazard
conditions in chemical reactors, has led to a substantial demand
for new corrosion-resistant high strength materials, which are
weldable, machinable and available on the market for reasonable
costs. Duplex stainless steels (DSS) are promising materials for
structural applications involving fatigue loading in corrosive envi-
ronments up to very high numbers of cycles (very high cycle fati-
gue, VHCF) [1,2]. It has been shown that the VHCF strength of
DSS depends strongly on the barrier efficiency of the phase bound-
aries. VHCF damage sets in by accumulation of cyclic plasticity
within grains of the softer fcc austenite phase that are oriented
for easy slip, i.e., grains exhibiting a high resolved shear stress
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acting on the slip systems [3]. Accumulation of cyclic plasticity
manifests itself by an increased density in slip bands, the spread
of which is blocked by the phase boundaries towards adjacent fer-
rite grains. It has been observed that exceeding a certain degree of
plasticity in the fcc austenite grains leads to slip transmission into
the neighbouring bcc ferrite grains and eventually, to initiation of
fatigue cracks. Therefore, VHCF life of duplex stainless steels is infi-
nite (fatigue limit) once the blocking effect of phase boundaries is
sufficient to withstand the transmission of slip and microstruc-
turally short cracks, respectively (cf. [4]). The blocking efficiency
is determined by the degree of coplanarity between the slip sys-
tems of the neighbouring grains. Quantification of the blocking
efficiency has been the subject of numerous research activities.
According to Zhai et al. [5] and Marx et al. [6], the major contribu-
tion is due to the twist misorientation ¢ between neighbouring slip
systems, since accommodation of an additional grain boundary
plane is required to shift the slip band from one grain to another,
as shown schematically in Fig. 1. In the case of DSS, the Kurdju-
mov-Sachs relationship (KS) between austenite and ferrite grains
is fulfilled to a large extent and can be implemented to analyse
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Fig. 1. Schematic representation of the geometrical concept for the blocking effect
of grain and phase boundaries. The main contribution is due to the twist angle ¢,
rather than to the tilt angle &.
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Fig. 2. (a) Quasi-binary section of the Fe-Cr-Ni phase diagram (70 wt.% Fe)
showing the regime of spinodal decomposition, and (b) time temperature transition
(TTT) diagram of the DSS 1.4462 (as used in the present study) showing the regime
of ¢ phase formation and 475° embrittlement (according to [12]).

short fatigue crack propagation [7]. This geometrical relationship
involving the spatial arrangement of grain and phase boundary
planes and the orientation of the operated slip systems has been
used in software packages, e.g., ARGE to describe the blocking effi-
ciency [8] and a mechanism-based short crack model based on the
boundary element method, as it is described e.g. in [9].
Furthermore, the fatigue damage behaviour of DSS depends on
the strength of the individual phases austenite and ferrite. The
austenite phase can be strengthened by increasing the nitrogen con-
centration, resulting in a substantial increase in fatigue strength of
the so-called super duplex steel (cf. [2,10]). The ferrite phase is
susceptible to o-phase formation at elevated temperatures

Table 1
Chemical composition of the duplex steel 1.4462 (SAE2205) (wt.%).

Fe C Cr Ni Mo Mn N P S
bal. 0.02 219 5.6 3.1 1.8 0.19 0.023 0.002

Fig. 3. Micrograph of duplex stainless steel (DSS) 1.4462, showing the fcc austenite
phase as light grey grains within the dark grey bcc ferrite matrix.

on specimen

(a)

positioning

(b)

Fig. 4. Ultrasonic fatigue testing: (a) in combination with a light microscope (the
eddy current gage is marked by an arrow), (b) for in-situ VHCF damage observation
in the SEM (cf. [17]).
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Fig. 5. Preparation of DSS tips for atom probe tomography (APT): (a) stabilization of the slip band area by Pt deposition, (b) FIB milling of a lamella, (c) fully prepared tip of
plastically deformed ferrite for APT, (d) schematic representation of local electrode APT [18].

(600-1000 °C), and the so-called “475 °C embrittlement” leading to
a substantial increase in hardness [11]. The mechanism of “475 °C
embrittlement” can be understood as spontaneous spinodal decom-
position of the ferrite, in Cr-rich bcc o clusters within the Fe-rich o
matrix by uphill diffusion, which is driven by a free energy decrease
resulting from a spontaneous decomposition within the miscibility
gap of the Fe Cr system (cf. Fig. 2) [11,12].

Several aspects of hardening due to spinodal decomposition of
ferrite are discussed. Generally, the Cr-rich o zones show a lattice
mismatch with respect to the parent bcc o matrix. They cause a
localization of plastic slip and they are sheared by dislocations

(cf. [1,11]). Depending on the degree of ferrite embrittlement, a
pronounced drop in toughness can be observed (cf. [11,13]) since
at high o/ content ferrite tends to cleavage fracture along {100}
planes. Shear accumulation during fatigue loading seems to
accommodate the decomposition leading to the disappearance of
the modulations in the Cr concentration, as it was shown by
[14,15]. From thermomechanical fatigue (TMF) experiments on
duplex steel in the temperature range between 300 °C and 600 °C
it was concluded that the 475° embrittlement is reversible, i.e.,
the formed o precipitates can be dissolved quite rapidly when
the temperature exceeds 500 °C [16].
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Fig. 6. TEM micrograph of DSS in the fully embrittled condition (100 h annealing at
475 °C).
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Fig. 7. Cyclic deformation curves (strain control A¢/2=1% and R, =—-1) on four
differently embrittled conditions.

Today, the question remains open, whether 475 °C embrittle-
ment generally causes a deterioration of the mechanical properties
of DSS and therefore limits their application to rather low temper-
atures or if a tailored thermal embrittlement allows the adaptation
of the barrier efficiency of austenite ferrite phase boundaries, lead-
ing to an increase in VHCF strength. It is subject of the present
paper to compare the fatigue behaviour of embrittled and non-
embrittled DSS specimens taking into account interactions
between the o zones and local plastic slip.

2. Experimental

Prior to cyclic loading, specimens of the duplex stainless steel
DSS 1.4462 (German designation, corresponds to SAE2205) with
a chemical composition as given in Table 1, underwent a heat
treatment consisting of (i) a grain coarsening treatment at
1250 °C (4 h) followed by slow cooling in air to 1050 °C and final
water quench, and (ii) an embrittlement treatment at 475 °C for
various times (fully embrittled was considered after 100 h
annealing).

Fig. 3 shows the DSS two-phase microstructure with about 50%
fcc austenite grains (mean grain size of 46 pm, Vickers hardness
260HV) precipitated within the 50% parent bcc ferrite phase (mean
grain size of 33 pm, Vickers hardness of 280HV and 465HV in the
non-embrittled in the fully embrittled condition, respectively).

Cylindrical fatigue specimens were machined and electropol-
ished to analyse surface fatigue damage by means of scanning

electron microscopy (SEM) in combination with automated elec-
tron back-scatter diffraction. Cyclic loading was carried out using
a MTS type 810 servohydraulic testing machine (push pull LCF test-
ing, strain control, fully reversed cycling, R=—1), a conventional
rotating bending machine (type Schenk, HCF testing) and ultra-
sonic testing systems tailor-made by BOKU Vienna for VHCF test-
ing at 20 kHz and a stress ratio of R=—1. In the latter case, a
constant stress during the test is maintained, by first using a strain
gage attached to the specimen surface. Since this strain gage fails
after a number of cycles, the system operates by displacement con-
trol using an eddy current gage placed around the Ti booster (cf.
Fig. 4a). To avoid specimen heating, the system operates in a
pulse-pause mode. For in-situ VHCF damage tracking at the surface,
the testing system can be used (i) in combination with a light
microscope (Fig. 1a) and (ii) within the testing chamber of a SEM
(Zeiss Auriga) (Fig. 1b, cf. [17]).

Some of the fatigue tests were periodically interrupted to track
fatigue damage. In general, fatigue tests were terminated when 10°
load cycles were reached (run-out specimens). Three of the fully
embrittled run-out specimens were used for atom probe tomogra-
phy (APT) in an Imago LEAP 3000X HR to reveal changes in the o/~
cluster distribution of the plastically deformed ferrite grains. For
this purpose, the region of interest (slip bands) was covered with
Pt deposition within a FEI Versa FIB SEM to stabilize the slip bands
for the ongoing tip preparation (see Fig. 5a). Then, a lamella con-
taining the slip bands was cut out by focussed-ion-beam milling
(FIB, Fig. 5b) and extracted with an Omniprobe micromanipulator.
Segments of the lamella were placed on the small cylindrical posts
o fa Cameca Si flattop microtip coupon by FIB-cutting and
Pt-deposition. As a final step, annular FIB milling was applied to
produce small needle-shaped tips (Fig. 5c). From these tips atoms
are field evaporated within a standing high electric field by an
additional voltage or laser pulse and detected by a 2D delay line
detector; according to the schematic representation in Fig. 5d.
The time of flight of the ions allows the identification of the respec-
tive elements and the sequence and detected position the recon-
struction of the position in 3D. For this purpose, the Cameca IVAS
software was utilized. For details about the APT technique refer
to [18]. The presented measurements were conducted at 60 K with
laser pulsing of the green LEAP 3000X HR laser at 100 kHz and
pulse energies of 200 p]J.

3. Results

Spinodal decomposition of the ferrite (475° embrittlement)
leads to the formation of Cr-rich clusters. In the transmission elec-
tron microscope (TEM) they appear as homogeneously distributed
dark precipitates of approximately 10 nm diameter. This is shown
in the micrograph in Fig. 6. Full embrittlement was shown to be
achieved in DSS after about 1h of thermal treatment at 475 °C
by Charpy testing [19], revealing a drop in impact fracture tough-
ness from 200 J in the non-embrittled condition to less than 20 ] in
the fully embrittled condition.

During LCF testing of DSS in different embrittlement stages,
generally cyclic strengthening followed by cyclic softening can be
observed. However, the cyclic deformation curves in Fig. 7 reveal
a pronounced softening of embrittled specimens. According to Park
et al. [14] and Herend et al. [15], this can be attributed to a disap-
pearance of spinodal decomposition, i.e., local dissolution of the o/
phase. In [15] this was confirmed by analytic TEM using EDS line
analysis across plastically active areas within embrittled DSS,
where a disappearance of the Cr modulation (due to o precipi-
tates) was correlated with the presence of slip bands (cf. Fig. 13).

According to a high number of fatigue experiments carried out
on DSS in the non-embrittled and fully embrittled steel, it seems
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Fig. 8. S-N-Wohler diagram in the as-received and in the fully embrittled condition (100 h anneal at 475 °C) obtained by means of (a) rotating bending tests and (b) obtained

by means of ultrasonic fatigue testing at 20 kHz.

ferrite

Fig. 9. Dislocation pile-ups at an austenite (left) ferrite (right) phase boundary,
zone axes: [122] (austenite) and [111] (ferrite) (Aag/2 = 300 MPa, run-out).

that due to the two-phase microstructure DSS exhibits a real fati-
gue limit. Specimens that survive 107 cycles can be considered as
run-out specimens (here: 10° cycles). The fatigue limit has been

estimated as op_ = 360 MPa. A selection of S/N results is presented
in Fig. 8, as obtained from rotating bending tests (Fig. 8a, cf. [20])
and ultrasonic push-pull loading (Fig. 8b).

In the HCF and the VHCF regime fatigue, damage is almost
always initiated at the surface by slip band formation within the
softer austenite phase, followed by crack nucleation preferentially
at intersections between slip bands and phase boundaries (cf. [20]).
Only in the case of very few specimens, internal failure at a non-
metallic inclusion (Al,03) was observed leading to the characteris-
tic fish-eye formation [21].

From the rotating-bending tests, it is obvious that the fatigue
strength is increased for fully-embrittled specimens in the transi-
tion regime from HCF to VHCF (Nr=10°-107 cycles). In the case
of ultrasonic testing ranging up to 10° cycles only a tendency
towards an increase in VHCF strength was observed. Due to a sub-
stantial scatter in the VHCF life data that reveal number of cycles to
fracture covering three orders of magnitude for an identical stress
amplitude, evaluation of the test data is linked to a high degree of
uncertainty.

Cyclic plasticity in the first stage of VHCF of DSS is limited to
slip bands in the fcc austenite phase. Dislocations are piled up at
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Fig. 10. Fatigue crack initiation during VHCF of DSS (non-embrittled condition): (a) In-situ observation of slip band accumulation within the austenite phase, where N is the
number of cycles, (b) transgranular and (c) intergranular crack initiation at an austenite ferrite phase boundary.
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ferrite

Fig. 11. Micro cleavage (slip-band cracking) during VHCF of fully embrittled
specimen: (a) cracked surface slip band in a run-out specimen (Aag/2 =360 MPa,
Ng= 10°) and (b) micro-cleavage facets (see arrow) in ferrite grains close to the
crack initiation site (Ac/2 =360 MPa, N;=1.5 - 10%).

the austenite ferrite phase boundaries as it is shown in the TEM
micrograph in Fig. 9 taken from a run-out specimen.

Work hardening at the operated slip bands causes the activation
of new bands, i.e., the density of slip bands within the austenite
grains increases with increasing number of load cycles. This beha-
viour is demonstrated in Fig. 10a, showing a series of surface
micrographs that were taken during in-situ ultrasonic loading
within the SEM (cf. [17]). Of course, plastic deformation limited
to one phase in a two phase materials gives rise to the formation
of internal stresses. Of particular significance are the stresses in
the vicinity of intersection points between the slip bands and the
phase boundary at the surface. As revealed by the example in
Fig. 10b, such intersection points may act as initiation sites for
transgranular fatigue crack growth into ferrite grains. Depending
on the slip band density and the intrinsic phase boundary strength,
the intersection points may coalesce forming intergranular crack
initiation (Fig. 10c).

As a common feature during VHCF of fully embrittled duplex
steel, slip activity in the ferrite grains is very localized and seems
to be limited to individual {110}(111) type slip systems, eventu-
ally leading to micro cleavage. An example is shown in Fig. 11,
where Fig. 11a shows a deformation-less slip band crack in a ferrite
grain. Such cracks manifest themselves in the fracture surface as
quasi-cleavage facets (Fig. 11b).

One of the ferrite slip bands in the fully embrittled fatigued DSS
was prepared for APT. According to Section 2, a small section con-
taining the slip bands was lift out and sharpened by FIB milling.
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Fig. 12. APT measurement of the Cr ion distribution in VHCF-loaded fully
embrittled DSS (run-out specimen, N = 10° scales are in nm): (a) Cr ion map of a
slice through the whole analysed volume, (b) Cr concentration heat map of the
same area as in (a), showing a band with o dissolution (marked by black line). A
concentration profile (c) perpendicular to the slip band demonstrates the difference
between the cluster rich area and the slip band.
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Fig. 13. EDS compositional profile along a line A to B crossing a deformation
microband (according to [15]).

Fig. 12 shows a reconstruction of the resulting tip, showing the dis-
tribution of Cr ions (Fig. 12a) and the corresponding Cr concentra-
tion heat map (Fig. 12b). The Cr enrichments, with diameters of
approx. 10 nm, were identified as o precipitates that were gener-
ated by spinodal decomposition during thermal treatment at
475 °C for 100 h (cf. [22]). In several tips taken form the slip band
area, regions were found where the Cr modulation disappeared (cf.
region above the black line in Fig. 12a). We conclude that this dis-
appearance coincides with the dislocation activity along the slip
bands. It should be added that within the slip band areas, an
enrichment in Mo and Ga was found. It is not very probable that
the Ga ions cause the partial dissolution of the o precipitates, since
this was never observed in earlier studies (cf. [23]). However, it
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cannot be ruled out that slip bands act as an easy path for Ga ion
penetration leading to local damage of the a’ precipitation struc-
ture. The more detailed analysis of changes in the micro chemistry
in slip bands is subject of ongoing research.

4. Discussion

The fatigue damage behaviour of DSS in the VHCF regime is
determined by the spatial arrangement of grain/phase size, crystal-
lographic orientation and the individual strength of the two phases
fcc austenite and bcc ferrite and depends strongly on the phase
boundary strength against slip transmission. It has been shown
that in the case of DSS studied in the present paper, the ferrite
phase is the stronger, i.e., planar dislocation arrangements along
{111} slip bands in the fcc austenite are piled up at the respective
phase boundaries during fatigue loading. This kind of barrier effect
has been correlated quantitatively with the degree of crystallo-
graphic misorientation (twist component) between the neighbour-
ing slip systems and simulated by means of a boundary element
short crack model in [24,25].

Beside the geometric barrier effect due to the misorientation,
slip transmission depends also on the intrinsic barrier strength of
the alloy’s phase and grain boundaries as well as on the critical
shear stress (cyclic friction stress 7 to activate dislocation motion
at the respective slip bands in the adjacent grain. In the case of DSS,
Tg can be altered by nitrogen alloying and by the spinodal decom-
position of the bcc ferrite phase, respectively. Due to the enrich-
ment of nitrogen within the austenite phase, nitrogen alloying
contributes mainly to the austenite strength by preventing an easy
slip band formation. This results in a substantially higher fatigue
strength of N-alloyed super duplex steel, cf. [2,10].

The formation of small o/ precipitates by spinodal decomposi-
tion was considered as an alternative way of precipitation
strengthening. Obviously, the nm-scale precipitates can be sheared
by dislocations. However, the increase in strength is linked to a loss
in ductility and therefore, the spinodal decomposition has been
termed “475 °C embrittlement”. While during quasi-static tension
and low-cycle fatigue (LCF), the effect is detrimental, in HCF
strengthening by spinodal decomposition seems to have a benefi-
cial effect on fatigue life. However in VHCF, the strengthening
effect became not evident. To understand the interactions between
the Cr rich of precipitates and local plasticity, APT was applied to
slip bands in fully embrittled VHC-loaded DSS specimens revealing
that the precipitates (Cr modulation) disappears locally (Fig. 12c).
This supports the hypothesis by Herendt et al. [15], who showed
a slight smoothening in the Cr concentration within deformation
bands (LCF-loaded DSS) with analytical TEM. An example of the
respective results is shown in Fig. 13. The disappearance of the
Cr modulation within the slip band area in LCF was confirmed by
the APT analysis of VHCF slip bands, where modulations in the Cr
concentration were shown to disappear due to the dissolution of
the o/ phase. Obviously, cyclic plasticity in VHCF cause a local soft-
ening within the operated slip systems.

5. Conclusions

The very-high-cycle-fatigue (VHCF) behaviour of duplex stain-
less steels (DSS) can be optimized by adapting the individual
strengths of the two phases, austenite and ferrite, respectively.
While the softer austenite carries incident cyclic plasticity, the
ongoing fatigue damage process is governed by microstructural
obstacles, i.e., the phase boundaries between the austenite and
the ferrite grains. The barrier strength of these obstacles depends
on the degree of coplanarity between operating slip systems and
the strength of the ferrite grains. Spinodal decomposition of the

ferrite due to thermal treatment at 475 °C results in a pronounced
strength increase of the ferrite grains, and hence causes an increase
in HCF strength, which, however, was not confirmed to the VHCF
regime. Investigations of the slip band chemistry by atom probe
tomography revealed that cyclic plasticity coincides with a dissolu-
tion of the strengthening precipitates.
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