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Effects of very high cycle fatigue (VHCF) damage were investigated in an austenitic–ferritic duplex stain-
less steel using the hard X-ray diffraction technique applying a beam diameter in the order of the mean
grain size. Diffraction patterns were collected using a large 2D detector as function of the position along
the load axis as well as perpendicular to the load axis of hourglass-shaped ultrasonic fatigue specimens.
Intensities, angular positions and widths of Bragg reflections from individual grains were studied as a
function of load cycles and stress amplitudes. Whereas rocking curves (RC) of ferrite grains behave nearly
unaffected by the cyclic load, a splitting of RCs of austenite grains was observed and is taken as an indi-
cation for the VHCF damage. The frequency of split RCs of austenite grains increases with the number of
load cycles and is found to be a function of the local stress amplitude. The latter one can be modeled by
means of the finite element method (FEM). Taken from the 2H angles of Bragg peaks the internal com-
pressive lattice strain of ferrite and austenite grains is found to be released for low but increases again for
high numbers of load cycles. The evolution of lattice strain and the frequency of split RCs of austenite
grains correlate with the appearance of slip bands at the sample surface seen by scanning electron
microscopy (SEM) in combination with electron channeling contrast imaging (ECCI) and in the bulk ver-
ified by transmission electron microscopy (TEM). Microcrack formation in ferrite grains is assumed orig-
inated by the high density of slip bands in austenite grains generated by very high cycle fatigue.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction prediction and damage evaluation assessment methodologies
Austenitic–ferritic duplex steels are used for structural applica-
tions when high strength in combination with excellent corrosion
resistance is required [1]. Many of these applications imply cyclic
loading and hence, fatigue damage needs to be considered for
dimensioning. Most design strategies make use of the fatigue-limit
concept. Nowadays, the fatigue-limit concept is based on the idea
that existing slip bands or microcracks are formed but blocked by
microstructural barriers such as grain or phase boundaries.
However, more recent research work has shown that metallic
structures may fail far below the conventional fatigue limit even
at very high numbers of cycles to failure [2,3]. Hence, it appears
very doubtful, whether a true fatigue limit (corresponding to
infinite fatigue life) can generally by assumed.

The interest in the behavior of materials at numbers of loading
cycles beyond 107 results mainly from the demand of robust life
required for an increasing number of components. Although it is
of common consensus that fatigue in the VHCF regime is domi-
nated by crack initiation rather than crack growth, even for so-
called run-out specimens traces of fatigue damage in the form of
microcracks and/or slip band formation can be observed [4,5].
For the austenitic–ferritic duplex steel, slip band formation in the
VHCF regime can be correlated with shear stress maxima deriving
from stress concentrations due to elastic anisotropy and disloca-
tion pile-ups [6].

In order to develop a better understanding of the nature of fati-
gue damage evolution under VHCF loading conditions, which are
characterized by a macroscopically elastic behavior and a micro-
scopically localized cyclic plasticity, not just microcracks have to
be evaluated with regard to their propagation capabilities. Rather,
microstructural changes have to be identified in order to shed light
on those processes, which are responsible for the localized evolu-
tion of damage. This is done best by combining new sensible exam-
ination techniques which can provide both integral and local
information on the effect of low-amplitude loading on the micro-
structural condition.
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The present paper deals with the observation of local plasticity,
fatigue damage, microstructural changes and strain evolution in an
austenitic–ferritic duplex stainless steel in the VHCF regime. High-
frequency fatigue testing in combination with SEM and TEM was
applied. X-ray diffraction of hard X-ray was used to monitor the
VHCF-induced alterations in individual grains of both phases. The
results indicate that fatigue damage evolution during VHCF loading
leads to a splitting of characteristic diffraction peaks of rocking
curves (RC) of the austenitic phase only.
2. Materials and methods

The investigated duplex stainless steel X2CrNiMoN22-5-3 (Ger-
man designation: 1.4462) with a two-phase microstructure con-
sists of the austenitic c-phase (fcc) and the ferritic a-phase (bcc)
(Fig. 1). The heat treatment was carried out in such a way that
the volume fraction of each phase is approximately 50 pct.

Symmetric push–pull fatigue experiments were carried out by
means of an ultrasonic fatigue testing system [7] at about 20 kHz
at room temperature in laboratory atmosphere. The testing system
induces a sinusoidal mechanical stress wave into a fatigue sample
at its resonance frequency. Resonance causes the required stress
amplitude in the area of minimum cross section of the fatigue sam-
ple. The amplitude is kept constant by means of a control system.
Heat generation of the investigated material during the fatigue
tests requires a pulse–pause mode (100 ms/1200 ms) and an air-
cooling system to restrict the temperature rise to maximum 5 �C.
The pulse–pause mode causes an effective testing frequency of
about 1.5 kHz, which enables the testing of very high numbers of
load cycles in a reasonable time (e.g. 109 load cycles in about
7.5 days).

The crystallographic orientations and phase distributions were
investigated by means of automated electron backscatter diffrac-
tion (EBSD) analysis. This data served for the calculation of Schmid
factors and the determination of favorable slip systems. Disloca-
tion arrangements in the bulk material of run-out samples (sam-
ples which endured 109 load cycles without fracture) were
investigated by means of TEM examination of lamellae prepared
by electrochemical jet polishing.
2.1. Samples preparation

The hourglass-shaped fatigue samples (Fig. 2b) were produced
from cylindrical bars with a diameter of 25 mm by machining
and subsequent grinding and electrolytically polishing. The
Fig. 1. Microstructure of the investigated duplex stainless steel containing austen-
ite (c, fcc, bright areas) and ferrite (a, bcc, dark areas) after heat treatment [8].
delivered material was hot rolled and solution annealed and
showed a fine, lamellar microstructure with a volume fraction of
50 pct. of austenite and ferrite as well. This as-received condition
was annealed at 1250 �C for 4 h, subsequently cooled down to
1050 �C within 3 h and finally quenched in water. This heat treat-
ment was executed in order to simplify the experimental investi-
gations by means of grain coarsening. The mean grain diameters
after the annealing procedure were 33 lm for the austenite and
46 lm for the ferrite phase. The volume fraction of the two phases
was maintained at 50% each.
2.2. Experimental set-up

The X-ray experiment was performed at high energy P07 beam-
line at PETRA III storage ring at DESY (Hamburg) using a photon
energy of 87 keV and a micro beam with a diameter of about
50 lm and a fast read-out image plate 2D-detector (2048 � 2048
pixels) with the pixel size of 0.2 mm. The high photon energy
(absorption length 2.5 mm in steel) allowed for probing the whole
sample in transmission mode and the required size of the micro
beam corresponded to the mean grain size. The experimental
set-up is shown schematically in Fig. 2a. The vertical axis of the
hourglass-shaped sample was aligned parallel to the rotation axis
of the goniometer. The sample to detector distance was
1170 mm. The beam size was reduced to 50 � 50 lm2 using 2
pairs of slits and the samples were rocked around their axis of rota-
tion (angle W) in the range of ±2.0� with the step of 0.05�. The
exposure time for each shot was 1 s. The diffracted beam was reg-
istered using the 2D-detector as the function of the rotation angle
W. Samples, which had been cyclically loaded up to different num-
bers of load cycles (N1 = 0, N2 = 105, N3 = 107 and N4 = 109) at an
amplitude of 380 MPa were measured at the waist of the specimen.
At the sample, which had experienced 109 load cycles, exposures
were taken as function of the position along the load axis of the
specimen (see sketch in Fig. 2).
3. Results

Due to random orientation of grains with respect to the incident
beam, Debye–Scherrer like diffraction patterns appear at the detec-
tor where the ring diameters corresponds to different Bragg angles
4h. A typical line profile of the diffraction intensity is shown in
Fig. 3 obtained after integration of the ring intensity over an azi-
muth angle of 4�. It shows well resolved Bragg peaks which can
be attributed to either ferrite or austenite structure. Because of
the relative small number of grains fulfilling the Bragg condition
at the same time, the Debye–Scherrer rings split into a large num-
ber of individual spots. By sorting 2h each spot can be identified as
either austenite or ferrite Bragg peak and indexed according to its
radial position (Fig. 2a). Since most of the peaks are produced by a
single grain, which satisfies the Bragg condition, the experiment
allows for a single grain analysis.

The RC, i.e. the intensity distribution as function of the Bragg
angle h of a given grain, can be obtained by plotting the spot inten-
sity from pattern taken at different rotation angle W of the sample.
Thus considering the Ewald’s sphere [10] for the given experimen-
tal geometry, the best effective resolution in terms of the diffrac-
tion angle h is obtained for those grains whose diffraction vector
lies in the plane spanned by the incident beam and the normal
to the detector plane. For these grains the scattering vector is
nearly parallel to the vertical (load) axis and the angular resolution
is in the order of the step widths used for rotation, to be
DW = 0.05�. For all other orientations of the diffraction vector the
resolution is larger than DW. By this reason the angular range for
azimuthal integration was limited to 4� (see Fig. 3).



Fig. 2. (a) Experimental set-up (Beamline P07, side station). The measured spots along the vertical axis of the sample, which endured 109 load cycles without fracture, are
shown in the upper-left corner and (b) drawing of an ultrasonic fatigue sample.

Fig. 3. Diffraction pattern (azimuthally integrated).
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3.1. Splitting of austenite reflections

A large number of austenite of ferrite grains was analysed for
four different samples with various degree of accumulated VHCF
damage, with total numbers of grains varying from 51 to 169,
depending on availability of respective grains fulfilling the Bragg
condition for the given sample. It was found that the RCs of many
austenite grains show two or more sub-peaks with splitting angle
varying between 0.25� and 2.80�, which means that the respective
grain was split into sub-grains caused by fatigue. At the same time
the ferrite grains are rarely split and are less affected by fatigue
(see examples in Fig. 4a and b).

Without quantification of the split amount, the splitting was
further considered as indication of VHCF damage. Therefore, the
fraction of split RCs was measured as the function of load cycles
N1 to N4 in the centre of the specimen. Additionally the sample,
which was fatigued until 109 load cycles (N4), was investigated at
10 different points along the load axis and 5 points perpendicular
to the load axis. Fig. 5a shows the fraction of split RCs of [131] aus-
tenite reflections as function of Ni (see box in Fig. 5a) and for sam-
ple N4 as function of distance from the centre of the sample. The
split grain fraction increases from about 15% to more than 30%
for samples N1 and N2 and further up to a value of close to 40%
for samples N3 and N4. It appears that the fraction of such split
RCs decreases in longitudinal (vertical) direction with distance
from the sample centre, where the stress amplitude is the highest.
At large distance it drops to a value comparable to the not prefa-
tigued sample. Fig. 5b shows the behavior of sample N4 in the
radial direction. In this case, the split grain fraction increases with
the distance from the centre towards the surface. The dashed lines
show the courses of the amplitude of the von Mises stress, which
were determined by means of finite element calculations.

Finite element calculations were executed by means of the
commercial software ABAQUS. The material response was calcu-
lated in the framework of linear elasticity theory considering the
elastic parameters Young’s modulus E = 197 GPa and Poisson’s
ratio m = 0.3. The density was assumed to be q = 7.85 kg/m3). Qua-
dratic hexagonal elements (C3D20R) were used for modeling. The
mesh was refined in and near the testing cross section of the fati-
gue sample in order to obtain more accurate results. The resonance
frequency of the sample was determined by means of a frequency
analysis. To determine the von Mises stress distribution in the
sample under resonance testing conditions, a base motion in direc-
tion of the sample load axis was applied at the restraint at one end
of the sample at its resonance frequency. The other end of the sam-
ple had no boundary conditions.
3.2. Strain impact on peak broadening as function of load

Usually the impact of strain is probed by applying modified
Williamson–Hall and Warren–Averbach procedures [9], i.e., plot-
ting the full width at half maximum (FWHM) of austenite and fer-
rite reflections as function of tan h using line profile data as shown
in Fig. 3. Unfortunate this method cannot be applied in this work
because the grain size is in the order of the beam size and because
not all grains are affected by fatigue.

Therefore we applied the method introduced by Mcirdi et al.
[11] and studied the strain impact at single grains. In particular
we determined the Bragg angle positions, 2h, by azimuthally inte-
grating of selected ferrite and austenite grains as function of Ni and
determined the respective lattice parameters and their respective
distribution among several dozens of individual grains of same
phase. The results are shown in Fig. 6 for ferrite and austenite
grains. Although the internal strain of all four samples is unknown,
it turns out that for both grain types the lattice parameter of N2 is



Fig. 4. (a) RC of a single ferrite reflection and (b) split RC of an austenite grain. Resulting fits are shown in solid line, while individual Lorentzian fits are shown in dashed lines.

Fig. 5. (a) Fraction of split RCs of [131] austenite reflections as function of the vertical distance (solid squares) and comparison with other numbers of load cycles (other
symbols inside the box at 0 mm) and (b) fraction of split RCs of [131] austenite reflections as function of the radial distance. Lines show the distributions of the amplitude of
the von Mises stress (determined by FEM).

Fig. 6. Lattice parameters of ferrite and austenite grains as function of load cycles.
Error bars are determined from the distribution of lattice parameters taken from
several dozens of grains of same 2h angle.

180 K. Istomin et al. / International Journal of Fatigue 66 (2014) 177–182
always larger as compared to N1, but it decreases again for N3

reaching for N4 almost the same value as measured for N1.
Considering that for the particular reflections under observation
the N1 is under compressive strain due to quenching the results
indicate that the internal strain is partially released for low num-
bers but recreated for large numbers of load cycles. The strain
release is approximately twice as large for ferrite as compared to
austenite grains. On the other hand the distribution of strains is
larger for austenite grains than for ferrite ones.
3.3. SEM and TEM inspection

The surfaces of the samples of the same series as used for X-ray
examination were investigated by means of high resolution SEM
(FEI Helios NanoLab 600) in combination with ECCI. Due to the rel-
atively low load amplitudes applied, irreversible cyclic plastic
deformation in form of slip band and slip trace generation was only
observed in few austenite grains of the fatigued samples. By com-
parison, defect density in ferrite grains of these specimens was low
(Fig. 7).

Several microcracks with a length of up to 80 lm, which were
not able to grow further, have been observed in run-out samples.
Comparing several of such features it was found that fatigue cracks
frequently initiate transgranularly in ferrite grains, starting from



Fig. 7. Surface of a run-out sample with irreversible cyclic plastic deformation in
few austenite grains (denoted by circle, N = 109, Dr/2 = 370 MPa).

Fig. 9. Stacking faults and planar dislocation pile-ups against a phase boundary in a
run-out sample (N4 = 109, Dr/2 = 380 MPa).

Fig. 10. Stacking faults and single dislocations in a run-out sample (N4 = 109, Dr/
2 = 380 MPa), z = [011].
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intersection points between phase boundaries and austenite slip
traces (Fig. 8). Stress intensifications at the tip of austenite slip
bands can cause localized dislocation generation and motion in
neighboring ferrite grains close to phase boundaries. The cyclic
irreversible motion of dislocations on several parallel slip planes
seems to determine the stage of fatigue crack initiation. The fatigue
crack shown in Fig. 8 stopped at a length of about 11 lm without
any visible influence of an obstacle (e.g. inclusion, grain or phase
boundary) within a ferrite grain. A possible reason could be that
the inhomogeneous stress field due to the anisotropic elasticity
decreases stronger along the potential crack path than the stress
field at the crack tip increases due to the increasing crack length.
This may cause that the driving force (e.g. cyclic crack tip slide dis-
placement, DCTSD) for further crack propagation vanishes.

Cyclic irreversible plastic deformation in form of slip band gen-
eration, which was observed by means of SEM in few austenite
grains at the sample surface, was also observed in the bulk material
by means of TEM (Hitachi H-8100, 200 kV) investigations at the
depth of 0.6–0.7 mm, whereas the radius of the specimen in its
center was 1.5 mm. Fig. 9 shows stacking faults and several slip
bands in an austenite grain piling up against a phase boundary in
a run-out sample, which was fatigued at 380 MPa. Another
Fig. 8. Transgranular fatigue crack initiation in a ferrite grain due to slip band
generation in an austenite grain (N = 108, Dr/2 = 380 MPa), circles show possible
slip traces.
austenite grain in this sample is presented in Fig. 10. An area of
contiguous stacking faults and single, randomly distributed dislo-
cations are shown.
4. Discussion

Using micro beam X-ray diffraction in transmission geometry
we observed a systematic splitting of RCs of reflections of austenite
grains as a function of the number of load cycles in austenitic–fer-
ritic duplex stainless steel samples. The appearance of split RCs of
austenite grains is correlated with the formation of slip bands
causing grain substructures with mutual different orientation.
Since the split angle is a function of the dislocation density and
arrangement, it results from dislocation generation and gliding
induced by the local shear stress amplitude [12]. Without quanti-
fying the angular split amount, the frequency of split RCs of grains,
i.e., the fraction of the austenite grains being split, increases as a
function of the number of load cycles up to about 107 cycles and
stays approximately unchanged up to 109 cycles. In addition we
found a clear dependence of the split grain fraction as a function
of the local stress amplitude. This behavior can be understood in
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terms of linear elasticity and was modeled by means of FEM. Eval-
uating the lattice parameters at selected ferrite and austenite
grains, the strain is partially released for low number of load cycles
(sample N2) but recreated for higher load cycles. That means that
the internal strain becomes released due to the formation of more
and more slip bands mainly in austenite grains. The respective
bunching of dislocations form grain boundaries visible as split
peaks in RCs up to 107 fatigue cycles. For higher number of stress
cycles the additionally generated defects obviously are hindered
to form new grain boundaries due to mutual hindrance which
result in recreation of stress in both austenite and ferrite grains.
The appearance of slip bands was verified by SEM at the surface
and by TEM in the bulk of fatigued samples. On the other hand
no major dislocation activity was found in the ferrite grains inde-
pendent of the number of load cycles. This explains why no signif-
icant changes in X-ray RCs occurred for ferrite reflections. Crack
formation was identified in several run-out samples. Here austen-
ite grains with intense slip bands are forming cracks in neighboring
ferrite grains. In some cases, these cracks stopped in the middle of
the first grain without a visible influence of an obstacle (e.g. inclu-
sion, grain or phase boundary). The mechanism of trans-granular
fatigue crack formation in the ferritic phase resulting from high
density slip band formation in austenite grains is assumed to be
an important aspect for a detailed understanding of the VHCF
behavior of duplex stainless steels. Methodically the proposed
technique provides some challenges for the analysis of granular
materials. In contrast to powder diffraction usually applied in
material science to get averaging material parameters the method
of micro beam X-ray diffraction allows for quasi single grain anal-
ysis. The appearance of split RCs found for a part of the austenite
grains is correlated with the formation of slip bands revealed by
SEM and TEM at selected grains also. The measured split angle
can be attributed to a certain dislocation density generated by dis-
location formation and gliding induced by the local shear stress
amplitude [13]. The fraction of split RCs of grains varies non-sys-
tematically as a function of the azimuth angle measured from
the load axis of the sample. This may give a hint of the effect of
the Schmid factors of individual grains. Nevertheless, the fraction
of split RCs of grains correlates with the local stress amplitude,
e.g. along the load axis of the sample and in its radial direction.
The results of electron microscopy investigations clearly support
the assumption that the split RCs are caused by the dislocation
arrangements because slip traces at the surface of fatigued samples
(SEM) and slip bands in austenite grains (TEM) were found. It is
proposed that the extent of this splitting can be used as a reason-
able parameter quantifying fatigue damage.

5. Summary

In this paper we have investigated the influence of low-ampli-
tude cyclic loading in the VHCF regime on the microstructure of
duplex stainless steel. The appreciable changes are not uniform
and limited to few austenite grains in particular after application
of a small number of load cycles (up to 105): As a consequence of
dislocation formation and glide, slip bands and subgrain bound-
aries are formed which results in a splitting of rocking curves of
part of the austenitic grains. By means of hard X-ray diffraction
technique applying a beam diameter in the order of the mean grain
size, the split austenite grain fraction was clearly shown to
increase with increasing local stress amplitude. Defect formation
in a small number of grains causes a global strain release visible
by increased lattice parameters of austenite and ferrite grains.
The strain release in ferrite grains was found to be twice as large
as compared to austenite ones. For more than 107 load cycles, more
than 40% of austenite grains are affected. The high density of slip
bands in these grains results in dislocation pile-ups against phase
boundaries triggering transgranular fatigue crack initiation in adja-
cent ferrite grains, which finally may give rise to failure.
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