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This paper summarises fatigue results obtained on the duplex steel AISI 329 LN (German designation
1.4462). For the characterisation of the fatigue behaviour, the mechanical stress–strain hysteresis loops,
the temperature change and the evolution of the electrical resistance were monitored. Transmission elec-
tron microscopy was performed to investigate the microstructural changes caused by the fatigue loading.
The data were used to apply the fatigue life calculation method ‘‘PHYBALLIT’’. This procedure requires only
one load increase test and two constant amplitude tests for a timesaving and material-efficient assess-
ment of S–N (Woehler) curves. The method has already been successfully applied to different carbon
and austenitic steels as well as lightweight materials. The results show an excellent agreement between
the conventionally determined and the calculated fatigue lifetimes. This agreement is rationalized on a
microstructural basis.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The characterisation of changes in the microstructure due to
cyclic loading is of major importance for the understanding of
the fatigue mechanisms and are the basis for an improvement of
fatigue life assessment concepts in particular for complex metallic
materials. Hence, the knowledge on the microstructure evolution is
fundamental for a robust and unerring fatigue-resistant design as
well as an optimised material selection ensuring safe and eco-
nomic operation conditions of metallic components, particularly
under the aspect of lightweight construction. Generally, mechani-
cal stress–strain hysteresis loop measurements are performed to
describe the macroscopic response of materials to mechanical cyc-
lic loading. If accessible, the plastic strain amplitude is preferred to
characterise the degree of fatigue damage per loading cycle [1,2].
However, various experimental techniques are available to deter-
mine cyclic stress–strain curves of metallic materials [1]. In recent
years, it has become more and more common to supplement the
acquisition of fatigue data by additional thermal [3–8] and electri-
cal [9–13] measurements. The application of thermographic meth-
ods on cyclically loaded steel specimens is reported for instance in
[4], the determination of the fatigue limit on the basis of energy
dissipation is described in [7]. Apart from the geometry, the electri-
cal resistance depends on the resistivity, which is strongly influ-
enced by microstructural changes which are often combined
with cyclic softening and/or hardening processes. Investigations
of cyclically deformed copper reveal a systematic increase of resis-
tivity with increasing dislocation density [9].

The scope of this work is focused on the characterisation of the

cyclic deformation behaviour in the ‘‘high cycle fatigue’’ (HCF) and

‘‘very high cycle fatigue’’ (VHCF) regime up to 108 cycles as well as
the application of the physically-based fatigue life calculation
method ‘‘PHYBALLIT’’ in the HCF regime of duplex steel AISI 329
LN. It is known that VHCF regime crack initiation can be shifted
from the surface to defects such as inclusions and pores or to
non-defect sites in the interior of the material [14]. Non-defect
sites mean local inhomogeneities leading to stress or plastic strain
concentrations such as phase boundaries between cementite and
ferrite, a particularly large grain or grain arrangements favorably
oriented for slip, where no pre-existing defect is present. In this
study, the transition from surface to subsurface crack initiation is
not considered in the lifetime calculation since only in two cases
large non-metallic inclusions were observed initiating subsurface
crack formation. Thus, the lifetime calculation is only applied to
the HCF regime.
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Fig. 1. Iron–chromium–nickel phase diagram for an iron content of 70 wt.%.

Fig. 2. Microstructure of duplex stainless steel AISI 329 LN after heat treatment
obtained by electron back-scattered diffraction contrast used for phase
identification.

Table 2
Mechanical properties of duplex stainless steel AISI 329 LN.

Modulus (GPa) Ruts (MPa) Rys 0.1 (MPa) Rys 0.2 (MPa) A (%)

200 707 381 445 36
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2. Material

Austenitic–ferritic steels typically consist of a strong phase (in
most cases the a ferrite) and a soft phase (mostly the c austenite)
leading to a beneficial combination of mechanical properties such
as relatively high strength and ductility in combination with supe-
rior corrosion resistance due to the high chromium content. Thus,
duplex steels are often used for automotive, oil, petrochemical and
off-shore applications. The material investigated in this study is the
austenitic–ferritic duplex stainless steel AISI 329 LN (German des-
ignation 1.4462). The chemical composition is given in Table 1. The
test specimen blanks were heat-treated in laboratory air at 1250 �C
for 4 h resulting in a homogeneous microstructure consisting of
nearly 100% ferrite. This process step was followed by controlled
cooling down to 1050 �C in 3 h leading to the precipitation of the
austenitic phase as shown in the iron–chromium–nickel phase dia-
gram (Fig. 1). Finally, the material was water-quenched to prevent
the formation of the brittle r phase. After heat treatment the sur-
face oxide layer was mechanically removed. The machined speci-
mens were ground followed by electropolishing of the gauge
length, resulting in a very smooth surface with an average rough-
ness of Ra < 0.2 lm. The resulting microstructure (Fig. 2) consists
of a ferritic matrix (dark areas) with austenitic islands (bright
areas) and a nearly equal ferrite (54 area-%) and austenite (46
area-%) volume fraction as seen in the phase representation
obtained on a cross section by means of electron back-scattered
diffraction. The average grain sizes are 33 lm and 46 lm for ferrite
and austenite, respectively. The micro hardness HV0.05 was mea-
sured separately for each phase and values of 260 and 220 were
obtained for a and c, respectively. The alloying elements signifi-
cantly affect the local mechanical properties of the phases. For
example, nitrogen additions increase the hardness of the austenitic
phase whereas chromium and molybdenum promotes higher
hardness of the ferritic phase [15–17]. However, ferrite remains
the harder phase in the material investigated, and this determines
the mechanism of fatigue damage initiation, i.e., the crack forma-
tion site.

Table 2 summarises the strength parameters of the material
after the heat treatment determined in a tensile test.

The microstructure of the material was examined in a Philips
EM 300 transmission electron microscope (TEM) operating at
100 kV. These investigations were aimed at a characterisation of
microstructural changes such as the evolution of the dislocation
arrangement and density as a function of loading amplitude, in
order to provide a sound basis for the evaluation of the applicabil-
ity of the life assessment method PHYBALLIT.

3. Test setup

Load increase tests (LITs) and constant amplitude tests (CATs)
were carried out at a stress ratio of R = �1 with servohydraulic
and resonant testing systems at frequencies of f = 5 (LIT, CAT), 15
(CAT), 130 (LIT, CAT) and 300 Hz (CAT) at ambient temperature.
The LITs at 5 Hz were performed with a continuous increase of
the stress amplitude, whereas at 130 Hz the stress amplitude
was increased in a stepwise manner. The procedure of the contin-
uous LIT is schematically represented in Fig. 3.

The LITs and CATs with a frequency of 5 Hz were carried out
using a triangular load command signal on a 100 kN
Table 1
Chemical composition of duplex stainless steel AISI 329 LN in wt.%.

Fe Cr Ni Mo Mn Si P

Bal. 21.91 5.58 3.08 1.83 0.53 0.023
servohydraulic testing system (Schenck) at the University of
Kaiserslautern. For CATs with frequencies >5 Hz a 250 kN resonant
testing machine (Rumul, resonant testing frequency 130 Hz) and a
S Cu Ti Co N C

0.002 0.11 0.03 0.07 0.19 0.02



Fig. 3. Stress amplitude ra (a) and plastic strain amplitude ea,p, change in temperature DR and electrical resistance DR (b) as well as the estimated endurance limit rRW,LIT and
the stress amplitude resulting in failure rf,LIT in a continuous load increase test (schematic representation).

Table 3
Experiment plan.

Specimen
geometry

Frequency
(Hz)

Load signal Number
of cycles

Machine
type

Type of
experiment

Fig. 4a 130 Sinusoidal Until
failure
or
5 � 107

Rumul CAT

Fig. 4a 130 Sinusoidal,
increase
stepwise

Until
failure

Rumul LIT

Fig. 4b 300 Sinusoidal Until
failure
or
1 � 108

MTS CAT

Fig. 4b 15 Sinusoidal Until
failure
or
2 � 106

MTS CAT

Fig. 4c 5 Triangular Until
failure

Schenck CAT

Fig. 4c 5 Triangular,
continuous
increase

Until
failure

Schenck LIT
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1000 Hz high frequency servohydraulic testing system (MTS, test-
ing frequencies 15 Hz and 300 Hz) at the University of Siegen were
used. The change from a triangular to a sinusoidal waveform is
caused by the actuating principles of the testing systems using
an electro-magnetic drive and a voice-coil valve controlled hydrau-
lic cylinder, respectively. Compressed air with 8 bar was used to
keep the specimen temperature below 50 �C also in the tests with
a frequency of 130 and 300 Hz. This procedure is necessary
because of the high energy dissipation in the duplex steel. The
three specific geometries of the unnotched fatigue specimens
(Fig. 4) are related to the requirements of the testing systems
due to their actuating drives and specific clamping devices which
e.g. in case of the 130 Hz resonant testing system (Fig. 4a) requires
a notch in the gripping section of the specimen. The tests at 300 Hz
were discontinued at the ultimate number of cycles of 1 � 108, the
tests at 130 Hz at 5 � 107 cycles and those with 5 and 15 Hz were
truncated at 2 � 106 cycles, if failure has not occurred earlier. The
ultimate numbers of cycles were defined on the basis of the respec-
tive test frequencies and the resulting experimental duration. A
detailed overview of the experiment plan is given in Table 3.

In order to characterise the cyclic deformation behaviour,
stress–strain hysteresis loops (only at 5 Hz), the change in temper-
ature (for all frequencies of 5, 15, 130 und 300 Hz) and the electri-
cal resistance (only at 5 Hz) were monitored. In the case of the
resonant system the change in frequency can be used as additional
information. For the measurement of the strain at a frequency of
5 Hz, a conventional extensometer with a measuring length of
10 mm was fixed in the middle of the gauge length. The change
in temperature DT was measured with one thermocouple in the
middle of the gauge length (T1) and two thermocouples (T2 and
Fig. 4. Specimen geometries for the different testing facilities, (a) resonant testing
system (130 Hz), (b) servohydraulic testing system (15 Hz and 300 Hz) and (c)
servohydraulic testing system (‘‘PHYBAL’’ tests at 5 Hz).
T3) at the elastically loaded gripping section of the specimens.
For electrical resistance measurements a DC-power supply was
attached to both specimen shafts and DR was measured with
two wires spot welded at the transition of the gauge length and
the shafts (Fig. 5), cf. [18,19].
4. Results and discussion

4.1. Load increase tests

LITs have proven to allow for a fast first assessment of the
endurance limit using just one single specimen [18,19]. It must
be noted that this statement only holds true, if the term endurance
limit relates to a commonly used ultimate number of cycles in the
HCF regime, e.g., Nmax = 2 � 106 cycles. In the LITs of this study, the
courses of the quantities monitored (De, DT and DR) can be
exploited to characterise the cyclic stress–strain response and
can also be used as data base for the fatigue life calculation
‘‘PHYBALLIT’’. The absolute values of the measured quantities in
the LITs depend, among others, on the test frequency which is
linked to the dissipated energy per time sequence as well as to
the change in dislocation movements in the volume plastically
deformed. The final part of a LIT is exemplarily shown in Fig. 6
starting at 80 � 103 cycles. The test started at a stress amplitude
ra of 100 MPa and was performed at a stress amplitude increase
rate of 10.7 � 10�3 MPa/s. ra,start is usually selected in the range of



Fig. 5. Experimental setup.

Fig. 6. Stress amplitude ra, plastic strain amplitude ea,p, change in temperature DT
and electrical resistance DR in a continuous load increase test at a frequency of
5 Hz.

Fig. 7. Change in temperature DT and change in frequency Df in a stepwise load
increase test at a frequency of 130 Hz (resonant testing system).
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20–40% of the yield strength in order to avoid any plastic deforma-
tions in the first cycles of the test. The plastic strain amplitude ea,p,
the change in temperature DT and the change in electrical resis-
tance DR are plotted versus the number of cycles N. The initial
materials response at lower stress amplitudes is characterised by
an approximately linear increase. A significant change in the slope
of the ea,p–N, DT–N and DR–N curve of the LIT occurs at
rRW,LIT = 360 MPa (rRW,LIT: endurance limit estimated in the LIT)
and is related to first plastic deformations in the gauge length.
The change in the slope at a stress amplitude rRW,LIT is caused by
increasing plastic deformations and can be used for the assessment
of the endurance limit [3,18,19]. The stress amplitude
rf,LIT = 478 MPa led to specimen failure in this experiment. Both
values rRW,LIT = 360 MPa and rf,LIT = 478 MPa are of major impor-
tance for setting the stress amplitudes of the CATs required for
the fatigue life prediction according to ‘‘PHYBALLIT’’.

Additional LITs were performed at a frequency of 130 Hz to
underline the adaptability of the ‘‘PHYBALLIT’’-concept to high fre-
quency conditions. Fig. 7 shows the materiaĺs response to a LIT
with a stepwise increase of ra in terms of the change in tempera-
ture DT and the change in resonant testing frequency Df. The start-
ing stress amplitude was set at 200 MPa and increased in steps of
Dra = 5 MPa. The specimen was cyclically loaded for N = 6 � 104

cycles at each stress amplitude.
The testing frequency of a resonator is a function of the speci-

men geometry and the stiffness of the specimen, which is directly
related to the change in microstructure during cycling loading.
Consequently, cyclic softening due to dislocation reactions and in
advanced fatigue states also crack propagation processes in the
LIT result in a total frequency drop of 4 Hz close to fracture. The
discontinuous course of the frequency as well as the change in tem-
perature can be explained by stepwise increased stress amplitudes
and transient response effects of the resonator system within the
LIT. Similar to the continuous LIT at 5 Hz the endurance limit can
be assessed by the point of deviation from linear change of temper-
ature and frequency giving rRW,LIT = 345 and 355 MPa, respectively.

4.2. Constant amplitude tests

Constant amplitude tests were performed on servohydraulic
and resonant testing systems with frequencies of 5, 15, 130 and
300 Hz. It is to be noted that the results of the CATs were not sta-
tistically validated within this investigation. It has to be noted that
the results of the CATs were not statistically validated within this
investigation. The stress amplitude vs. fatigue life according to
Woehler is given in Fig. 8. Different symbols allow for the differen-
tiation with respect to testing frequency, load signal, specimen
geometry and type of failure. Scatter effects with respect to the
number of cycles to failure are mainly influenced by the
microstructure of the material and not by testing frequency.
Failures caused by inclusions occur only at lifetimes above 2 � 107

cycles. Data points marked with an arrow indicate run-outs, while
the numeric next to some run-outs indicate the number of speci-
mens tested under the same conditions. An evaluation of these
data in accordance to the staircase method led to a fatigue strength
of ra = 382 MPa for a maximum number of 108 cycles.

4.3. TEM investigations

Transmission electron microscopy was performed in the initial
condition and after fatigue testing in order to characterise changes



Fig. 8. Stress amplitude–lifetime relation (S–N curve) for different test frequencies.

Fig. 10. Stress amplitude and relative increase of the plastic strain amplitude in a
continuous load increase test performed at a frequency of 5 Hz.
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in the microstructure, especially in the dislocation arrangement
resulting from cyclic loading. Fig. 9 shows TEM micrographs of
both phases, ferrite and austenite, in the condition after heat treat-
ment prior to testing. The ferritic microstructure is characterised
by a low dislocation density and small precipitates dispersed in
the matrix (Fig. 9a). This is also documented by the superlattice
reflections appearing in the diffraction pattern (for instance, the
one marked by the white circle in Fig. 9a). As clearly visible in
the bright field image, the needle-like precipitates are well aligned
along low-order crystal planes of the ferrite in an intragranular
manner. It is very likely that these particles are Cr2N precipitates
formed as a result of the heat treatment, in particular during the
fast cooling by water quenching from 1050 �C to room tempera-
ture. Supersaturation of the ferrite and quenched-in nitrides are
the consequences if fast cooling from a high solution temperature
is performed [20]. On the contrary intergranular equilibrium type
precipitates typically occur during ageing between 700–900 �C,
decorating the a/a grain or a/c phase boundaries [21]. On the
other hand, no evidences of nitrogen precipitates were found in
case of the austenite mainly because the nitrogen solubility is
much higher in fcc austenite than in bcc ferrite (Fig. 9b). Here,
more dislocations are visible aligned in a planar manner (marked
by the arrow). The occurrence of dislocations may be a result of
the fast cooling procedure as well, while the dislocation arrange-
ment is probably due to the nitrogen addition. It is well known that
nitrogen changes the slip character of austenite from wavy to pla-
nar [22].
Fig. 9. TEM micrographs of the duplex steel after heat treatment
Fig. 10 again shows data from the continuous LIT (compare
Fig. 6) carried out at a frequency of 5 Hz. Average values of the
plastic strain amplitude were determined for every 9 � 103 cycles
and the relative plastic strain amplitude is defined as the relation
of two successive average values of ea,p. In Fig. 10 besides the con-
tinuously increasing stress amplitude the relative increase of the
plastic strain amplitude is plotted vs. the number of cycles N in
comparison to the slope of the absolute values of the plastic strain
amplitude shown in Fig. 6. The representation of the relative plas-
tic strain amplitude illustrates that the cyclic deformation beha-
viour is a result of the individual deformation behaviour of the
austenitic and ferritic phase of the investigated duplex steel. The
first change in the slope of the relative increase of the plastic strain
amplitude at ra = 360 MPa is dominated by cyclic hardening pro-
cesses of the austenitic phase. For stress amplitudes slightly above
rRW,LIT besides cyclic softening of the ferritic phase first cyclic
hardening processes of the austenite appear. The superimposition
of cyclic softening and hardening processes results in an inflection
of the slope of the relative increase of the plastic strain amplitude
which is followed by a nearly horizontal section. Then again for
ra > 400 MPa cyclic softening of the ferritic phase dominates the
material behaviour with continuous cyclic softening up to crack
initiation.

The values of ra = 360 and 400 MPa are determined by the devi-
ation from the linear course of 3 consecutive points with an accu-
racy deviation of R2 < 0.8.

In order to correlate this cyclic deformation behaviour with the
microstructure the specimens of two load increase tests, which
were finished at 300 MPa and 380 MPa, were chosen for the
showing the ferritic phase (a) and the austenitic phase (b).
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preparation of TEM samples. Fig. 11 shows TEM micrographs of the
ferritic phase from the load-increase test finished at 300 MPa.

In Fig. 11a, the needle-like Cr2N precipitates, which were
already shown in Fig. 9a, are visible, but again no dislocations
are appreciable. Fig. 11b shows another grain with the same kind
of needles together with some dislocations. However, the density
of these few dislocations is very low, and it is likely that they are
not a result of the cyclic loading, but have been in the material
before. The arrangement is very planar, which is rather unlikely
for bcc alloys after cyclic plastic deformation [23]. Thus, ferrite
remains inactive during cyclic loading at low stress amplitudes.

On the contrary, a cyclically induced dislocation formation was
found in the austenite. As Fig. 12a shows, a planar structure with a
higher dislocation density prevails. At least two slip systems are
activated as a result of cyclic plastic deformation. Fig. 12b shows
a phase boundary separating austenite (left part) from ferrite (right
part). Dislocations, which belong to different slip systems, pile up
against the phase boundary in the austenite, whereas no disloca-
tions were found in the ferrite. These results show that at low
stress amplitudes the ferrite does not contribute to plastic defor-
mation because of its higher yield strength as compared to austen-
ite. Although austenite is plastically deformed, the obviously
strong barrier effect of the phase boundaries prevents the disloca-
tions from overcoming these obstacles. The observed ‘‘true’’ fatigue
limit of the material can be attributed to this barrier effect which
probably holds true not only regarding the dislocation motion
but also with respect to the propagation behaviour of microstruc-
turally small cracks.

TEM investigation of specimens fatigued at a high stress ampli-
tude of 380 MPa, which is close to the value of the conventionally
observed fatigue limit, show a high dislocation density in ferritic
Fig. 11. TEM-micrographs of ferrite after a load-increase test finished at 300 M

Fig. 12. TEM-micrographs of austenite (a) and an a/c-p
grains as well (Fig. 13). Almost no Cr2N precipitates are appreciable
in the grain shown in Fig. 13a and the dislocations are distributed
very homogeneously. Since the dislocation lines are intersecting,
slip must have taken place on more than one slip system.

The grain shown in Fig. 13b contains some Cr2N particles inter-
acting with the dislocations. Some dislocation lines are bowed, but
most of the dislocations appear as straight lines. This observation
suggests that nitrides might have an effect on the strength of fer-
rite grains by blocking dislocation movement. However, since the
distribution of quenched-in nitrides is rather inhomogeneous, it
is unlikely to reflect this effect in the macroscopic measurements.

Fig. 14 shows the austenitic phase and a phase boundary in the
same specimen. Again, a planar dislocation distribution with two
activated slip systems is present, but with a higher density as com-
pared to the specimen fatigued at a lower stress amplitude (com-
pare Fig. 14a with Fig. 12a). Fig. 14b shows an a/c-phase
boundary with dislocations in both grains. In one case, the disloca-
tions seem to have crossed the boundary and slightly changed their
moving direction. As dislocations are able to overcome the barrier
of the phase boundary, a crack initiated at such a location can pos-
sibly grow and lead to final failure. The failure of some specimens
from CATs performed at 380 MPa confirms this assumption.

At higher stresses, obviously both phases contribute to the plas-
tic deformation of the material. This change in deformation mech-
anism is also noticeable when looking at the resistivity and
temperature plots in Fig. 6. The change in the slope is obviously
directly correlated with the microstructural changes. Non-linear
behaviour starts with the beginning of ferrite activity, since both
major phases of the material are then involved in plastic deforma-
tion. This leads to higher dislocation densities and thus higher
increase of resistivity, relative temperature and plastic strain.
Pa with precipitates (a) and precipitates with additional dislocations (b).

hase boundary (b) from a LIT finished at 300 MPa.



Fig. 13. TEM-micrographs of two ferrite grains (a)+(b) of a sample after a LIT finished at 380 MPa.

Fig. 14. TEM-micrographs of austenite (a) and an a/c-phase boundary (b) of a sample after a LIT finished at 380 MPa.
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Additionally, the TEM investigation proved that the material
investigated does not show severe discontinuous changes in the
microstructure, like local phase transformations. A limitation of
‘‘PHYBALLIT’’ may be that a distinct transient behaviour on the scale
of only a few grains which may be very sensitive to the applied
stress amplitude would not be visible in the ea,p-, DT- and
DR-signals. But all in all, it can be stated that the microstructural
findings are in excellent correspondence with the macroscopic
findings on the cyclic stress–strain behaviour and the monitored
integral quantities ea,p, DT and DR.
Fig. 15. Cyclic deformation curves showing the change in temperature DT and
electrical resistance DR in two CATs carried out at 400 MPa and 420 MPa,
respectively.
4.4. Physically based fatigue life calculation method ‘‘PHYBALLIT’’

The physically based fatigue life calculation method
‘‘PHYBALLIT’’ allows the calculation of Woehler (S–N) curves of
metallic materials on the basis of generalized Morrow [24] and
Basquin [25] equations with data from only one LIT and two
CATs. This time-saving procedure is explained in detail in
[18,19]. In addition to the one LIT shown in Fig. 6, the two CATs
were performed at the stress amplitudes of 400 MPa and
420 MPa, respectively. These stress amplitudes were chosen such
as to lie above the estimated endurance limit and below the stress
amplitude leading to failure in the LIT. The cyclic deformation
curves at a frequency of 5 Hz are given in Fig. 15 in terms of the
change in temperature and electrical resistance.

For total strain controlled fatigue tests, cyclic deformation
curves for the investigated material are shown in [26]. For lifetimes
>105 cycles, the change in temperature decreases due to heat
transfer saturation effects while the electrical resistance shows
the cumulative fatigue damage with continuously increasing
values.
The used measures are integral values representing fatigue
induced microstructural changes e.g. dislocation reactions as well
as micro-/macrocrack formation and propagation. Contrary to
other methods related to individual material mechanisms e.g.
growing short cracks [27], the ‘‘PHYBALLIT’’ method is based on
the integral information of the material response. In Fig. 16, the
cyclic stress-electrical resistance (CSR) curve of the LIT is shown
for DR values, which are average values from each stress amplitude
in the range of 390 MPa 6 ra 6 430 MPa. Furthermore, for both
CATs represented in Fig. 15 the DR values at 104 cycles are used.
At first, the ratio Q(ra)DR was determined by dividing the DR value
of each of both CATs by the corresponding average DR value



Fig. 16. Calculation of the cyclic stress–electrical resistance curve for constant
amplitude loading.

Fig. 18. Conventionally determined lifetimes for all frequencies compared to the
calculated ‘‘PHYBALLIT’’-curve on the base of the change in electrical resistance.
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measured in the LIT at the same stress amplitude. For all other
stress amplitudes Q(ra)DR was calculated by linear interpolation
or extrapolation using the two values determined as described
above as reference points. Then, the new CSR curve for constant
amplitude loading was calculated by multiplying all DR values of
the LIT with the appropriate ratio Q(ra)DR. This procedure can be
performed accordingly using ea,p, DT or Df as parameter instead
of DR as shown for different steels and lightweight materials in
[18,19]. In the next step of the ‘‘PHYBALLIT’’ calculation, the thus
obtained CSR curve for constant amplitude loading is transformed
into an S–N curve applying the well-known approximation of
Morrow [24] by means of which the cyclic strength coefficient of
the S–N curve can be derived from the cyclic hardening exponent
of the CSR curve. Based on the cyclic hardening exponent n0DR of
0.08 and the lifetime observed in the CAT at ra = 420 MPa the fati-
gue life calculation can be performed.

In Fig. 17, the S–N curves calculated by ‘‘PHYBALLIT’’ on the basis
of the plastic strain amplitude ea,p, the change in temperature DT
and the electrical resistance DR taken at 104 cycles are shown.
Due to the high degree of energy dissipation in the investigated
duplex steel, the change in temperature shows a more conservative
result as compared to the plastic strain amplitude and the change
in electrical resistance.

The calculated S–N curves lie within the scatter of the conven-
tionally determined ones for f = 5, 15, 130 and 300 Hz. Fig. 18
exemplarily shows the ‘‘PHYBALLIT’’-curve for the calculation on
the basis of the change in electrical resistance. The lifetimes calcu-
lated on the basis of ‘‘PHYBALLIT’’ result in an excellent accordance
Fig. 17. Conventionally determined lifetimes Nf conv. compared to the predicted S–N
curves based on ‘‘PHYBALLIT’’.
to the conventionally determined ones. To take the influence of the
different testing systems and frequencies into account the average
lifetimes of the constant amplitude tests at ra = 420 MPa are used
for the ‘‘PHYBALLIT’’ calculation in this case.

For the conventional procedure to evaluate fatigue data, the
lifetimes within the HCF regime were not statistically validated
within this work. Moreover, the fatigue strength of ra = 382 MPa
for a maximum number of 108 cycles was determined by the stair-
case method.
5. Conclusions

The fatigue behaviour of the duplex stainless steel AISI 329 LN
was investigated and the macroscopic observations obtained in
fatigue tests were correlated with the results of detailed TEM
investigations. The fatigue lifetime calculation method
‘‘PHYBALLIT’’ was applied using few selected fatigue results and
compared to the conventionally obtained fatigue life data. It was
shown that the parameters plastic strain amplitude, temperature,
electrical resistance and resonant frequency can be equivalently
used to characterise the fatigue behaviour of the investigated
duplex steel in load increase (LITs) and constant amplitude tests
(CATs) and for a reliable fatigue life assessment applying the
‘‘PHYBALLIT’’ method. The investigations were performed on four
different testing systems with different test setups and
frequencies.

The following conclusions can be drawn from the presented
results:

� The different test setups, command signal shape and frequen-
cies applied were found to have a minor effect on the S–N data,
which were not statistically validated within this work.
� At low stress amplitudes mainly the softer austenite accommo-

dates the plastic deformation. Although the material is
deformed plastically, the strong barrier effect of the phase
boundaries prevents the material from failure.
� At higher stress amplitudes dislocations can overcome the

phase boundaries and allow cracks to initiate and grow result-
ing in final failure. The fatigue limit is thus defined by the
strength of the phase boundaries.
� Load increase tests can be used for an assessment of the endur-

ance limit.
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� ‘‘PHYBALLIT’’ is a very powerful fatigue lifetime calculation
method suitable for a fast calculation of S–N curves requiring
only three fatigue tests.
� The average ‘‘PHYBALLIT’’-curve based on data of the mechanical

stress–strain hysteresis, temperature and electrical resistance
measurements exhibits a very reasonable agreement to the con-
ventionally determined data.
� Contrary to other methods in which the fatigue life is calculated

on the basis of e.g. short crack growth, the ‘‘PHYBALLIT’’ method
uses the integral information of the material response.
� An excellent correlation is also found between the macroscopi-

cally observed cyclic deformation behaviour and the TEM
microstructural analysis.
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