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Abstract

While the LCF behavior of austenitic steels used in nuclear power plants is

already well investigated, the VHCF regime has not been characterized in detail

so far. For this, fatigue tests on the metastable austenitic steel AISI 347/1.4550

were performed with a servo-hydraulic testing system at test frequencies up to

980 Hz and with an ultrasonic fatigue testing system at a test frequency of

20,000 Hz. To compare these test results to the ASME standard fatigue curve

(total strain amplitude vs. load cycles to failure), a fictitious-elastic and an elasti-

cally plastic assessment method was used. The elaborated elastic–plastic assess-
ment method generates good results, while a purely elastic assessment in the

VHCF regime, commonly used in literature, leads to significantly nonconserva-

tive results. Moreover, phase transformation from metastable austenite into sta-

ble α0-martensite can take place, and no specimen failure occurs in the VHCF

regime. Consequently, for this material, a real endurance limit exists.
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Highlights

• AISI 347 shows a significant plastic strain component in the VHCF regime.

• Elastic–plastic FE-analysis describe cyclic material behavior in the VHCF

regime accurately.

• An elastic–plastic based calculation method was elaborated to be able to

assess fatigue lifetime.

• Results of the assessment method show a good accordance to experimental

tests and the ASME code fatigue curve.
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1 | INTRODUCTION

Reactor internals are subjected to thermomechanical
fatigue induced by operational temperature transients
and flow-induced vibrations as well as their combination
at an operating load range between ambient temperature
and �300�C.1 The combined action of the resulting com-
plex loads induces low cycle (LCF, Nf ≤ 103), high cycle
(HCF ≤ 103 Nf ≤ 107), and even very high cycle (VHCF,
107 > Nf ≤ 1010) fatigue and their interaction. Methodo-
logical gaps within the current design codes are due to a
huge lack of experimental data in the VHCF regime2 (see
Figure 1). Additionally, mean data curves in design codes
are based on total strain-controlled fatigue tests with a
25% load drop failure criterion. Therefore, the fatigue
curves are provided as mathematical approaches
(by using the Langer equation with tree variables)
describing a total strain amplitude over number of load
cycles correlation, but no strain-based assessment method
for fatigue tests in the VHCF regime is available by now.
These aspects gain in importance particularly in the con-
text of long-term operation.3 The work presented in this
paper primarily aims at contributing to closing these men-
tioned gaps by generating a data and assessment basis for
the fatigue behavior of austenitic stainless steel
components—particularly reactor internals—of nuclear
power plants (NPPs) at high and very high numbers of
load cycles.

To achieve highest load cycle numbers in the VHCF
regime (N � 109) in an adequate test time, high-frequency
fatigue testing systems are required. Using conventional
servo-hydraulic systems operating usually at f = 5 Hz,
fatigue tests up to 109 load cycles would take more than
5 years. In addition to resonance pulsators, which realize
test frequencies up to 1000 Hz,5 a servo-hydraulic system,
which operates at up to 1000 Hz,6 and above all ultrasonic
fatigue systems7,8 are used for VHCF investigations. Both
a high-frequency servo-hydraulic test rig and an ultra-
sonic system are used in this work (see Section 3). While
in conventional fatigue tests in the LCF and HCF regime,
total strain control (Figure 2A) and stress measurement
(Figure 2B) can be used to determine stress–strain hyster-
esis loops (Figure 2C) and to characterize the fatigue
behavior, this is not possible for high-frequency systems
in the same way. The servo-hydraulic high-frequency test
system allows only stress-controlled tests without strain
measurement (Figure 2D). In the case of the ultrasonic
fatigue testing (USFT) system, the stress develops in a
pulsed and displacement-controlled manner (Figure 2E).
For an uniform representation of test results in a total
strain amplitude over number of load cycles to failure
(εa,t-Nf) curve from the LCF to the VHCF regime, a pre-
cise calculation of the total strain amplitude resulting in
the VHCF tests is required. To determine the total strain
amplitude for the stress-controlled tests on the servo-
hydraulic system as well as from the displacement-
controlled tests on the USFT system, an elastic–plastic
assessment method was created for each case. These
methods are adapted to the respective test principle and
are based on the material behavior determined in total
strain-controlled tests in the HCF and VHCF regime.

The abovementioned need for further research and
development efforts is directly addressed by this paper.
The fatigue behavior of technically important austenitic
CrNi steels up to highest numbers of load cycles depends
strongly on the austenite stability of the material.9 While
in stable austenite no phase transformation occurs due to
cyclic loading, the cyclic deformation behavior of metasta-
ble face-centered cubic (fcc) γ-austenites is significantly
affected by formation of the body-centered cubic (bcc)
α0-martensite and twins.10,11 These microstructural
effects, which are influenced by the chemical composi-
tion, temperature, and stress or strain amplitude, lead to a
cyclic hardening of the material, which results in a true
fatigue limit, that is, no further decrease of the sustainable
load amplitude in the VHCF regime.9,12,13 In comparison,
stable austenite and also metastable austenite with a high
α0-martensite content in the initial state show a second
decrease in fatigue life up to the highest numbers of load
cycles.11,14,15 The tendency of deformation-induced phase

FIGURE 1 KTA (Germany: Kerntechnischer Ausschuss) data

base for the austenitic stainless steel AISI 347 at ambient and

elevated temperatures with the KTA and ASME (American Society

of Mechanical Engineers) mean data curves.2,4 [Colour figure can

be viewed at wileyonlinelibrary.com]
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transformation and twinning formation in metastable
austenite decreases with increasing temperature,11,16 so,
especially at a typical operating temperature of 300�C,
the characterization of the fatigue behavior of metastable
austenitic steels is necessary. Due to the few results at
ambient temperature in the VHCF regime and the hardly
available results at elevated temperatures in the VHCF
regime, further investigations up to the highest numbers
of load cycles are needed for the design of austenitic com-
ponents in NPPs.

2 | INVESTIGATED MATERIAL

The investigated material was the niobium stabilized
metastable austenitic stainless steel AISI
347 (X6CrNiNb18-10, 1.4550). For the fatigue tests, speci-
mens were extracted from an original nuclear power
plant surge line pipe (archive material) with an outside
diameter of 333 mm and a wall thickness of 36 mm. The
pipe was manufactured seamless, drilled from the inside,
turned from the outside, and delivered in a solution
annealed state (1050�C/10 min), such that in the initial
state, no α0-martensite was detected by microscopic, X-
ray, and magnetic Feritscope™ measurements. Note that
the surge line pipe was not previously used for

applications in nuclear power plants. The chemical com-
position of the investigated material determined by spec-
tral analysis is given in Table 1 and conforms to the
limits given in the respective international standard. The
aspect of metastability was evaluated on the basis of the
widely accepted empirical parameters of MS temperature
according to Eichelmann,17 Md,30 temperature according
to Angel,18 and stacking fault energy.16 The respective
values given in Table 1 indicate a metastable state of the
investigated material at ambient temperature.

The microstructure in the initial state was fully aus-
tenitic with typical annealing twins and relatively large
grains (Figure 3A,B). Quantitative microstructure analy-
sis by using planimetric method according to ASTM E112
showed a mean grain size of 120 μm without the consid-
eration of solution annealing twins. All specimens of the
investigated material for fatigue and tensile tests were
mechanically and electrolytically polished to obtain a sur-
face roughness of Rz = 0.16 μm and to remove small
amounts of α0-martensite at the specimen surface that
may have formed in the turning process. Afterward, mag-
netic Feritscope™ measurements on the specimens
showed no ferromagnetic phase content ξ = 0.00 FE-%,
confirming that no α0-martensite was present in the ini-
tial state.

The mechanical properties of the test material at
ambient temperature and 300�C determined in each case
from three tensile tests are shown in Table 2. The mate-
rial shows a relation of good strength and ductility typical
for austenitic materials. At ambient temperature, an
α0-martensite content of ξ = 4.41 FE-% is formed up to
failure, proving the metastable behavior described above.
Note that ξ is the original measurement value from the
magnetic Feritscope™ sensor, which correlates linearly
with the ferromagnetic α0-martensite content.19 Due to

FIGURE 2 Schematic diagrams

showing (A) ramped course of total strain-

controlled loading, (B) respective stress

response during elastic–plastic cyclic
deformation and (C) resulting stress–strain
hysteresis determined in LCF/HCF tests,

(D) course of sinusoidal stress loading in a

VHCF test using a high-frequency servo-

hydraulic test system, and (E) pulsed

displacement applied in an ultrasonic

fatigue testing system.

TABLE 1 Chemical composition in wt% and austenite stability

parameters of the investigated metastable austenitic steel AISI 347.

C N Cr Ni Nb Mn Mo Si

0.04 0.007 17.6 10.64 0.62 1.83 0.29 0.41

MS in �C Md30 in �C SFE in mJ/m2 at AT

�189 25 42
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the increased austenite stability at 300�C, no phase trans-
formation takes place as a result of the quasi-static load-
ing. As expected, an increase in temperature is
accompanied by a decrease in Young's modulus as well
as strength and elongation at fracture.

3 | EXPERIMENTAL SETUP

In this work three different strain rates/frequencies (1%/
s, 980 Hz, 20 kHz) are applied during the fatigue tests in
the LCF, HCF, and VHCF regime. Accordingly, the
fatigue tests for this work were carried out on three dif-
ferent test rigs, which differ in test principle and control.

3.1 | LCF/HCF tests

Total strain-controlled fatigue tests with a strain rate of
1%/s were performed on a 100-kN Schenk servo-
hydraulic test system. The strain measurement was real-
ized by a clip gauge extensometer. In combination with
the force recording by using a load cell, this setup allows
determining stress–strain hysteresis for each individual
load cycle (Figure 2A–C). For investigations at higher
temperatures, an oven with multi-zone control was used.
Therefore, a thermocouple, applied on the surface of the
specimen, measures the temperature and controls the
heating system within an accuracy of ±5 K.

3.2 | VHCF tests

To investigate the fatigue life in the VHCF regime,
fatigue tests were performed on an ultrasonic fatigue

testing system (UFTS) and on the high-frequency servo-
hydraulic test rig MTS 1000 Hz9 (Figure 2D).

The servo-hydraulic test system uses a voice coil servo
valve, which allows stress-controlled fatigue testing at
frequencies up to 980 Hz.6 Due to the high frequency, it
was not possible to record the strain and thus the stress–
strain hysteresis on this system. Consequently, lifetime-
oriented tests can be performed without information
about the development of total and/or plastic strain. As a
result of the continuous loading during this test, extreme
heating of the specimen occurred within a short time,20

so fatigue tests at 980 Hz and ambient temperature were
not possible. Accordingly, the tests at this system were
carried out at a temperature of 300�C by using an induc-
tion heating system from comp. TRUMPF Hüttinger. The
induction generator with a nominal power of 5 kW is
controlled by a type K thermocouple attached to the
gauge length of the specimen. The temperature deviation
during the tests at 300�C is ±2�C. Furthermore, a UFTS
was used to perform tests at both ambient (AT) and ele-
vated temperature with test frequencies of �20,000 Hz.
The operating principle of the UFTS is based on the
inverse piezoelectric effect.21 For this, the converter
transforms an electrical signal from the ultrasonic gener-
ator into a high-frequency mechanical oscillation. Using
a booster, which amplifies the oscillation depending on
its geometry, the mechanical oscillation is transferred to
the specimen.22,23

All parts of the system were designed to assure that
under resonance conditions, a standing wave develops
along the load axis with a maximum displacement ampli-
tude at the specimen ends and maximum stress–strain
amplitude in the center of the gauge length of the speci-
men (see Figure 4). Due to the strong self-heating of the
investigated material, the specimens were loaded in

FIGURE 3 Microstructure

in the initial state: (A) EBSD

mapping and (B) light

microscope image of a cross

section. [Colour figure can be

viewed at wileyonlinelibrary.

com]

TABLE 2 Mechanical properties and α0-martensite content (ξ) after specimen failure.

Rp0.2 in MPa Young's modulus in GPa UTS in MPa A in % ξ in FE-% after fracture

AT 242 ± 8 183 ± 9 569 ± 10 66 ± 2 4.41 ± 0.30

300�C 180 ± 2 159 ± 7 357 ± 3 36 ± 2 0.00 ± 0.00
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pulse-pause mode, which limits the maximum specimen
temperature during cyclic loading.24 Therefore, the gen-
erator power was increased rapidly at the beginning of
the pulse sequence to achieve the desired displacement of
the specimen measured by using a laser vibrometer. Then
the power was regulated in such a way that the oscilla-
tion amplitude remains constant until the end of the
pulse sequence before the generator power, and, hence,
the displacement amplitude decreased to zero. The test
was realized in such a manner that the displacement
amplitudes during the pulses remain constant over the
complete testing time.22 No force measurement can be
used to determine the stress–strain hysteresis in this test

design, since no load cell can be integrated into the oscil-
lation system. However, based on the maximum displace-
ment that occurred at the top and bottom of the
specimen (Figure 4A), the maximum stress that arises
exactly in the center of the specimen's gauge length can
be determined using finite element method (FEM) simu-
lation of the steady vibration state in ABAQUS (red line
in Figure 4B). Note that, opposed to the situation in con-
ventional force-controlled fatigue testing where the stres-
ses are homogeneously distributed over the complete
gauge length, a rather pronounced stress peak occurs in
the middle section of the VHCF specimen. The results of
the FEM simulation were verified in tests with strain
gauge measurements. The stresses determined from the
strain using Hooke's law showed a deviation of max. 9%
in the range of low stresses and of max. 6% in the range
of higher stresses compared to the steady-state dynamic
analysis (Figure 5). The material parameters, that is,
Young's modulus, density and Poisson's ratio, used for
the simulation are given in Table 3. Figure 4C visualizes
the stress distribution in a 3D model along the load axis
as well as the dimensions of the specimen.

In the following, the stress values from the steady-state
dynamic simulation are used. The maximum stress ampli-
tude calculated by a structural mechanics simulation
(quasi-static analysis), considering elastic–plastic material
behavior (see Section 4.1.2), shows a big difference com-
pared to the steady-state dynamic simulation (green line
in Figure 4B). Therefore, this method is not valid to calcu-
late elastic–plastic stresses and strains due to ultrasonic
fatigue tests. To address elastic–plastic material behavior
even in the VHCF regime, a method was compiled based
on steady-state dynamic analysis combined with a post-
assessment considering elastic–plastic material behavior.

FIGURE 4 (A) Displacement distribution along the specimen axis during oscillation with a standing wave; (B) resulting stress profile

along the specimen axis resulting from steady-state dynamic and structure mechanics analysis; (C) specimen shape and stress distribution

with sa = 10 μm at AT from steady-state dynamic analysis in ABAQUS. [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 5 Relationship between stress amplitude–
displacement amplitude taken from steady-state dynamic analysis

in ABAQUS and strain gauge measurements. [Colour figure can be

viewed at wileyonlinelibrary.com]
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3.3 | Optical microscope

Optical microscopic investigations were performed on a
Leica DM 6000 M optical microscope. The metallographic
sections were first electrolytically polished and then
etched with Beraha II to visualize the microstructure.
The IMAGIC software used in this work provides various
analysis options for determining the grain size and the
phase fractions of multiphase materials.

3.4 | Feritscope™ measurements

To determine the α0-martensite content, ex situ magnetic
Feritscope™ measurements were performed before and
after the fatigue tests. Due to the higher permeability of
the ferromagnetic α0-martensite compared to paramag-
netic γ-austenite, the response of the material to mag-
netic induction increases with increasing ferromagnetic
phase fraction.19

4 | RESULTS

4.1 | Numerical analysis and assessment
methods

4.1.1 | Cyclic deformation behavior and
VHCF material model

In the later on described assessment method, which con-
siders elastic–plastic material behavior in the VHCF
regime, numerical analyses are used as a fundamental.
Therefore, the elastic–plastic material behavior has to be
described accurately, and also, cyclic hardening and/or
softening effects need to be considered. Hence, a material
model based on Armstrong–Frederick and Chaboche
(AFC) with a combined isotropic and kinematic harden-
ing law was implement.25,26 Valid material model param-
eters for the AISI 347 stainless steel, especially in the
VHCF regime, cannot be found in the literature but have
to be derived from experimental data like stress–strain
hysteresis and from cyclic deformation curves. For more
details about the model, see Daniel et al.23 In the first
step constant amplitude fatigue tests at several total

strain amplitudes representing the different cyclic fatigue
regimes were performed: (i) εa,t = 0.2% for HCF,
(ii) εa,t = 0.15% for HCF/VHCF transition, and
(iii) εa,t = 0.1% for VHCF. All tests were carried out with
a constant strain rate of 1%/s. Stress–strain hysteresis
loops were obtained from these experiments, which
allows a detailed characterization of cyclic deformation
behavior at ambient temperature (Figure 6A) and at
300�C (Figure 6B). The results clearly show that even the
load amplitude εa,t = 0.1% (VHCF regime) leads to a sig-
nificantly elastic–plastic material behavior at ambient
temperature and at 300�C. Due to high cyclic hardening
at AT, shown in Figure 7, the hysteresis at εa,t = 0.2% are
plotted for different stages during lifetime to illustrate the
evolution of the stress amplitude.

In order to estimate the εa,t–Nf curves, not only the
relationship between stress and total strain but also the
cyclic hardening and/or softening effects has to be con-
sidered since, at least in case of large total strain ampli-
tudes, the investigated metastable austenitic steel does
not show a stabilized stress–strain behavior. Experimen-
tal results at ambient temperature and at 300�C
(Figure 7) indicate stable cyclic deformation behavior for
load amplitudes in the VHCF regime (εa,t = 0.10%) and
only small changes in the resulting stress amplitude over
the number of cycles for εa,t = 0.15% (HCF/VHCF transi-
tion regime). However, the cyclic loading with a total
strain amplitude of εa,t = 0.20% (HCF regime) at ambient
temperature leads to a significant increase of the stress
amplitude until specimen failure (Figure 7A) due to pro-
nounced α0-martensite formation. At 300�C, only a slight
cyclic hardening was observed (Figure 7B). The material
behavior, described in detail with the help of stress–strain
hysteresis and cyclic deformation curves, serves as the
basis for the numerical material model. Cyclic hardening
effects are reproduced with phenomenological
approaches and adapted by using mathematical methods
and best-fit algorithms. Therefore, an AFC material
model with three backstresses (Chaboche parameters C1–

3, γ1–3) was applied (see Table 4), and for more details,
see literature.23,27,28 Plasticity initiates when stress passes
over σy0 (yield stress at zero plastic strain).

In addition to the characterization of the cyclic defor-
mation behavior, microscopic investigations were carried
out on longitudinal sections of two fatigued specimens

TABLE 3 Used parameters for the steady-state dynamic analysis.

Rp0.2

[MPa]
Young's modulus
[GPa]

UTS
[MPa] A [%] ξ [FE-%] ρ [g/cm3]

Poisson's
ratio

Thermal conductivity
μ [W/(m�K)]

AT 242 183 569 66 4.41 7.85 0.3 15

300�C 180 159 357 36 0.00 7.85 - -
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after etching with Beraha II. Both specimens were
loaded with εa,t = 0.2% and, hence, failed in the HCF
regime, one at ambient temperature (Figure 8A,B) and
the other at 300�C (Figure 8C,D). Figure 8A shows that
deformation-induced α0-martensite formation occurs at
ambient temperature, which results in a strong cyclic
hardening (Figure 7A). The α0-martensite is rather
homogeneously distributed over the entire gauge sec-
tion, and its content decreases with increasing specimen
diameter at the transition of the gauge section to the
specimen shaft. The α0-martensite is present as blocks as

well as points and needles. Magnetic Feritscope™ mea-
surements indicated an average α0-martensite content of
10.5 FE-%. As described in Section 2, the austenite sta-
bility of the material increases with increasing tempera-
ture. As a result, the optical micrograph of the specimen
fatigued at 300�C shows no α0-martensite (Figure 8D).
Even at the tip of the failure crucial crack (Figure 8C)
and the secondary crack (see Figure 8D), no
α0-martensite can be detected. Accordingly, the mag-
netic Feritscope™ measurement indicates a ferromag-
netic content of 0.0 FE-%.

FIGURE 7 Cyclic deformation curves for fatigue tests in the HCF regime (εa,t = 0.2%), the HCF–VHCF transition (εa,t = 0.15%) and in

the VHCF regime (εa,t = 0.1%) at ambient temperature (A) and at 300�C (B). [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 4 Used parameters for the Armstrong–Frederick–Chaboche material model.

σy0 C1 γ1 C2 γ2 C3 γ3
AT 120 143,140 1184 4256 0.474 4.057 172

300�C 80 416,270 5451 24,671 1.767 3043 235

FIGURE 6 Representative stress–strain hysteresis for load levels in the HCF regime (εa,t = 0.2%), the HCF/VHCF transition

(εa,t = 0.15%), and in the VHCF regime (εa,t = 0.1%) at ambient temperature (A) and at T = 300�C (B). [Colour figure can be viewed at

wileyonlinelibrary.com]
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4.1.2 | Elastic–plastic assessment methods

In order to establish a basis for comparison with the total
strain amplitude–N curves obtained from total strain-
controlled HCF tests, it is necessary to calculate the total
strain amplitudes from the measured variables of the
VHCF tests using a validated method. It is therefore of
great importance in which way the tests are controlled
and carried out since the technical implementation of the
experiment defines the boundary conditions of the evalu-
ation method. In this paper, VHCF tests were performed
with a servo-hydraulic testing system and with an ultra-
sonic fatigue testing system. The test principles, described
in detail in Section 3.1, differ fundamentally. For this rea-
son, each of the two test principles requires its own eval-
uation method.

Assessment method for force-controlled fatigue tests
Servo-hydraulic systems contain an integrated load cell
that allows direct measurement of the applied forces dur-
ing the fatigue test. In principle, the attachment of an
extensometer is possible for strain measurement and/or
control. However, mechanical extensometry was not via-
ble at frequencies of 980 Hz. For this reason, the tests
were conducted in force control. Together with the speci-
men geometry and the test temperature, this information
can be transferred into a numerical model. With the help
of a simple 2D axisymmetric structural-mechanical simu-
lation of the specimen, the test can be recalculated on the
basis of the given boundary conditions using ABAQUS
2018. As further information material-specific parameters
as Young's modulus, Poisson's ratio and Chaboche
parameters of the material AISI 347 must be included in
the numerical analysis. A subroutine assigns the appro-
priate parameter set on the basis of the stresses and

temperatures that occur in order to transfer the elastic–
plastic material behavior found in the experiment to the
specimen in the numerical simulation. As a result, elastic
and plastic strain components, described by the material
model, show a good accordance to the experimental
results (see Figure 9) and can therefore be calculated for
every appearing load by simply using boundary condi-
tions like displacements or forces.

Following the simulation, the stress and strain ten-
sors can be read out for any time interval and at any
location (node or Gauss point). These tensors describe
the elastic–plastic stress–strain material behavior and,
with a minimum–maximum consideration, allow a
valid determination of the strain amplitude. As a result,
an elastic–plastic strain amplitude is assigned to each
experimentally determined number of load cycles and

FIGURE 9 Comparison of the results for stress and plastic

strain parts given from experimental data and numerical

calculations using the described material model. [Colour figure can

be viewed at wileyonlinelibrary.com]

FIGURE 8 Optical microscopy of a specimen exposed to εa,t = 0.2% at ambient temperature, (A) overview and (B) detail, as well as at

300�C, (C) detail and (D) overview. [Colour figure can be viewed at wileyonlinelibrary.com]
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a comparison with strain-controlled tests or standard
curves is possible.

Assessment method for displacement controlled
ultrasonic fatigue tests
The operating principle of an ultrasonic fatigue testing
system differs from that of a servo-hydraulic system (see
Section 2.1). The standing wave generated in the speci-
men causes a displacement on the lower and upper side
of the specimen. Due to this working principle, the stress
distribution within the specimen differs fundamentally
from that obtained in conventional fatigue tests (see
Figure 4B). As seen in Figure 5, the stresses generated by
ultrasonic testing can be determined quite accurately by
means of vibration analysis. For this purpose, a method
based on elastic steady-state calculations combined with
elastic–plastic post-assessment was elaborated. Therefore,
it is necessary to build up a numerical model with all
test-related boundary conditions and to evaluate it in a
steady-state dynamic analysis at the operating frequency
of UFTS (Figure 10A). Due to the principle of action, the
stresses in the steady-state dynamic analysis are purely
dependent on the elastic material properties. Hence, the
steady-state dynamic analysis delivers the calculated
maximum stress amplitude (Figure 10B). In addition, a

cyclic stress–strain curve is applied, which was derived
from experimental data (see Figure 6). For this purpose,
cyclically stabilized stress–strain values are plotted
against each other and described using the Ramberg–
Osgood fit. The cyclic strain hardening coefficient K0 and
the cyclic strain hardening exponent n0 are sufficient to
unambiguously define the course of the Ramberg–
Osgood equation. As for the elastic–plastic material
model, a separate formulation must be derived for the
cyclic stress–strain curve for ambient temperature and
T = 300�C each. Note that the α0-martensite formation at
ambient temperature (Figure 7) is implicitly taken into
account in the respective cyclic stress strain curve show-
ing more pronounced hardening at AT compared with
T = 300�C. If a significant cyclic hardening due to
α0-martensite formation occurs in the experiment, the
cyclic stress–strain curve shown in dashed line in
Figure 10C applies. Considering the additional material
hardening ensures that the correct elastic–plastic strain
amplitude is assigned to the assessment process. With the
calculated stress amplitude from the steady-state dynamic
analysis (input variable at y-axis), the corresponding
elastic–plastic strain amplitude (output variable at x-axis)
can be read from the cyclic stress–strain curves
(Figure 10C) by considering temperature and

FIGURE 10 Cyclic stress–strain-curves at ambient temperature (considering cyclic hardening caused by α0-martensite formation) and

elevated temperature in the HCF and VHCF regimes. (A) Numerical model of VHCF test conditions (20.000 Hz). (B) Results of steady-state

dynamic analysis. (C) Elastic–plastic assessment with cyclic stress–strain curve. [Colour figure can be viewed at wileyonlinelibrary.com]
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α0-martensite formation. As calculated forces in the speci-
men of the elastic steady-state dynamic analysis are valid
due to considered dynamics and stiffness, applying these
forces to an elastic–plastic structural–mechanical simula-
tion would lead to the same stress magnitude in the mid-
dle cross section of the specimen but to the associated
elastic–plastic strain. Therefore, going straight from the
stresses of the steady-state dynamic analysis to the cyclic
stress–strain-curve is a shortcut, and as a result, an
elastic–plastic strain amplitude can be assigned to an
experimentally determined number of load cycles. Thus,
a comparison with strain-controlled tests and the stan-
dard fatigue curves (e.g., KTA2 or ASME4) is possible and
shows a good accordance (see Section 4.2).

4.2 | Fatigue life calculation

As already mentioned, a broad data basis in the HCF and
VHCF series is to be established for the austenitic steel
AISI 347. For this purpose, tests were carried out at ambi-
ent temperature and 300�C with test frequencies of
980 Hz and 20,000 Hz. Thus, tests up to a load cycle
number of 2 � 109 could be performed within economi-
cally reasonable limits. The purely elastically evaluated
stress amplitudes from the ultrasonic tests (squares) and
the measured stresses from servo-hydraulic tests (stars)
are plotted against the number of load cycles in
Figure 11; run-outs are marked with an arrow. For both
temperatures, a true fatigue limit is found below which
no specimen failure occurred. The results presented in
this work are in very good agreement with other results
from literature, considering the metastability of austenitic
steels. At ambient temperature (Figure 11A), two meta-
stable steels AISI 304 and 347 show failure only up to 107

and hence true fatigue life up to 2x109. For stable AISI
904L failure in VHCF regime occurred.14 Consequently,
this material has a smaller endurance limit in compari-
son to metastable steel. For AISI 316L, two different
behaviors were identified. The AISI 316L investigated by
Grigorgescu et al shows similar behavior as the metasta-
ble AISI 304 and 347, because in this case the AISI 316L
is also metastable.11 In contrast, another charge of AISI
316L investigated by Takashi et al29 shows a continuously
degrease of fatigue strength also in the VHCF regime,
which indicated the stable state of austenite. For tests at
elevated temperatures the fatigue life database of austen-
itic stainless steels series 3xx is small. However, the
results form Takashi et al29 are in good agreement with
our work.

The results shown in Figure 12 have been calculated
using the assessment concepts described in Section 4.1.
In both diagrams, ambient temperature (Figure 12A) and
300�C (Figure 12B), the fictitious-elastic results are addi-
tionally shown as a basis for comparison. In both charts
can be seen that experimental results in the VHCF
regime for the AISI 347 assessed with a fictitious-elastic
method are not valid because the material shows signifi-
cant cyclic plasticity (see Figure 6). For this reason, the
data points are far on the conservative side in terms of
fatigue life and fatigue strength. At ambient temperature,
the KTA and ASME mean data curves are way too con-
servative. By using best-fit algorithms and a lower limit-
ing curve approach, new proposals are made by MPA
fatigue curves based on the Langer equation to cover the
data in the HCF regime and the endurance limit. For
T = 300�C, a comparison with the mean data curve given
by the ASME code shows that the elastic–plastic evalua-
tion methods lead to a good agreement. The previous
assumptions and curves based on extrapolation in the

FIGURE 11 Fatigue life of austenitic stainless steels at ambient (A) and elevated temperature (B). The stress amplitude was determined

by fictitious-elastic analysis.
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VHCF regime could thus be validated experimentally.
This not only describes the relationship between stress
level and service life in the HCF and VHCF regime but
also makes it possible to quantitatively determine a
fatigue limit for ambient temperature and at an opera-
tionally relevant temperature of 300�C.

5 | SUMMARY AND
CONCLUSIONS

It has been shown that for metastable austenitic steels
with an elastic–plastic material behavior in the VHCF
regime, the “state of the art” assessment approach, that
is, a fictitious-elastic assessment, leads to insufficient and
highly non-conservative results. Within this paper, a data
and assessment basis for the fatigue behavior of the aus-
tenitic stainless steel AISI 347 at high and very high num-
bers of load cycles was elaborated. Therefore, fatigue tests
in the HCF and VHCF regime were performed up to a
load cycle number of 2 � 109 and at frequencies of
980 Hz and 20,000 Hz. Since there is no possibility to
measure stress–strain hysteresis during these high-
frequency tests, assessment methods are introduced to
consider elastic–plastic material behavior. The results
show that at ambient temperature, the mean data curves
of nuclear codes such as the KTA and ASME are
designed to be extremely conservative in the VHCF
regime. At elevated temperatures of T = 300�C, the
ASME code shows a good accordance with the assessed
experimental results in the HCF and VHCF regime. For
both temperatures, a new mean data curve was proposed
that covers the entire database and takes the endurance
limit into account.
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