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Abstract
The present contribution is focused on the experimental investigations and numerical
simulations of the deformation behaviour and crack development in the austenitic stainless
steel X6CrNiNb18-10 under thermal and mechanical cyclic loading in HCF and LCF regimes.
The main objective of this research is the understanding of the basic mechanisms of fatigue
damage and the development of simulation methods, which can be applied further in safety
evaluations of nuclear power plant components. In this context the modelling of crack
initiation and crack growth inside the material structure induced by varying thermal or
mechanical loads are of particular interest. The mechanisms of crack initiation depend
among other things on the type of loading, microstructure, material properties and
temperature. The Nb-stabilized austenitic stainless steel in the solution-annealed condition
was chosen for the investigations. Experiments with two kinds of cyclic loading – pure
thermal and pure mechanical – were carried out and simulated.
The fatigue behaviour of the steel X6CrNiNb18-10 under thermal loading was studied within
the framework of the joint research project [4]. Interrupted thermal cyclic tests in the
temperature range of ~150 °C to 300 °C combined with non-destructive residual stress
measurements (XRD) and various microscopic investigations, e.g. in SEM (Scanning
Electron Microscope), were used to study the effects of thermal cyclic loading on the
material. This thermal cyclic loading leads to thermal induced stresses and strains. As a
result intrusions and extrusions appear inside the grains (at the surface), at which
microcracks arise and evolve to a dominant crack. Finally, these microcracks cause a
continuous and significant decrease of residual stresses.
The fatigue behaviour of the steel X6CrNiNb18-10 under mechanical loading at room
temperature was studied within the framework of the research project [5], [8]. With a
combination of interrupted LCF tests and EBSD measurements the deformation induced
transformation of an fcc-austenite into a bcc ’-martensite was observed in different stages
of the specimen lifetime. Plastic zones develop at the crack tips, in which stress and strain
amplitudes are much higher than the nominal loading, and enable martensitic transformation
in the surrounding of the crack tip. The consequence of this is that cracks grow in the
“martensitic tunnels”. The short and long crack growth behaviours of the steel X6CrNiNb1810 under mechanical loading at room temperature and T = 288 °C were studied for different
loading parameters. Moreover, the R-ratio was modified in order to study the effect of crack
closure at the crack tip for long cracks.
Several FE models of specimens with different geometries and microstructures were created
and cyclically loaded according to the experimental boundary conditions. A plastic
constitutive law based on a Chaboche type model was implemented as a user subroutine in
the FE software ABAQUS. The corresponding material parameters were identified using
uniaxial LCF tests of X6CrNiNb18-10 with different strain amplitudes and at different
temperatures. These calculations delivered the estimation of stress and strain distributions in
the critical areas in which the crack initiation was expected.

1 Introduction / Motivation
A large number of components in nuclear power plants are exposed to cyclic loading for
which fatigue failure must be excluded. The evidence of sufficient fatigue safety margins is
based on fatigue analyses. The determination of the fatigue lifetime rests on the assumption
that certain damage events accumulate in a linear manner over time. The damage state,
therefore, is described indirectly as a function of equivalent stress or strain amplitude versus
crack initiation curve. This solution is often a pragmatic approximation for engineering
applications, but it does not explain the mechanisms underlying fatigue and crack formation
on the microscopic level. Especially the role of the materials microstructure in the fatigue
process remains in this approach unexplained. The knowledge of these correlations is,
however, necessary when setting up of the optimal microstructure ensuring longer lifetime is
intended.

2 Material
Nb-stabilized austenitic stainless steel X6CrNiNb18-10 with chemical composition as
presented in Table 2-1 has been used in both projects.
Table 2-1:

Chemical composition of the X6CrNiNb18-10 steel (in weight %, from melt analysis) [1],
[2].1st line: material used for thermal loading; 2nd line: material used for mechanical
loading.
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The material used for fatigue tests under thermal loading was forged, solution-annealed at
T = 1020 °C for 150 minutes and water-quenched to room temperature [1]. Due to a strong
microstructural inhomogeneity (hardness, grain size) in a rod cross-section – from the
surface area to the centre – the rod was solution-annealed again at T = 1030 °C for 90
minutes and quenched with liquid nitrogen.
The material used for fatigue tests under mechanical loading was manufactured by melting
metallurgy, casting and forming process with subsequent solution heat treatment at
T = 1050 °C for 10 minutes and was water-quenched to room temperature [2].
The resulting microstructures, presented in Figure 2-1, consist of austenitic grains with
several twins, some isolated δ-ferrite grains and finely distributed niobium carbides (NbC)
located along the grain boundaries, dislocations and lattice imperfections inside the grains.
The growth of large NbC often results in NbC depletion at the grain boundaries.

(a)
Figure 2-1:

(b)

Microstructure of the X6CrNiNb18-10 steel after heat treatment: (a) material used for
thermal loading; (b) material used for mechanical loading.

Two classes of NbC size distributions, with the average values of:


fine fraction - 45 nm and 33 nm



coarse fraction - 228 nm and 410 nm respectively,

were found in an undeformed state of X6CrNiNb18-10 steel by using replica and thin foils.

3 Experiment
3.1 Thermal cyclic loading
Interrupted thermal cyclic tests in the temperature range of ~150 °C to 300 °C were used to
study the effects of thermal cyclic loading on the material. Therefore a special type of
specimen (Figure 3-1) with a concave shape (so-called “calotte”) on both sides was
developed to realise high frequent (HCF) thermal cyclic loading. The dimension of these
specimens enabled non-destructive residual stress measurements (XRD) and various
microscopic investigations, e.g. in Scanning Electron Microscope (SEM) on a polished
specimen surface.

Figure 3-1:

Specimen with a concave shape (“calotte”) on both sides.

The parameters of the thermal cyclic tests are shown in Table 3-1.
Table 3-1:

Parameters of the thermal cyclic tests.

temperature range

temperature difference

heating rate

cooling rate

~ 150 °C – 300 °C

~ 150 K

~ 90 K / s

~ 75 K / s

Well-defined and repeatable temperature states as well as stress and strain conditions were
realised with the test device shown in Figure 3-2.

(a)
Figure 3-2:

(b)

Test device for thermal cyclic loading: (a) schematic figure; (b) real test device.

The specimen (1) was heated inductively (2) and cooled by pressurised air (3). During the
thermal cyclic tests no additional external mechanical load was applied. The local surface
temperature in the centre of the specimen was measured continuously on both sides with
two pyrometers (Figure 3-2 a (4a) and (4b)). Because of the small wall thickness in the
centre of the specimen, these temperatures were almost identical.

Figure 3-3 shows, as an example, the measured surface temperature of the thermal cyclic
test in the range of ~150 °C to 300 °C for the first 500 seconds (a) and in detail (b). After
heating from room temperature to maximum temperature (300 °C) with reduced generator
power, the temperature holding stage (120 seconds) and subsequently the thermal cycling
(heating with full generator power and alternating cooling) are observable.

(a)
Figure 3-3:

(b)

Measured surface temperatures (pyrometer) in the centre of the specimen: (a) overview;
(b) detail while thermal cycling.

Additional temperature measurements with an infrared camera were used to study the
temperature profile during thermal cyclic loading on the specimen surface. Figure 3-4
illustrates that the temperature profile varies strongly in space and time. Nevertheless, there
is almost a uniform radial temperature profile concentrically around the middle of the
spherical cap. This behaviour was observed at the heating peak (Figure 3-4 a) as well as at
the cooling valley (Figure 3-4 b).

(a)
Figure 3-4:

(b)

Surface temperatures measured at certain points in time: (a) temperature profile at the
heating peak; (b) temperature profile at the cooling valley.

In addition to the temperature measurements with the infrared camera, the resulting strains
at the specimen surface were measured with the non-contact and material independent
measuring system ARAMIS [3]. The results in the middle of the spherical cap, as an
example, are presented in Figure 3-5.
Throughout the first heating up to maximum temperature (300 °C), the measured strains in
horizontal and vertical directions increase as well (a). During the thermal cycling (b), the

measured strains alternate with a small phase shift relating to the measured temperature.
Altogether, the measured values of the horizontal strain (x) are larger than the vertical (y)
strain values. A possible reason for that could be the geometry of the inductor with an open
contour at the bottom side.

(a)
Figure 3-5:

(b)

Strains measured with the optical 3D deformation analysis system ARAMIS compared
with measured surface temperature in the middle of the spherical cap: (a) overview; (b)
detail with thermal cycling.

3.2 Mechanical cyclic loading
In addition to LCF tests performed on cylindrical specimens [7], miniature C(T) specimens
with a half round notch (Figure 3-6 a) were manufactured and cyclically loaded in HCF
regime. The dimensions of these both types of specimens allowed a non-destructive
investigation in SEM and a new loading after break. The near notch area of the C(T)
specimen was observed by light microscope during the test. The crack initiation and crack
development at different stages of the specimen lifetime were recorded (Figure 3-6 b, c). The
crack length increments da after short cycle intervals dN were measured and evaluated as a
function of the crack length and location of microstructural barriers (grain boundaries) for
different loading parameters (Figure 3-6 d).

(a)

(c)

(b)
Figure 3-6:

(d)

(a) Miniature C(T) specimen; (b, c) Crack growth in the notch; (d) Crack growth velocity
da dN as a function of the crack length measured in the miniature C(T) specimen of
X6CrNiNb18-10 under cyclic loading with the upper force of 900 N, R = 0.1.

3.3 EBSD, SEM and XRD
3.3.1 Microstructure after thermal cyclic loading
Interrupted thermal cyclic tests in the temperature range of ~150 °C to 300 °C were used to
study the effects of thermal cyclic loading on the material. For this purpose non-destructive
residual stress measurements (XRD) and various microscopic investigations, e.g. in
Scanning Electron Microscope (SEM), were carried out.
As an example, the surface-microstructure in the middle of the spherical cap at initial
conditions (a) and after thermal cyclic loading (b) is presented in Figure 3-7. Several
microcracks and significant surface modifications were detected. As a remark, the hardness
indentations were used as position marks ensuring to analyse the same position at all times
and did not affect the investigation results.

(a)
Figure 3-7:

(b)

Surface-microstructure in the middle of the spherical cap: (a) initial conditions; (b) after
thermal cyclic loading of 12’500 cycles.

Inside several grains parallel line patterns with different orientation from grain to grain did
arise. Figure 3-8 illustrates that these parallel line patterns are slip bands with characteristic
intrusions and extrusions.

(a)
Figure 3-8:

(b)

Surface-microstructure in the middle of the spherical cap after 12’500 thermal cyclic
loadings: (a) parallel line patterns; (b) detail with intrusions and extrusions.

By means of the Focused Ion Beam (FIB) method, these surface effects were investigated
exemplarily down to a depth of ~20 µm at several positions in the middle of the spherical
cap. Besides the microscopic observations at the surface, the shape of the parallel intrusions
and extrusions in depth are illustrated in Figure 3-9, as an example.

(a)
Figure 3-9:

(b)

FIB-investigation of intrusions and extrusions in the middle of the spherical cap after
22’000 thermal cyclic loadings: (a) overview; (b) detail with subgrain structure.

Microcracks initiate and arise at some of these parallel intrusions and extrusions into the
specimen depth and along the parallel direction, as shown in Figure 3-10.

(a)

(b)

Figure 3-10: FIB-investigations of microcracks in the middle of the spherical cap after 22’000 thermal
cyclic loadings at different positions: (a) microcrack; (b) initiation of microcracks.

In the course of progressive thermal cyclic loading, some of these microcracks evolve to a
dominant crack. Figure 3-11 displays one side (a) of the dominant crack and the
corresponding crack tip (b).

(a)

(b)

Figure 3-11: Dominant crack in the middle of the spherical cap after 22’000 thermal cyclic loadings:
(a) one side of the dominant crack; (b) detail of the corresponding crack tip.

Furthermore, these microcracks cause a continuous and significant decrease of residual
stresses in the middle of the spherical cap. Figure 3-12 illustrates the scatter bands of
residual stresses measured by the non-destructive XRD method in the course of progressive
thermal cyclic loading. After occurrence of the dominant crack, almost no residual stresses
were detectable.

Figure 3-12: Scatter bands of residual stresses measured by the non-destructive XRD method in the
middle of the spherical cap in the course of progressive thermal cyclic loading.

3.3.2 Microstructure after mechanical cyclic loading at room temperature
Short cracks
The EBSD measurements of both specimen types – cylindrical and C(T) ones – were
performed before loading and in the same areas after loading at different stages of the
specimen lifetime. The EBSD scans before loading delivered the information about grain
geometry and orientation. The EBSD scans taken at different stages of the specimen lifetime
showed microstructural changes leading to martensitic transformation and initiation of fatigue
cracks.
In cylindrical specimens the crack formation was observed in the interface between austenite
and ’-martensite or in fully martensitic areas. Martensitic transformation took place there
before the first crack emerges. In C(T) specimens the crack path is enforced through the
specimen geometry. As soon as the crack emerges, martensitic transformation at the crack
tip takes place. This permanent phase transformation at the crack tip forms a kind of
"martensitic tunnel" in which the crack grows. The thickness of the martensitic layer depends
on the grain orientation and can be locally very thin and thereby difficult to detect.

(a) grain orientations in austenite

(b) phase distribution:
green - austenite, red - ’-martensite

Figure 3-13: Crack propagation in the “martensitic tunnel” in the miniature C(T) specimen loaded with
an upper force of 900 N, R = 0.1: (a) distribution of the grain orientation in austenite; (b)
phase distribution: green - austenite, red - ’-martensite.

Long cracks
Several tests were carried out with standard C(T) specimens to determine the crack growth
behaviour of long cracks and the threshold value where no further crack growth occurs. The
load ratio R =

min load
was varied from 0.1 to 0.7. As an example for all tests, the
max load

specimen of X6CrNiNb18-10 loaded with R = 0.1 is shown in Figure 3-14.
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Figure 3-14: Crack growth behaviour of a C(T) specimen of X6CrNiNb18-10, R = 0.1, air condition,
room temperature.

The experimental K -data vary between 5 MPa m and 50 MPa m . The approximation
according to Paris law [10] of the linear data range

da dN = CK n
leads to fitting parameters of 7x10-10 for C and 3.7 for n. The parameters from ASME XI [11]
for austenitic materials are 2.43x10-9 for C and 3.3 for n, so that both curves intersect each
other. For higher K -values the ASME XI-equation predicts lower crack growth rates then
experimentally determined. Another approximation was carried out using the ErdoganRatwami-equation [11]:

da dN =

C (K  K 0 )
(1  R ) K c  K

This equation fits the whole range of cyclic crack growth between threshold value and
collapse. The fitting is quite good in the linear range of cyclic crack growth, but not
conservative in the range of low K -values. For K -values higher than 50 MPa m no
crack growth data could be determined because of the specimens plastification. These
results can be regarded as valid for all other R-ratios investigated.

4 Simulations
4.1 User Material Subroutine (UMAT) for thermal and mechanical
loading
For the numerical modelling a plastic constitutive law based on a Chaboche type model
incorporating kinematic and isotropic hardening has been employed. This law has been
implemented into the FE software ABAQUS as a user subroutine using a fully implicit
integration scheme. The material parameters of the model have been identified on the basis
of uniaxial LCF tests of X6CrNiNb18-10 at different temperatures and for different strain
amplitudes.

4.2 Simulation of thermal cyclic loading
The experimental tests mentioned in chapter 3.1 were analysed by means of 3D finite
element calculations (FE simulations). Therefore, extensive numerical investigations with
user subroutines were carried out to reproduce the real behaviour of the specimen. As an
example, the surface temperatures (temperature profile) at heating peak measured with
infrared camera (a) are compared with the thermal FE-simulation with ABAQUS (b) in Figure
4-1. The good qualitative and quantitative match is clearly illustrated.

(a)
Figure 4-1:

(b)

Surface temperatures (temperature profile) at heating peak: (a) measured with infrared
camera; (b) simulated with ABAQUS.

The numerically calculated, time-dependent and inhomogeneous temperature fields were
assigned to the mesh of the 3D FE model. These temperature fields result in thermally
induced stresses and strains. The used material model is described in chapter 4.1. Some
results of the mechanical FE-simulation in the middle of the spherical cap, as an example,
are presented in Figure 4-2.
Throughout the first heating up to maximum temperature (300 °C), the calculated strains in
horizontal and vertical direction increase as well (Figure 4-2 a). During the thermal cycling
(Figure 4-2 b), the calculated strains alternate with a small phase shift relating to the
temperature. Altogether the identified effects of the real specimen (see Figure 3-5) were
displayed by the FE simulation.

(a)
Figure 4-2:

(b)

Strain profile compared with surface temperature in the middle of the spherical cap as a
result of the FE simulation with ABAQUS: (a) overview; (b) detail while thermal cycling.

4.3 Simulation of mechanical cyclic loading
Several three dimensional FE models of specimens with different geometries e.g. C(T)
specimens with long or short notches, bar-specimen, double-edged-notched flat tensile
specimen etc. were created and simulated in order to find an optimal specimen shape
suitable for observations of crack initiation and development of short cracks. An isotropic
version of the UMAT describing cyclic elastic-plastic deformation behaviour of the
X6CrNiNb18-10 material on the macroscopic (specimen) level at room temperature was
successfully tested and applied for different loading amplitudes according to the experimental
boundary conditions. Stress concentrations and a plastic zone formed near the notch have
been observed in the simulations after already few loading cycles. Stress and strain ranges
for nodes near the notch, where the crack initiation was expected, were evaluated for several
points between minimum and maximum load during a few loading cycles. Based on these
results the tendency in the development of stress and strain in the critical specimen areas
was predicted.

(a) 5th cycle, von Mises stress at the
maximum loading point

(b) 5th cycle, von Mises stress at the
minimum loading point

(c) 1st cycle, equivalent plastic strain at the
maximum loading point

(d) 1st cycle, equivalent plastic strain at the
minimum loading point

(e) 5th cycle, equivalent plastic strain at the
maximum loading point

(f) 5th cycle, equivalent plastic strain at the
minimum loading point

Figure 4-3:

FE simulations of the deformation behaviour of the C(T) specimen of X6CrNiNb18-10
under mechanical cyclic loading. Upper load Fu = 900 N, R = 0.1.

Figure 4-3 shows the distribution of von Mises stress and equivalent plastic strain in the
model of the miniature C(T) specimen loaded with an upper load Fu = 900 N and R = 0.1
after the first and the fifth cycle.
In the applied UMAT version no martensitic transformation was included into the model. This
fact is in accordance with the EBSD observations that no martensitic phase has been found
in the C(T) specimen before crack initiation, even after a great number of loading cycles. As
soon as a fatigue crack emerges an ’-martensite forms at the crack tip. This phase
transformation is connected with a local change of materials properties and with a volume
increase in the transformed areas. The extension of the isotropic UMAT version is currently
being made.

5 Results and discussion
In the austenitic stainless steel X6CrNiNb18-10 different crack initiation mechanisms were
observed under thermal cyclic and mechanical cyclic loading. In the material under thermal
cyclic loading in the temperature range of ~150 °C to 300 °C, inhomogeneous temperature
fields result in thermally induced stresses and strains, that cause intrusions and extrusions
inside the grains (at the surface). In the course of progressive thermal cyclic loading,
microcracks initiate and arise at some of these parallel intrusions and extrusions and finally
evolve to a dominant crack. Furthermore, this is accompanied by a continuous and
significant decrease of residual stresses. In the material under mechanical cyclic loading at
room temperature, formation of deformation induced martensite in the austenitic matrix was
observed. The bcc ’-martensite is unlike a tetragonal variant ductile and soft. The volume
fraction of the transformed martensite depends on the loading amplitude. Higher strain
amplitude leads to a larger volume fraction of martensite. The critical strain amplitude that
must be exceeded in order to trigger the phase transformation is about 0.3 %. Additionally, a
certain amount of accumulated strain must be achieved in order to “prepare” the
microstructure for the transformation which is connected with a volume expansion of 2 %. In
the cylindrical smooth specimens loaded in LCF regime, the formation of martensite was
observed before crack initiation. Fatigue cracks arose in the phase boundaries between
austenite and martensite or in fully martensitic areas. In the miniature C(T) specimens under
cyclic loading the formation of a plastic zone near the notch was observed. At a later point of
loading a fatigue crack emerged in the notch root. At the crack tip, where stress and strain
amplitudes are much higher than nominal loading, martensitic transformation takes place and
leads to a kind of “martensitic tunnel” around the growing crack. This process is connected
with crack closure and a reduction of the propagation rate. The crack closure is enforced by
a volume expansion during the martensite formation [6], [9].

6 Summary and conclusion
This work aims at a deeper understanding of the basic phenomena which are accompanying
fatigue on the nano- and micro-levels in the austenitic stainless steel X6CrNiNb18-10 at
thermal and mechanical loading in air. For this purpose experiments and finite element
simulations have been performed. From the understanding of the phenomena underlying
fatigue in the X6CrNiNb18-10 for different loading and temperature conditions, the impact of
the microstructure on the crack formation and crack growth under cyclic loading can be
identified more reliably.

Acknowledgments
This work was performed with support of the German Federal Ministry of Economics and
Technology (BMWi) as well as the German Ministry of Education and Research (BMBF)
which is gratefully acknowledged. Dipl.-Ing. D. Willer, Dipl.-Ing. P. Kopp, Dr.-Ing. K. Berreth,
Mrs. J. Hüter, Mr. R. Scheck and Mr. G. Pfeiffer (MPA University of Stuttgart) are truthfully
thanked for their assistance in the experiments.

References
[1] BGH Edelstahlwerke GmbH (2010): Material test certificate No. 294612 Rev. 2 for the
melt 773668 (23.03.2010).
[2] DMV STAINLESS Deutschland GmbH. The delivered seamless pipe belongs to the melt
No. 105057 according to the material test certificate.
[3] GOM - Gesellschaft für Optische Messtechnik mbH: ARAMIS - Optical 3D Deformation
Analysis, Braunschweig, Germany.
[4] Project-No. 02NUK009E. Federal Ministry of Education and Research (BMBF): Thermal
fatigue in power plant components – characterization and further development of life
cycle models. Reactor safety research, Materialprüfungsanstalt Universität Stuttgart.
[5] Project-No. 1501391. German Federal Ministry of Economics and Technology (BMWi):
Examination of influencing factors on cyclic crack growth behaviour of cracked
components, Materialprüfungsanstalt Universität Stuttgart.
[6] Roth, I.; M. Kübbeler, U. Krupp; H.-J. Christ, C.-P. Fritzen: Procedia Engineering 2
(2010) 941-948.
[7] Soppa, E.; C. Kohler, E. Roos, X. Schuler: Microstructural aspects of crack formation
and propagation in the austenitic steel X6CrNiNb18-10 under low cycle fatigue loading,
MPA Seminar 2012 (proceedings), Stuttgart.
[8] Soppa, E.; C. Kohler: Final report Micromechanical and atomistic modelling of crack
initiation and crack development in fatigued steels. BMWi-Project-No. 1501353,
Materialprüfungsanstalt Universität Stuttgart (2011).
[9] Yan, W.; C.H. Wang; X.P. Zhang; Y.-W. Mai: Smart Materials and Structures 11 (2002)
947-955.
[10] Paris, P.C.: The growth of cracks due to variations on load, Ph.D. Dissertation, Leheigh
University, South Bethlehem, PA, 1960.
[11] ASME XI Article A-4300 Fatigue Crack Growth Rate, ASME XI Rules for Inservice
Inspection of Nuclear Power Plant Components, The American Society of Mechanical
Engineers, ASME 2007 Edition July 1, 2007.
[12] Erdogan, F.; Ratwami, M.: Fatigue and fracture of cylindrical shells containing
circumferential crack, Int. Journal on Fracture Mechanics 6 (1970).

