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ABSTRACT 
 

Turbulent mixing of hot and cold water often causes cyclic thermal shocks (CTS) which may 
provoke thermo-mechanical fatigue in the primary circuit piping of light water reactors (LWRs). The SNF 
model, a hysteresis energy-based mesoscale model, is applied to estimate fatigue crack initiation site and 
crack propagation through the heterogeneous microstructure of austenitic stainless steel AISI 316L. It is 
calibrated and validated by experiments and numerical modeling. The sizes and crystallographic 
orientations of grains are measured by orientation image microscopy (OIM) with electron back scatter 
diffraction and a representative volume element is generated by a script, which writes the input for the 
finite element (FE) code. The anisotropic elastic properties of each single grain are considered based on 
OIM data, whereas the anisotropic plastic behaviour of the grains is defined through the evolution of 
shear deformation in the slip plane with the highest Schmid-Factor by means of three single crystal 
properties. The four parameter damage model (DM) used to calculate crack initiation and growth is based 
on the accumulated inelastic hysteresis energy. After crack initiation, the model accounts for the 
progressive material degradation by a continuous reduction of the FE stiffness. An inverse analysis using 
the Levenberg-Marquardt algorithm was applied to determine the single crystal properties and the 
parameters of the DM from tensile and HCF tests, respectively. High cycle fatigue (HCF) lifetime and 
stress-strain curves for different grain sizes are reproduced. The SNF model is validated on a sample with 
microscopic multi-notches, induced by Focused Ion Beam (FIB) milling, in order to simulate pre-existing 
microcracks. Good agreement with experimental findings was observed. 
 
INTRODUCTION 
 

Damage in T-junctions where hot and cold water is mixed has been reported, Metzner (2005). In 
nuclear power plants (NPPs) the phenomenon of thermo-mechanical fatigue (TMF) may appear in the low 
cycle (LCF) or/and in the high cycle fatigue (HCF) regime, and is, referring to NEA/CSNI/R (2005) and 
OECD (2006), usually connected with operating transients (LCF, covered by existing safety assessment 
rules and codes), stratification due to temperature differences in horizontal tubes (LCF, partially covered 
by national rules) or mixing of cold and hot water flow, e.g. in T-junctions (LCF and HCF, not 
anticipated at the design stage and therefore not covered by design rules) causing CTS on the piping wall. 
In particular, such CTS caused by the unstable turbulent flow, is leading to temperature fluctuations at the 
inner wall of the piping where the induced thermal stresses may end up in a network of micro cracks 
(elephant skin or crazing). This crazing is characteristic for the biaxial stress/strain loading, as it is the 
case in such thermal shock loads which often are superimposed to other loads, e.g. internal pressure or 
residual stresses in welded tubes. Although most micro cracks arrest shortly in a depth of approximately 2 
millimeter, under certain circumstances, some of them may grow through the wall as reported in several 
publications e.g. Faidy (2000), Cipiere et al. (2001), Hirschberg (2000) and Deardorff (2004).  
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Since the occurrence of the Civeaux incident, Cipiere et al. (2002), this TMF phenomenon has been 
widely investigated, e.g. Fissolo et al. (2004) and Haddar et al. (2004), but there is still a lack of 
knowledge concerning the conditions under which the critical turbulences occur, about the boundary 
conditions leading to the development of crack networks, as well as under what conditions the growth of 
single cracks may result in the failure of components. In particular, the following questions still need to 
be answered: 

• Under which flow conditions do the thermal fluctuations appear? (Thermo-hydraulic problem)  
• What are the critical locations for crack formation in the primary loop of a light-water reactor? 
• What are the temperature amplitudes ∆T/2 and frequencies ω of these fluctuations? 
• Which conditions (ω, ∆T, mean temperature Tm and pressure) have to be fulfilled for the 
initiation and growth of thermally induced cracks? 
• How deep do these cracks grow? Under what conditions do they arrest?  
• Which are the reliable mathematical models for the prediction of such damage?  
 
At the Paul Scherrer Institute (PSI), some of the above questions are addressed within a research 

project (called PLiM) which is dedicated to the experimental and theoretical investigation of TMF due to 
CTS and to the thermo-hydraulic prediction of turbulent fluid flow leading to these CTS, Janssens et al. 
(2008) and Niffenegger et al. (2009). The overall aim of these investigations is to acquire a better 
understanding of the governing mechanisms and to improve numerical tools for the prediction of 
component’s lifetime. 

Fatigue cracks are initiated at the microstructure level due to the irreversible plastic deformation 
accumulated in the grains of the material, Suresh (1998). Thus taking into account the microstructure is 
vital to address the material behavior successfully. This paper focuses on the calculation of crack 
initiation and the development of crack networks by means of an in-house numerical model (SNF). This 
microstructural based finite element (FE) model was developed by Sistaninia & Niffenegger (2014, 2015) 
and further extended by Herrera & Niffenegger (2017). The SNF model allows to investigate the 
influence of grain size, their orientation and geometry, boundary constrains and initial defects on the 
fatigue lifetime of steels, by considering the material’s microstructure measured by Electron Back Scatter 
Diffraction (EBS). Here we report on the calibration, application and validation of the SNF model by 
comparing computational results with those from experiments on HCF specimens made of the (ASS) 
AISI 316L, a steel, which is widely used in nuclear industry due to its good mechanical and chemical 
properties such as ductility and resistance against corrosion. Several fatigue samples were heat treated in 
order to achieve different grain sizes in the range from 17 up to 1625µm. Calibration of the SNF model 
was performed by means of tension and fatigue tests. The model parameters were calibrated by an inverse 
analysis based on the Levenberg-Marquardt algorithm, Herrera-Solaz et al. (2014).  

In this paper we present a validation by means of a sample with micro-notches, imitating the 
microcracks frequently found in raw materials. The idea behind this micro-notched sample was to 
investigate the influence of such microcracks on the fatigue lifetime and to demonstrate the performance 
of the SNF model for the calculation of crack initiation and growth. 

It is worth mentioning that accompanying cyclic thermo-shock experiments on flat, un-notched and 
biaxial-mechanically loaded specimens were performed in order to reproduce the formation of crack 
networks observed in NPPs, under well-defined laboratory conditions. For this purpose, a thermal-shock 
facility which allows applying realistic loading conditions (cyclic thermal shocks) by spraying alternately 
steam and water on the specimen’s surface, similar as in mixing-joints of NPPs, is used to induce crack 
networks on the flaw-free surfaces of cruciform specimens. Figure 1 shows the rig of the CTS-test facility 
that allows loading the centre of flat cruciform test specimens (Fig. 2) simultaneously with CTS and 
additional biaxial mechanical stresses under well-defined boundary conditions (Fig. 3). The latter allows 
to mimic loads as internal pressure in piping or residual stresses. An example of a crack network induced 
by 600’000 cyclic thermal shocks (of ∆T≈150°C) is shown in Fig. 4. Note that the 3-dimensional 
visualization of the crack network is based on crack depth measurements. Figure 5 shows the induced 
crack depth as a function of the number of cycles, ∆T and frequency. 
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Figure 1. Biaxial load frame 
of the thermo-shock facility 
with cruciform specimen. 

Figure 2. Cruciform 
specimen loaded with CTS 
in its centre. 

Figure 3. Applied thermal shock cycles 
and strains at the surface of the sample. 

 

 

 
Figure 4. Crack network induced in the centre of 
a cruciform specimen by 600’000 cyclic thermal 
shocks. 

Figure 5. Experimentally observed crack depths for 5 
and 10 mm thick specimens as function of number of 
cycles and frequency. 

 
THE MICROSTRUCTURAL BASED NUMERICAL FATIGUE MODEL  

 
Crack initiation and growth has been widely evaluated by means of linear elastic fracture 

mechanics (LEFM). Irwin (1957) and Griffith (1921) introduced the stress intensity factor K to describe 
the stress state at a crack tip. Later on, Paris et al. (1961) related it with the crack rate evolution. However, 
this methodology shows some limitations with regards to the cases where the applied stress is greater than 
the 80 percent of yield stress. Furthermore, it covers only the stable crack propagation (regime II). Plastic 
deformation became an important research topic in fatigue assessment of nuclear power components, 
since some of them are made from ductile materials (as ASS) and therefore may undergo considerable 
(local) plastic deformation. In such cases, the basic principles of LEFM may be infringed and the use of 
other theories as the elastic-plastic fracture mechanics (EPFM) or the Fatigue Indicator Parameters (FIP)-
based models is necessary. Among the FIP models are the energy-based damage models, which allow 
considering both, crack initiation and its growth without postulating of initial cracks (as in LEFM and 
EPFM), which are often absent. Early work in this field was done in the sixties by Morrow (1965) and 
Stowell (1966). They obtained the relation between the number of cycles to crack initiation Ni and the 
plastic hysteresis energy of the cyclic loop ∆W. Whereas Morrow used a constant fully reversed static 
loop to estimate the fatigue life, Stowell introduced some kind of loss energy per cycle to its estimation. 
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Both approaches could be used for fully reversed loading cases but only Stowell took into account those 
cases where the material was cycled between zero and a certain tensile stress (i.e. with non-zero mean 
stress). However, the changing properties of the material during cycling because of hardening were 
despised. In order to alleviate part of this problem, Darveaux (2002) proposed a fatigue model based on 
the hysteresis energy at the stabilized cycle. It has recently been shown, e.g. by Chiou and Yip (2005), 
Korsunsky et al. (2007), Koh (2002) and Meneghetti et al. (2014), that the hysteresis energy provides a 
clear physical explanation of material failure and a stable value for fatigue life prediction. 

The fatigue process can be divided into two or three stages, Schijve (2008) and Christ (2014). After 
microcracks initiate, they grow from short to long cracks, which finally may result in failure of the 
component. Crack initiation can have different causes, as initial defects and discontinuities, Stephens et 
al. (2000) and Murakami (2002), intrinsic to the microstructure (grain boundaries, slip bands), Suresh 
(1998), Stephens et al. (2000) and Sangid (2011) or stress peaks due to misorientation of the grains. Some 
researchers estimated that the duration of short crack growth in high cycle fatigue was about 50–70% of 
the total fatigue life, Brockenbrough (1994). Others like Suresh et al. (1998) affirmed that 90% of the 
fatigue lifetime was spent during the growth of a dominant crack. This reinforces the important role that 
microstructure plays during the fatigue process. For the engineering fatigue lifetime assessment of 
components, empirical approaches as the relations of Basquin (1910) and Manson-Coffin (1962) are 
useful even they are not considering the materials microstructure.  

Nowadays, microstructural-based models, which account for the anisotropic grain behavior, are 
under development. Among these are the dislocation theory-based models, like Tanaka and Mura (1981) 
and the FIP-based ones. The former uses a dislocation pile-up model to obtain the number of cycles to 
crack initiation from the local plastic shear amplitude, whereas the latter can predict the material fatigue 
life time by means of the accumulated plastic strain, Furukh et al. (2016), cyclic hysteresis energy, 
Stowell (1966) and Darveaux (2002) or cyclic strain energy density, Tang et al. (2010). 

 
The SNF model 

Recently, Sistaninia and Niffenegger (2014, 2015) developed a new fatigue model (SNF) 
considering the real microstructure of the material. In this model the microstructure (grain shape and 
crystallographic orientation) is measured by EBSD. These data are transferred into the finite element (FE) 
code, where a FE model of a representative volume element (RVE) of the microstructure is created. The 
SNF-model allows the calculation of the inhomogeneous stresses, induced as a consequence of the 
anisotropy and arbitrary orientation of the individual grains. Crack initiation and growth is controlled by 
the inelastic hysteresis energy, following the Darveaux (2002) model, whereas the slip system is 
evaluated based on the dominant resolved shear stress. The procedure followed in the SNF model is 
shown in Fig. 6 and can be summarized as: 

 
1. Measuring the microstructure by EBSD to determine the grain geometry and orientation 

Orientation image microscopy (OIM) performed by EBSD allows to determine this crystallographic 
orientations and results in colourful pictures, whereas the different colours correspond to the Euler 
angles. Since the crystallographic orientation of each grain is unique, also the grain shape can be 
seen from the coloured pictures.  

2. Transfer of the EBSD results to the FE code (Abaqus). 
A C++ code is used to translate the actual crystallographic orientation information obtained with 
EBSD into the Abaqus input file. 

3. Generation of the FE-model (Representative Volume Element), in which each grain has its specific 
anisotropic elastic material properties and crystallographic orientation. 
The EBSD maps are typically acquired with a resolution in the order of micrometer. Every EBSD 
point is assigned to one eight-node brick FE, resulting in a fine FE-mesh. However, no special 
elements are taken into account for the grain boundaries deformation process, meaning that the 
grains are tight coupled by common element nodes of neighbouring grains. This is a reasonable 
approximation in the low temperature range where grain boundary sliding can be neglected. 
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4. Transformation of material properties from crystal to the global coordinate system.  
The orthogonal-anisotropic elastic tensor of the face centred cubic (FCC) crystals can be specified 
in terms of three elastic moduli C11 (C1111=C2222=C3333), C12 (C1122=C1133=C2233) and C44 
(C1212=C1313=C2323), Huntington (1958). In our investigations we used C11=197.5 GPa, C12=125 GPa 
and C44=122 GPa [17]. Since the crystal coordinate systems xiyizi (i=1,2,…n; where n is the number 
of grains in the RVE), differs from the global coordinate system of the FE-model, XYZ, a rotation 
of the elastic tensor is needed. This transformation of the 4th order tensor of elastic constants Cmnpq 
from the crystal coordinate system xyz to the global coordinate system XYZ is in general given by 

 
�′����=	��	��
�������	
�� .    (1) 

 
In Eq. 1 the Einstein’s summation convention over the indices (i, j, k, l, m, n, p, q, taking the values 
1, 2, 3,) is used. The aij in Eq. (1) are the concerning components of the rotation matrix. 

5. Determination of single crystal properties based on tension tests by inverse analysis applying the 
Levenberg-Marquardt algorithm, Levenberg (1944) and Marquardt (1963). The anisotropic plastic 
behaviour of the grains is modeled by assuming that only one of the 12 slip systems of FCC crystals 
is activated, namely the one that exhibits the maximum Schmid factor with respect to the loading 
direction. This approximation is appropriate for austenitic stainless steel in the LCF and HCF 
regime, as shown by Mu et al. (2013). Gliding in the slip direction of the concerning slip plan is 
modeled by three single crystal properties, the critical resolved shear stress τc, the initial tangent 
modulus h0 and the saturation shear stress τsat, summarized in Tab. 1.  
 

 
 

Figure 6. Procedure followed in the SNF model 
 
6. Calculation of the fatigue behaviour as a function of the number of cycles by employing the 

inelastic hysteresis energy criterion and the “direct cyclic approach” implemented in Abaqus 
(2014). 



 
24th Conference on Structural Mechanics in Reactor Technology 

BEXCO, Busan, Korea - August 20-25, 2017 
Division I (Metallic Materials- Modeling) 

In ductile materials under cyclic stress-strain load, accumulated plastic shear deformation is 
responsible for fatigue degradation. This degradation is accomplished by means of a scalar damage 
variable D, which acts via the stress tensor σ, defining the stress of the damaged material σd for 
each integration point of the FE-mesh as 

� = (1 − �)		.      (2) 
 

The initiation of damage in a FE and evolution of D is calculated by means of the inelastic 
hysteresis energy within one cycle ∆W. Note that D=0 corresponds to no damage and D=1 to fully 
damaged material, respectively. The number of cycles Ni up to the onset of damage is calculated as 

 
�� = �∆��      (3) 

 
and the evolution of D as 

��

��
=

��∆�
��

 
.       (4) 

 
The parameters A, B k1 and k2, of the damage model (summarized in Tab.1) are material specific 
and determined from fatigue tests by means of the Levenberg-Marquardt algorithm, whereas L is a 
characteristic length, typically the diagonal between two integration points of the FE, that makes 
the change of energy mesh size independent. 
 

Table 1. Single crystal and SNF model parameters, determined by Levenberg-Marquardt algorithm. 
 

φ (µm) τc (MPa) τsat (MPa) h0 (MPa) A B k1 k2 

17 122 295 1190 6.42E6 -6.52 6E-2 1.511 
165 100 295 900 6.42E6 -6.52 6E-2 1.511 

1625 76 295 700 6.42E6 -6.52 6E-2 1.511 

 
APPLICATION AND VALIDATION OF THE SNF MODEL  

 
High cycle experiments and application of the SNF model for the calculation of HCF lifetime 
 

Several sets of specimens, each set having different averaged grain size ranging from 17 to 1625 
µm , were prepared in order to evaluate the model parameters (A, B, k1 and k2) in HCF tests. The average 
grain size is obtained by means of the weighted diameter distribution (OIM Analysis software). All 
specimens are made from austenitic stainless steel AISI 316L with the chemical composition (in wt%) of 
0.018 C, 0.42 Si, 1.68 Mn, 0.015 P, 0.001 S and 17.6 Cr). 

A Zwick/Roell high frequency testing machine of type 50 HFP 5000 was used to perform the 
HCF tests. Static (σm) and cyclic (σa) tensile loads (50Hz) were applied in the samples. A positive stress 
ratio (R = σmin/σmax) was selected to avoid buckling of the thin specimens under compression. These loads 
were chosen in order to accomplish fatigue failure after a certain number of cycles. For each grain size, at 
least, three set of loads were applied to obtain three average points on the fatigue life curves. Figure 7 
shows the measured and calculated HCF lifetime curves for AISI 316L with different grain sizes.  

In addition, monotonic tensile experiments were performed for each grain size to characterize the 
material and serve as data input for the numerical model. Fig. 8 shows the observed and calculated stress-
strain behaviour. 
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Figure 7. Measured and calculated HCF lifetime 
curves for AISI 316L with different grain sizes. 

Figure 8. Measured and calculated stress-strain 
behaviour of AISI 316L with different grain sizes. 

 
Validation of the SNF model by means of a notched HCF specimen 
 

The performance of the SNF model was demonstrated by comparing experimental results from a 
HCF test with those of the calculation. For this purpose, five micro-notches having a length of 40 µm, a 
width of 15 µm and depth of 20 µm, were introduced in a specimen made of as received AISI 316L (grain 
size 17 µm) by Focuses Ion Beam (FIB).  

Figure 9 shows the specimen with a SEM picture of the notches, which were excavated and 
located with different alignment in the central part of the sample. The notches were introduced to mimic 
microcracks in the polycrystal, as often found in the as received material, often created during the 
manufacturing process of the raw material. It was the aim to analyse how such microcracks may influence 
the HCF behaviour and whether the SNF model can predict the initiation site and path of the crack in the 
microstructure. Fig. 10 shows the result of the EBSD measurement of the part containing the notches. 

 

 

Figure 9. HCF specimen with micro-notches in the 
middle section. 

Figure 10. FE model of multi-notched sample. 
Grain orientation measured by EBSD. 
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Comparison of experimental with numerical results 
 
Figures 11 and 12 show the cracks initiated after 2.0E4 and 2.8E4 cycles, as observed in the experiment 

and simulation, respectively. As it is expected, cracks initiate at sites with stress concentration and grow 
following the plane of the maximum tensile stress, perpendicular to the load direction X. Furthermore, it can be 
seen that the path of the crack is not a straight line, but can surround some grains as well as branching into other 
paths. Figure 13 shows the calculated crack propagation as a function of number of cycles for a certain crack 
length. 

In general, good agreement between experimental findings and calculated results were found. 
Therefore, we conclude that the inelastic hysteresis energy is a consistent fatigue damage parameter in 
microstructural fatigue simulations. Applied in the SNF model, it predicts the fatigue behavior of crystalline 
materials up to very high cycle region by taking into account the strain localization at the level of the 
microstructure. In addition, the macroscopic tensile behavior of the 316L stainless steel can be reproduced, 
thanks to the precise determination of the single crystal properties. 

 

Figure 11. Experimental 
observed crack growth after 
2.0E4 stress cycles 

Figure 12. Calculated crack 
growth after 2.8E4 stress 
cycles. 

Figure 13. Calculated crack length as a 
function of number of cycles. 

 
CONCLUSION 
 

A hysteresis energy criterion has been successfully applied to a microstructure-based model, in 
order to determine fatigue crack initiation and growth due to HCF loading of 316L stainless steel samples. 
To calibrate the SNF model, the single crystal properties of the grains, based on tension tests and the 
parameters involved in the damage model, were determined by inverse analysis. The performance of the 
model could be demonstrated by means of a HCF specimen made from AISI 316L, which has been 
prepared by introducing microcracks with a length of 40, depth of 20 and a width of 10 µm. The site of 
crack initiation, the therefore needed number of cycles as well as the crack path were observed and the 
corresponding results compared with those of the SNF model. Good agreement between experimental 
findings and calculated results were found. It was demonstrated that the SNF model is able to precisely 
estimate the location of crack initiation and its growth due to HCF loading of a multi-notched sample.  

From the above mentioned strengths, we conclude that the inelastic hysteresis energy, usually 
used for fatigue analyses of macroscopic structures, is also a useful fatigue damage parameter for 
microstructural fatigue simulations. Applied in the SNF model it predicts the fatigue behaviour of 
crystalline materials from LCF up to the very high cycle region by taking into account the strain 
localization at the level of the microstructure. In addition, the macroscopic tensile behaviour of the 316L 
stainless steel can be reproduced, thanks to the precise determination of the single crystal properties by 
inverse analysis. 

 
 



 
24th Conference on Structural Mechanics in Reactor Technology 

BEXCO, Busan, Korea - August 20-25, 2017 
Division I (Metallic Materials- Modeling) 

 
ACKNOWLEDGEMENTS 
 

We thank Mr. Hans Kottmann for his technical assistance and especially swissnuclear for founding 
the PLiM project (swissnuclear contract No 1310). 
 
REFERENCES 
 
Abaqus. (2014). Analysis user’s manual, version 6.14, Dassault Systemes; 2014. 
Brockenbrough, J-R, Hinkle, A-J, Magnusen, P-E, Bucci R-J., (1994). “Microstructurally based model of 

fatigue and growth”. NASA conf. publ 1994; 3274. pp. 84-71. 
Basquin, O. (1910). “The exponential law of endurance tests”. Am Soc Test Mater Proc;10(2):625–30. 
Christ, H-J., Fritzen, C-P., Köster, P. (2014). “Micromechanical modeling of short fatigue Cracks”. 

Current Opin Solid State Mater Sci 2014;18(4):205–11. 
Chiou, Y-C., Yip, M-C., (2005). “Life prediction of stainless steels by cyclic and stable hysteresis 

curves”. Trans Chinese Inst Eng, Ser A/Chung-kuo Kung Ch’eng Hsuch K’an  2005;28(2):341–51. 
Cipiere, M.F., Le Duff, J.A., (2001). “Thermal fatigue experience in French piping, influence of surface 

condition and weld local geometry”, Document IIW-XII-1891, Ljubljana, Slovenia. 
Cipiere, M.F., Goltrant, O., (2002). “Circuit RRA N4, Incident de Civaux 1”, Fontevraud 5, Volume 2, 

pages 875-882, 23-27. 
Darveaux R. (2002). “Effect of simulation methodology on solder joint crack growth correlation”. J 

Electron Packag 2002; 124:147–54. 
Deardorff, A. et. al. (2004). “A Survey of Current US Nuclear Plant Fatigue Issues”, International 

Conference on Fatigue of Reactor Components, Seville, Spain, 4-6. 
Faidy, C., (2000). “Thermal fatigue in French RHR systems, International conference on fatigue of 

reactor components”, Int. Conf. on Fatigue of Reactor Components, July 31–August 2, Napa. 
Farukh F, Zhao L., Jiang R., Reed P., Proprentner D., Shollock B. (2016). “Realistic microstructure-based 

modeling of cyclic deformation and crack growth using crystal plasticity”, Comp Mater Sci 2016; 
111:395–405. 

Feltern CE, Morrow JD. (1961). “Microplastic strain hysteresis energy as a criterion for fatigue 
fracture”, J Basic Eng 1961; 83(1):15–22. 

Fissolo, A., Maillot, V., Degallaix, G., Degallaix, S., Haddar, N., Roux, J.L., Stephan, J.M., Amzallag, C., 
Bouchet, F. (2004). “Multiple cracking under thermal fatigue”, La Rev. Met., 101 (12), 1087–1099. 

Fan Y-N, Shi H-J., Tokuda K. (2015). “A generalized hysteresis energy method for fatigue and creep 
-fatigue life prediction of 316L”, Mater  Sci  Eng: A 2015; 625:205–12. 

Griffith AA. (1921). “The phenomena of rupture and flow in solids”, Philos Trans Roy Soc Lond Ser A, 
Contain Papers Math Phys Charact 1921; 221:163–98. 

Haddar, N., Fissolo, A. (2004). “2d simulation of the initiation and propagation of crack array under 
thermal fatigue”, Nucl. Eng. Des. 235, 864–945. 

Hirschberg, P., (2000). “Operating experience regarding thermal fatigue of un-isolable piping connected 
to PWR reactor coolant systems”, International Conference on Fatigue of Reactor Components, 
Napa. July 31-August 2. 

Herrera-Solaz, V. and Niffenegger, M. (2017), “Application of hysteresis energy criterion in a  
microstructure-based model for fatigue crack initiation and evolution in austenitic stainless steel”, 
Int. J. of Fatigue 100 (2017) 84-93. 

Herrera-Solaz V., Segurado J., LLorca J. “On the robustness of an inverse optimization approach based 
on the Levenberg–Marquardt method for the mechanical behavior of polycrystals”, Eur J Mech-
A/Solids 2015; 53:220–8. 

Herrera-Solaz V., LLorca J., Dogan E., Karaman I., Segurado J. (2014). “An inverse optimization strategy 
to determine single crystal mechanical behavior from polycrystal tests: Application to AZ31 Mg 
alloy”, Int J Plast 2014;57:1–15. 



 
24th Conference on Structural Mechanics in Reactor Technology 

BEXCO, Busan, Korea - August 20-25, 2017 
Division I (Metallic Materials- Modeling) 

Huntington HB. (1958). “The elastic  constants of crystals”. Solid  State Phys 1958;7:213–351. 
Taylor G. “Plastic strain in metals”, Instit Met 1938; 62:307–24. 
Irwin GR. (1957). “Analysis of stresses and strains near the end of a crack traversing a plate”, J Appl  
 Mech 1957;24:361–4. 
Janssens, K.G.F., Niffenegger, M. and Reichlin, K. (2008). “A computational analysis of cyclic thermal 

shock induced elasto-plastic ratcheting”, Nucl. Eng. Des. 239, 36-44. 
Korsunsky A. Dini D., Dunne F., Walsh M. (2007). “Comparative assessment of dissipated energy and  
 other fatigue criteria”, Int J Fatigue 2007;29(9–11):1990–5. 
Koh S. (2002). “Fatigue damage evaluation of a high pressure tube steel using cyclic strain energy 
  density”, Int J Pressure Vessels Pip 2002;79(12):791–8. 
Levenberg K. (1944). “A method for the solution of certain non-linear problems in least squares”, Quart 

Appl Math 1944; 2:164–8. 
Marquardt D. (1963). “An algorithm for least-squares estimation of nonlinear parameters”, SIAM J 

Appl Math 1963;11:431–41. 
Metzner, K.-J., Wilke, U. (2005). “European THERFAT project—thermal fatigue evaluation of piping 

system Tee-connections”, Nucl. Eng. Des. 235, 473–484. 
Meneghetti G., Ricotta M., Lucchetta G., Carmignato S. (2014). “An hysteresis energy-based synthesis of  

fully reversed axial fatigue behaviour of different polypropylene composites”, Compos Part B:Eng 
2014; 65:17–25. 

Mu P., Aubin V., Alvarez-Almas I., Armas A. (2013). “Influence oft he crystalline orientation on 
microcrack initiation in low-cycle fatigue”, Mater Sci Eng. A 2013, 573:45-53. 

NEA/CSNI/R(2005)8. “Thermal cycling in LWR components in OECD-NEA member countries”, 
NEA/CSNI/R(2005)8. 

Niffenegger, M., Janssens, K.G.F. & Reichlin, K., (2009). “Experimental and Numerical Investigation of 
Cyclic Thermal Shock at the Paul Scherrer Institute”, 20th International Conference on Structural 
Mechanics in Reactor Technology (SMiRT-20), Espoo, Finland, August 9-14. 

OECD Nuclear Energy Agency, (2006). “Nuclear power plant operating experiences from the IAEA/NEA 
incident reporting system 2002–2005”, Tech. Rep. NEA No. 6150. 

Paris PC., Gomez MP., Anderson WE. (1961). “A rational analytic theory of fatigue”, Trend Eng. 
1961;13(1):9–14. 

Polak J., Obrtlik K., Hajek M. (1994). “Cyclic plasticity in type 316l austenitic stainless steel”, Fatigue 
Fract Eng Mater Struct 1994;17(7):773–82. 

Suresh S. (1998). “Fatigue of materials”, Cambridge University Press; 1998. 
Schijve J. (2008). “ Fatigue of structures and materials”, Netherlands: Springer; 2008.  
Stowell E. (1966). “A study of the energy criterion for fatigue”, Nucl Eng Des 1966;3 (1):32–40. 
Sistaninia M., Niffenegger M. (2014).“Prediction of damage-growth based fatigue life of polycrystalline 
 materials using a microstructural modeling approach”, Int J Fatigue 2014; 66:118–26. 
Sistaninia M., Niffenegger M. (2015). “Fatigue crack initiation and crystallographic growth in 316L 
 stainless steel”, Int J Fatigue 2015; 70:163–70. 
Tavernelli J., Coffin L. (1962). “Experimental support for generalized equation predicting low cycle 

fatigue”. J Basic Eng 1962;84(4):533–7. 
Tanaka K., Mura T. (1981). “A dislocation model for fatigue crack initiation”, J Appl Mech 1981; 

48(1):97–103. 
Tang T., Kim S., Horstemeyer M. (2010). “Fatigue crack growth in magnesium single crystals under 
 cyclic loading: molecular dynamics simulation”, Comput Mater Sc 2010;48(2):426–39. 

 
 

 


