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1. Introduction 

Electrical energy is currently the most widely used type of energy around the world. 
Similarly, to the other kinds of energy it has multiple advantages and disadvantages, but the 
benefits usually prevail. Coal has a dominant role in worldwide electricity production. 
Unfortunately, the world’s electrical coal-fired power generation is one of the main sources 
of carbon dioxide emission. Coal power plants produce approximately 10 billion tones of CO2 
per year. Increase in the efficiency of the conventional coal-fired power plants by one 
percent results in a 2-3% reduction in CO2 emissions [1]. The efficiency progress of power 
generation brings many challenging issues. This improvement can be achieved by increasing 
the maximum steam temperature and the steam pressure.  

Design and construction of novel, more efficient installations require the usage of materials 
resisting severe loading and environmental conditions. Thermal and mechanical stresses in 
components during service produce variable strains and result in initiation and propagation 
of fatigue cracks. These cracks are difficult to detect but can lead to interruption of the 
installations or even to catastrophic failure of the energy producing systems. Low cycle 
fatigue and creep strength under severe environmental conditions have to be considered to 
determine the rate of damage in materials working at elevated temperatures.  

The main goal of the component development is to ensure their reliable and safe operation. 
The assessment of damage and the risk associated with failure has become very important in 
recent years. In order to meet such an assessment, it is necessary to identify the 
mechanisms of degradation and the rate of accumulation of damage during the service. The 
principal deterioration mechanisms of material at high temperature are creep damage, 
microstructural degradation, high temperature fatigue, creep-fatigue interaction, 
embrittlement, carburization, hydrogen damage, graphitization, thermal shock, erosion, 
liquid metal embrittlement, and high temperature corrosion [2]. 

Austenitic stainless-steel grade UNS S31035, Sandvik Sanicro 25, has been developed for the 
next generation components used in advanced-ultra super critical (A-USC) power plants 
systems. It shows very good resistance to steam oxidation, high temperature corrosion and 
exhibits high creep rupture strength, higher than the other austenitic stainless steels 
available today. This makes the material an interesting alternative for super-heaters and 
reheaters in future high-efficient coal fired boilers [3, 4]. It is still in development stage when 
its properties are measured and verified.  

The dissertation thesis is devoted to study of the cyclic plastic response, evaluation of the 
cyclic hardening/softening curves, fatigue live curves, fatigue resistance and to 
characterization of the mechanisms of the fatigue damage in material Sanicro 25 steel 
designed for high temperature applications under different loading conditions.   

 

2. Aims of the work 

The main intention of the dissertation thesis is to study the mechanisms that influence the 
high fatigue and temperature resistance of the materials and the mechanisms of damage 
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under different types of loading conditions implemented. Material employed for this study is 
austenitic heat resistant stainless steel Sanicro 25 provided by Sandvik, Sweden.  

The investigation includes the analysis and complex evaluation of the cyclic plastic response 
as well as fatigue life assessment. In order to bring deeper insight into evolution of the cyclic 
plasticity during low cycle fatigue tests at room and elevated temperatures, the 
experimental data are analyzed using general statistical theory. 

Investigation of the early stages of the fatigue damage in structural materials contributes to 
the understanding of the fatigue processes in cyclically loaded materials. In order to 
document the shape of the surface relief and thus reveal the stage-I crack under various 
cyclic loading conditions the scanning electron microscope equipped with focused ion beam 
technique was adopted. Besides the standard low cycle fatigue tests at constant 
temperature (room temperature and temperature 700 °C) the mechanism of the damage 
was investigated on the material subjected to various complex loading procedures such as 
creep-fatigue interaction procedures, thermomechanical fatigue and thermomechanical 
fatigue with dwell in the loading cycle.  

The purpose of the study conducted is to provide the basic overview of the material 
response along with the damage formation under distinctive loading conditions. This may 
contribute to the development of high temperature materials as well as to contribute to the 
assessment of its application in the design of high temperature equipment and deepen the 
knowledge of the actual damage mechanisms. 
 

3. Experiment 

3.1 Material 

Austenitic heat resistant stainless steel Sanicro 25 grade UNS S31035 supplied by Sandvik, 
Sweden in the form of cylindrical rod of 150 mm in diameter was investigated. The nominal 
composition in wt% is given in Tab. 1 [4]. 
 

C Cr Ni Mn W Co Cu Nb N S Fe 

0.1 22.5 25.0 0.5 3.6 1.5 3.0 0.5 0.23 0.2 Bal. 

Tab. 1. Chemical composition of the material in wt% [4]. 

Half-products of specimens of different geometries were produced from the supplied 
cylindrical rod parallel to the ingot axis. Specimens were heat treated by solution annealing 
at the temperature of 1200 °C for one hour and cooling in air followed. For the purpose of 
the subsequent study of the specimen surface by means of scanning electron microscopy to 
identify the responsive mechanism of damage, the gauge length of the specimen surface 
was mechanically and electrolytically polished.  

The electrolytically polished specimen surface before cyclic straining is displayed in Fig. 1.  
The typical grain size specified by the intercept method is about 60μm . Some larger grains 
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of the size up to 200 μm  can be spotted in the structure. The observation of the specimen 

surface revealed different groups of precipitates developed, see Fig. 1. 

 

Fig. 1. Polished surface of the Sanicro 25 steel after 1 h annealing at 1200 °C followed by 
cooling in air. 

The spherically formed precipitates having average size of 400 nm decorate the grain 
boundaries. The smallest precipitates having approx. 100 nm in average represent the most 
numerous group developed mainly within the larger grains (20μm  and more). The small 

grains are mostly free of precipitates. In addition, the chain-like arrangements of the larger 
precipitates elongated in the direction of the specimen axis were observed. The chemical 
composition of the precipitates was identified utilizing scanning transmission electron 
microscopy mode along with an energy X-ray dispersive spectroscopy (EDS). The particles 
were determined as a complex nitride (Cr,Nb)N, i.e. Z-phase. Moreover, the secondary 

chromium carbides 623CM  were observed primarily at low angle grain boundaries [5].  

 

3.2 Mechanical testing and techniques utilized for the identification of the damage 

evolution 

All the experiments were carried out by means of computer-controlled servo-hydraulic 
mechanical testing system MTS with hydraulic grips. Symmetric cyclic tension-compression 
straining (triangular shape wave form; (RƐ = -1) with total strain amplitude control at 
constant strain rate was applied to the individual specimens. For the purpose of simplicity, 
the specific experimental set-ups used will be listed for individual cyclic loading test. The 
large amount of data points was recorded for each hysteresis loop allowing the analysis of 
the cyclic plastic response of the material in agreement with statistical theory of the 
hysteresis loop mainly in isothermal cyclic loading. 
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The tensile tests at room temperature as well as at 700 °C were conducted in the first place. 
The extensometer utilized for tensile tests is originally used for high temperature cyclic 
loading. The tests were performed at constant strain rate 2 × 10−3 s-1.  

In room temperature cyclic loading the specimens were cyclically strained at constant strain 

rate 5 × 10−3 s-1. Total strain amplitudes a  in the interval from 2.5 × 10−3 to 1 × 10−2 were 

applied to the individual specimens. The strain was measured and controlled with an 
extensometer having 8 mm base.  

Two types of cyclic loading test were performed at 700 °C; isothermal fatigue (IF) tests and 
isothermal fatigue tests with 10 min tensile dwell introduced to the loading cycle at the peak 
of strain (IF-D). The specimens were gripped by the high temperature grips in the split three-
zone resistance furnace. The temperature in the chamber was controlled during the 
procedure by three independent thermocouples to avoid the thermal gradient. The strain 
was measured by high temperature extensometer with ceramic bars having 12 mm base. 
The specimens were subjected to isothermal fatigue loading at 700 °C under constant strain 

rate 2 × 10−3 s-1. Total strain amplitudes a  in the interval from 2 × 10−3 to 7 × 10−3  and from 

2.5 × 10−3 to 5 × 10−3 were applied to the specimens in IF and in IF-D testing procedures 
respectively. In the case of the room temperature cyclic loading along with the isothermal 
high temperature cycling, the number of cycles was determined as drop of the ratio of the 
mean stress to the stress amplitude below -0.1.  

The distinctive experimental setup comparing to isothermal fatigue was implemented in the 
study of thermomechanical fatigue (TMF). The temperature was controlled by high 
frequency inductive heating generator from Hüettinger. The cooling of the specimen during 
thermomechanical cycles was managed by water cooled clamping jaws along with the air 
flow. The current specimen temperature was measured and controlled utilizing the ribbon 
thermocouple Type-K wreathed over the specimen in the middle of the specimen gauge 
length. The extensometer with ceramic bars had 12 mm base. The high temperature 
extensometer was attached to the specimen surface in the centre of the gauge length. The 
strain and the temperature were controlled using digital control system. Triangular wave 
shape form was adopted for mechanical and thermal cycling. The specimens were subjected 
to TMF loading in the temperature range from 250 to 700 °C in two extreme loading cycles; 
in-phase thermomechanical fatigue (IP-TMF) and out-of-phase thermomechanical fatigue 
(OP-TMF). Moreover, the influence of the creep component was simulated by introducing 
the 10 minutes dwells in the loading cycles. The respective tests are designated as IPD-TMF 
and OPD-TMF tests. Temperature interval from 250 °C to 700 °C and the alternation of 
temperature with the rate 4 K/s was chosen. Since the rate of temperature alternation was 
constant the strain rate was different for individual amplitudes of applied mechanical strain. 
Thereby, calculated strain rate is 5.3 × 10−5 s-1 and 1.07 × 10−4 s-1 for the lowest strain 
amplitude 3 × 10−3 and for the highest strain amplitude 6 × 10−3, respectively. The 
mechanical strain was determined and controlled as a total strain minus the thermal strain. 
The fatigue life fN  was evaluated as a number of the cycles when 10% of the stress range 

under a tangent line through the last points of the saturated part of the stress response 
curve in linear scaling was reached [6].  
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The scanning electron microscope (SEM) Tescan Lyra3 XMU FESEM equipped with focused 
ion beam (FIB) along with X-Max80 energy dispersive X-ray spectroscopy (EDS) detector for 
X-ray microanalysis and electron back-scattered detector (EBSD) by Oxford Instruments with 
Aztec control system was employed for the systematic scrutiny of the cyclically strained 
specimens.   

 

4. Selected results 

4.1 Room temperature cyclic loading 

4.1.1 Cyclic response 

The response of the material subjected to room temperature low cycle fatigue loading is 
depicted in Fig. 2. Fig. 2a shows the cyclic hardening/softening curves for variety of constant 
total strain amplitudes applied to individual specimen. The initial cyclic softening from the 
onset of the cyclic loading is observed for the lowest total strain amplitudes 2.5 × 10−3 and 3 
× 10−3.  

(a)                                                                       (b) 

 

Fig. 2. Cyclic response at room temperature cycling; (a) stress amplitude vs. number of cycles, 
(b) evolution of the second derivative of the tensile segments in room temperature cycling 
with strain amplitude εa = 2.5 × 10−3 during the fatigue life. 

The material hardens slightly for the intermediate total strain amplitudes but most of the 
fatigue life is spent in cyclic softening. Only the highest total strain amplitudes manifest 
significant cyclic hardening in the commencement of the loading followed by softening.  

Fig. 2b documents the evolution of the second derivative of the hysteresis half-loop 

multiplied by ( )
2

-2 effE  plotted vs. fictive stress 2r effE . Fig. 2b demonstrates the 

evolution of the distribution function during room temperature cyclic loading with low strain 
amplitude for the tensile segments. The probability density function is characterized by two 
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peaks having rather similar height, but different effective stresses derived from the position 
of the peaks onsets. The second peak gets gradually reduced and does vanish approximately 
after 20 000 cycles. The first peak escalates and furthermore shifts to the lower values of the 
fictive stress. Accordingly, the microvolumes having smaller internal critical stresses tend to 
be more effective that is in agreement with the cyclic softening. Eventually, the distribution 
function of the microvolumes is identified by one peak located at the fictive stress around 
210 MPa. 

 

4.1.2 Damage evolution 

The representative specimen surface after 740 cycles is shown in the Fig. 3. The observation 
by means of SEM revealed two parallel persistent slip markings (PSMs) consisting of 
alternation of pronounced extrusions and intrusions within one grain. Unequivocal existence 
of the early crack could be just guessed; hence FIB was used to obtain the reliable 
information of the PSMs profile in three dimensions. 

 

Fig. 3. SEM image of the surface relief in a grain of Sanicro 25 cycled at room temperature 
with total strain amplitude 3.5 x 10-3; Nf =740 cycles.  
 
The detailed shape of the PSM profile is presented in Fig. 4. Fig. 4a reveals the actual PSM 
consisting of the broad extrusion along with deep intrusion on the left side. The tendency of 
branching or possible crack initiation can be observed. Significant changes in PSM profile can 
be found after 1406 cycles. Narrow intrusion was formed on the right side of the extrusion. 
Moreover, the stage I crack was initiated from the tip of the prior intrusion and started to 
grow, see Fig. 4b. Additional 444 cycles (Fig. 4c) resulted in the substantial crack growth 
parallel to the primary slip plane. Newly developed intrusion did not develop any further. 
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(a)                                                                                (b) 

       

(c) 

 

Fig. 4. The profile of PSM at different stages of the fatigue life. a) N =740 cycles, crack started 
to initiate from the intrusion; b) crack already initiated at N =1406 cycles; c) growth of the 
fatigue crack along the primary slip plane at N =1850 cycles. 

 
 

4.2 Isothermal fatigue loading at 700°C 

4.2.1 Cyclic response 

The material response to the low cycle fatigue straining at 700 °C is demonstrated in Fig. 5. 
Cyclic hardening from the onset of the loading is common for all the total strain amplitudes 
applied, see Fig. 5a. However, distinct character of the stress amplitude evolution during 
cyclic can be observed. The low strain amplitude cycling tends to harden rather gradually in 
the beginning of the cycling followed by relatively rapid increase of the stress amplitude with 
tendency to saturation (this holds true for total strain amplitudes 2 × 10−3 and 2.5 × 10−3). 
Rather steep onset of the stress amplitude relative to the number of the cycles can be 
recognized for higher total strain amplitudes. The trend of saturation in the end of the 
fatigue life is obvious for all the cyclic tests regardless of the total strain amplitude 
implemented. 
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(a)                                                                               (b) 

 

Fig. 5. Cyclic response at high temperature cycling; (a) stress amplitude vs. number of cycles, 
(b) evolution of the second derivative of the tensile segments in cycling at 700 °C with strain 
amplitude εa = 2.5 × 10−3 during the fatigue life. 

The evolution of the second derivative of the tensile segments in cycling with low total strain 
amplitude is documented in Fig. 5b. Pronounced large single peak centered at the fictive 
stress 130 MPa is a typical feature representing the second derivative of tensile segment in 
the beginning of the cycling. Additional cycling changes the character of the distribution 
function. The original peak diminished and got shifted to the higher fictive stresses while the 
second peak centered at 280 MPa turned out (see sgm 998). Eventually, only one extensive 
peak centered at 320 MPa containing wide scale of the fictive stresses was obtained. This 
phenomenon corresponds to cyclic hardening. 

 

4.2.2 Damage evolution 

The inspection of the surface relief was carried out on the specimens at the end of the 
fatigue life. Since the study of the secondary cracks is fundamental for fatigue damage 
estimation, the crack formation along with the study of crack path was the subject of the 
investigation. The secondary cracks were thus examined by SEM equipped with FIB 
technique.    

SEM observation of the specimen surface subjected to cyclic loading at 700 °C revealed the 
formation of the oxide layer and nucleation of numerous fatigue cracks. The common aspect 
for continuous cyclic strain is the formation of the thin oxide layer developed within the 
grains and the pronounced oxide extrusions produced at some grain boundaries. Fig. 6a 
shows the specimen surface strained with total strain amplitude εa = 4 × 10−3 at the end of 
the fatigue life. The oxidic extrusion developed at the grain boundary is cracked. The 
respective inset represents the higher magnification of the marked area. Study of the large 
area of the surface revealed that mostly the grain boundaries arranged approximately 
perpendicular in relation to stress axis are significantly oxidized and cracked.   
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The profile of the massively oxidized and cracked grain boundary is documented in Fig. 6b. 
The oxide layer formation and subsequent cracking of the oxidized grain boundary led to 
early microcrack nucleation and accelerated crack growth driven by tensile stress during 
cyclic loading. 

(a)                                                                                                (b) 

  

Fig. 6. (a) Surface of the specimen cyclically strained under IF loading conditions at 700 °C 
with strain amplitude εa = 3 × 10−3. (b) FIB cut showing the cracked oxide along the grain 
boundary. 

(a)                                                        (b) 

     

Fig. 7. Longitudinal section of the specimen subjected to IF cycling showing surface crack, (a) 
SEM image, (b) EBSD image.  
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Fig. 7 documents the crack growing perpendicularly to the stress axis and EBSD image of the 
respective area. EBSD image shows that the crack developed from the specimen surface 
propagates transgranularly. Based on the prior surface observation it can be stated that the 
crack in Fig. 7b is well developed and the particular location in the perpendicular cut does 
not need to be the location on the surface from where the crack had been initiated. The 
longitudinal cut was exposed to detailed SEM observation revealing no sign of internal 
damage in the form of cavity or possible internal crack formation.      

 

4.3 Isothermal fatigue loading at 700°C with dwell in the loading cycle 

4.3.1 Cyclic response 

The evolution of the stress amplitude under high temperature low cycle fatigue conditions 
with a 10 minutes tensile dwell in the loading cycle is demonstrated in the Fig. 8.  

 

Fig. 8. Cyclic hardening/softening curves in isothermal fatigue loading at temperature 700 ° C  
with 10 min tensile dwell.  

Cycling with all strain amplitudes leads to accelerated cyclic hardening from the onset of the 
straining. There is a tendency to reach saturation especially for the lower total strain 
amplitudes while the premature fracture prevents reaching the stress saturation for the 
highest strain amplitude. 

 

4.3.2 Damage evolution 

The investigation of the surface relief of the specimen subjected to isothermal cyclic loading 
with the dwell in the loading cycle disclosed extensive formation of the oxide layer and 
nucleation of several fatigue cracks. Fig. 9 is representative image of the specimen relief 
evolved showing three mechanisms involved in terms of the fatigue crack initiation. Oxidized 
grain boundaries can be recognized along with a homogeneous thick oxide layer developed 
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within the grains. The cracks initiated on the uniform oxide layer grow transgranularly and 
perpendicularly to the stress axis. In addition to transgranular cracks, intergranular crack 
nucleation in the form of cracking of the oxidized grain boundaries as well as grain boundary 
sliding and associated formation of the wedge crack was documented.   

 

Fig. 9. Surface of the specimen cyclically strained under Isothermal fatigue loading at 
temperature 700 °C with 10 min tensile dwell with strain amplitude εa = 4 × 10−3. The arrows 
show different types of crack formation: grain boundary cracking, wedge cracks and cracking 
of the surface oxide layer. 

Generally accepted concept of fatigue and creep interaction in terms of the damage 
development includes the coupling of the fatigue crack developed from the specimen 
surface and the internal intergranular damage commonly referred to as creep damage in the 
material volume. The situation in the interior of the material along with the inset of the well-
developed crack from the specimen surface is documented in Fig. 10. Multiple secondary 
short cracks nucleated from the specimen surface (outer cracks) can be easily recognized 
from the inset. The internal damage in the form of internal cracks was discovered mostly in 
the neighborhood of the dominant outer crack almost in the middle of the specimen. Once 
the dominant fatigue crack encounters the net of internal cracks the rapid increase of the 
fatigue crack growth follows.  
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Fig. 10. Longitudinal cross section of specimen gauge length subjected to Isothermal fatigue 
loading at temperature 700 °C with 10 min tensile dwell with εa = 4 × 10−3 showing internal 
damage development. 

The extensive area of the longitudinal cross-section was inspected under high magnification 
by means of SEM. The scrutiny revealed the cavities dispersed mostly on the grain 
boundaries, see Fig. 11a. The variability in the shape of the cavities is depicted in the inset 
image of the marked rectangle under higher magnification. The image captures the 
coalescence of the cavities in location of triple joint of the adjacent grains.  

The additional cyclic loading with tensile dwell revealed not only formation of the cavities 
distributed at the grain boundaries but also gradual growth of the cavities and their 
coalescence. The evolution of the internal intergranular damage is documented in Fig. 11b. 
The internal cracks formed at the grain boundaries are the result of the cavities linkage 
during cyclic straining. The early nucleation of the cavities and their subsequent coalescence 
stands for the early stage of internal crack formation. 
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(a)                                                                                         (b) 

  

Fig. 11. SEM image of a longitudinal cross section (a); small cavities developed preferentially 
at the grain boundaries, (b) linkage of the cavities leading to early grain boundary crack 
formation. 

The SEM image of the internal crack on the longitudinal cross-section is shown in Fig. 12. The 
respective image obtained by means of EBSD confirms the previously listed assumption that 
the internal cracks are developed at the grain boundaries. The upper part of the crack 
propagates in transgranular manner that can be due to the cyclic stress applied. 

(a)                                                          (b) 

    

Fig. 12. Longitudinal section of the specimen subjected to Isothermal fatigue loading at 
temperature 700 °C with 10 min tensile dwell showing internal crack, (a) SEM image, (b) 
EBSD image. 
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The investigation of the surface relief developed at the end of the fatigue life revealed the 
formation of the thick oxide layer. The EDS analysis was adopted to study the chemical 
composition of the oxide layer on the longitudinal cross-sections. The rectangle area shown 
in Fig. 13 was subjected to EDS analysis. EDS revealed the formation of an oxide layer 
structure consisting of Fe-rich outer oxide and Cr-rich inner oxide layer. The coloured images 
decorating the main picture document the distribution of oxygen, nickel, iron and chromium 
in oxide intrusion along with the surface oxide in close neighborhood and material matrix. 
Fe-rich oxide dominates in the center of the intrusion while the Cr-rich oxide forms the 
narrow interface between Fe-rich oxide and the matrix. The content of the Ni is distributed 
rather uniformly in the material matrix, however, significantly higher concentration was 
found on the oxide/matrix interface.  

 

Fig. 13. Chemical composition of the surface oxide layer under Isothermal fatigue loading at 
temperature 700 °C with 10 min tensile dwell with εa = 4 × 10−3. EDS analysis of respective Fe, 
Cr, O, Ni content (brighter areas correspond to higher element concentration). 

 

4.4 Thermomechanical fatigue 

4.4.1 Cyclic response 

The material investigated was exposed to two distinctive testing procedures; in-phase and 
out-of-phase thermomechanical cyclic loading. Cyclic hardening/softening curves for various 
total strain amplitudes implemented to individual specimens were evaluated. The plot of the 
stress amplitude vs. number of cycles for IP- as well as for OP-TMF loading is shown in Fig. 
14a and Fig. 14b, respectively. The different loading conditions applied to the material 
resulted in distinctive fatigue response. IP loading manifests cyclic hardening and the 
increase of the total strain amplitude leads to higher hardening rate. Both testing 
procedures resulted in noticeable cyclic hardening. However, the shorter fatigue life in IP 
cyclic loading prevented reaching saturation. 
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(a)                                                                       (b) 

 

Fig. 14. Cyclic hardening/softening curves in TMF for all strain amplitudes; stress amplitude 
vs. number of cycles (a) in IP-TMF and (b) in OP-TMF cycling. 

 

4.4.2 Damage evolution 

TMF loading leads to the initiation of multiple fatigue cracks. It is the result of synergic effect 
of the varying temperature and strain as well as corrosive environment. Damage evolution 
during TMF cyclic developed differently for IP-TMF and OP-TMF loading. Typical cracked 
surface of specimens cycled with mechanical strain amplitude 3 × 10−3 for both types of 
procedures at the end of the fatigue life is shown in Fig. 15.  

(a)                                                                        (b) 

    

Fig. 15. Surface of the specimen cyclically strained with mechanical strain amplitude 3 × 
10−3 to fracture (a) IP-TMF loading, (b) OP-TMF loading. 

The specimen surface after IP-TMF loading is covered by a thin oxide layer. Thicker oxide 
bands on some grain boundaries can be detected. The detail shown in Fig. 15a witnesses the 
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crack development at the grain boundaries. Transgranular cracks running on the specimen 
surface approximately perpendicular to the loading axis are typical for OP-TMF (Fig. 15b). 
More homogeneous and thicker oxide layer (in comparison with IP-TMF loaded specimen) 
developed during the OP-TMF cycling. 

Besides the investigation of the fatigue crack initiation, the growth of the developed cracks 
was studied. EBSD image of the secondary crack initiated from the specimen surface under 
IP-TMF and OP-TMF loading conditions is shown in Fig. 16a and Fig. 16b respectively. From 
the presented images can be concluded that IP-TM cyclic loading leads to the intergranular 
crack growth while transgranular crack propagation is characteristic for OP-TMF cycling.  

(a)                                                     (b) 

  

Fig. 16. EBSD image of the longitudinal section of the specimen subjected to TMF cycling; (a) 
IP-TMF, (b) OP-TMF. 

 

4.5 Thermomechanical fatigue with dwell in the loading cycle 

4.5.1 Cyclic response 

The response of the material exposed to the thermomechanical fatigue loading with dwell 
period introduced is documented in Fig. 17. IPD- and OPD-TMF procedures were applied to 
individual specimen. Both types of loading condition exhibit rapid cyclic hardening from the 
onset of the cyclic straining. While the IPD-TMF cycling loading results in pronounced cyclic 
hardening followed by cyclic softening, the rapid cyclic hardening and subsequent saturation 
of the stress amplitude is characteristic for OPD-TMF loading conditions regardless of the 
total strain amplitude implemented.   
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(a)                                                                      (b) 

 

Fig. 17. Cyclic hardening/softening curves in TMF for all strain amplitudes; stress amplitude 
vs. number of cycles (a) in IPD-TMF and (b) in OPD-TMF cycling. 

 

4.5.2 Damage evolution 
 

The surface of the specimen subjected to IPD-TMF loading is covered by a thin oxide layer, 
see Fig. 18a. Thicker oxide bands were developed preferably at grain boundaries. Fig. 18a 
shows rather uniform continuous oxide layer and the cracked thicker oxide strip along the 
grain boundary. Fig. 18b reveals the crack developed within a grain. The crack runs on the 
surface in the oxide but presumably propagates transgranularly also in the material, 
approximately perpendicularly to the stress axis.  
 

(a)                                                                          (b) 
 

   

Fig. 18. Surface of the specimen cyclically strained with mechanical strain amplitude 
εa = 6 × 10−3 to fracture (a) IPD-TMF loading, (b) OPD-TMF loading. 
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In addition to transgranular cracks some grain boundaries are also highly oxidized and 
cracked. Nevertheless, the occurrence of transgranular cracks prevails.  

Fig. 19 shows the damage development in the volume of the specimen subjected to IPD-TMF 
loading conditions. Internal cracks are not distributed regularly along the longitudinal cross 
section, but most of them are concentrated close to the main dominant crack. Higher 
magnification of the area marked by a rectangle provides some details of crack formation. 
EBSD image of the respective area shows internal cracks formed preferably along the grain 
boundaries. Larger cracks are highly oxidized and the two layer oxide structure has been 
developed, similar to the case of the surface damage, as proved by chemical analysis. Similar 
study of the specimens subjected to OPD-TMF loading detected the interior of the material 
free of internal damage. 

 

Fig. 19. Longitudinal cross section of specimen subjected to IPD-TMF showing internal 
damage development. 

 

4.6 Fatigue life assessment 

Fatigue life curves are documented in Fig. 20 and Fig. 21. Individual point depicted in the 
plot represents the specimen strained to the end of the fatigue life. Nevertheless, the values 
of the plastic strain amplitudes plotted were chosen at the half-life. Experimentally 
evaluated data were plotted vs. number of the cycles. With respect to Manson-Coffin plot, 

the data were fitted by the Coffin-Manson law ( )c
ffap N2 = . Parameters f   and c were 

calculated by least square fitting using all the experimental data plotted in the figures.  

In order to demonstrate the influence of more complex loading conditions on the position 
and inclination of the fatigue life curve; the fatigue life curves are listed as follow. The basic 
room temperature tests representing the reference are plotted along with isothermal 
fatigue tests conducted at 700 °C to begin with, see Fig. 20a.  
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(a)                                                                             (b) 

 

Fig. 20. Manson-Coffin fatigue life curves plotted for; (a) room temperature fatigue loading 
and isothermal high temperature fatigue loading at 700°C, (b) isothermal high temperature 
fatigue loading at 700°C and isothermal high temperature fatigue loading at 700°C with 
tensile dwell in the loading cycle. 

The significant reduction of fatigue life of the specimens subjected to elevated temperatures 
reflects the temperature-related response of the material in terms of microstructure and 
damage evolution. Introduction of the tensile dwell into the loading cycles resulted in 
further decrease of the fatigue life.  

(a)                                                                      (b) 

 

Fig. 21. Manson-Coffin fatigue life curves plotted for; (a) isothermal high temperature fatigue 
loading at 700°C along with in-phase and out-of-phase TMF, (b) in-phase and out-of-phase 
TMF along with in-phase and out-of-phase TMF with dwell in the loading cycle. 

This holds true mostly for the for the high strain amplitudes implemented comparing to 
isothermal fatigue tests at 700°C as shown in Fig. 20b. Fig. 21a demonstrates the material 
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susceptibility to additional loading conditions when the temperature of exposure varies with 
time. While IP-TMF loading conditions resulted in the reduction of the fatigue life in all range 
of total strain amplitudes comparing to isothermal loading, OP-TMF tests led to relatively 
similar life-time for the lowest total strain amplitudes. Moreover, the fatigue lives are longer 
comparing to isothermal fatigue especially in the case of the higher total strain amplitudes.  
The most complex loading tests included in work presented are IPD- and OPD-TMF loading 
conditions with dwell implemented in the loading cycle. Fig. 21b demonstrates the influence 
of the time period introduced to the loading cycle on the fatigue life. Relatively slight 
inclination of the curve presenting IPD-TMF from the IP-TMF is notable.  

Test 
f   C 

RT 0.694 -0.525 

IF 0.211 -0.649 

IF-D 0.0316 -0.452 

IP-TMF 0.619 -0.952 

OP-TMF 2.3996 -0.887 

IPD-TMF 0.115 -0.714 

OPD-TMF 0.427 -0.663 

Tab. 2. Low cycle fatigue parameters of Sanicro 25 steel under different loading conditions. 

The inclination and the position of the fatigue curve for OPD-TMF indicates that for the low 
total strain amplitudes OPD-TMF is less detrimental comparing to OP-TMF. Nevertheless, the 
high total strain amplitudes in OPD-TMF test are far more decisive concerning the number of 
the cycles to the fracture related to OP-TMF. Both parameters fatigue ductility coefficient 
and exponent c were evaluated and are listed in Tab. 2. 
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5. Conclusions 

The extensive and complex experimental investigation of the mechanical behaviour along 
with the damage mechanism assessment in relation to various type of the loading cycle was 
performed.  The following conclusions can be drawn.  

Room temperature cyclic loading 

Cyclic response 

• Cyclic softening is typical for room temperature cyclic loading. Nevertheless, for the 
total strain amplitude higher than 5 × 10−3 the material manifests the cyclic 
hardening from the onset of the straining followed by cyclic softening.   

• The pronounced cyclic softening is given by the localization of the cyclic plastic strain 
into the PSBs in the interior of the material. PSBs manifest as a PSMs when emerging 
from the interior and forming the surface traces.  

Analysis of the hysteresis loop shape 

• The early stages of the fatigue life give a rise to two peaks characterizing the 
probability density function of the internal critical stresses. The first peak represents 
the volumes of the localized cyclic plastic strain and the second peak reflects the 
microvolumes of the matrix.  

• The second peak gradually faded during cyclic loading and the first peak was shifted 
to lower fictive stresses. This behaviour indicates the complete localization of the 
cyclic plastic strain into PSBs.  

Damage mechanism 

• Cyclic plastic strain is localized into the individual PSBs resulting in the formation and 
continuous evolution of the PSMs in the early stages of fatigue life.  

• The surface relief exhibits multiple occurrences of the PSMs typically consisting of 
extrusions and intrusions. PSMs profiles exhibit high variability of the PSMs shapes.  

• The extrusions and intrusions develop during cyclic loading. In majority of the cases 
extrusions grow and intrusions typically deepen. Stage I crack develops from the tip 
of the deepest intrusion.  

Isothermal fatigue loading at 700°C 

Cyclic response  

• Isothermal fatigue at elevated temperature resulted in pronounced cyclic hardening 
for all the total strain amplitudes applied. The rate of the cyclic hardening increases 
with increasing strain amplitude.  

• The significant cyclic hardening is associated with rapid growth of dislocation density 
related to the enhanced cross-slip promoted by elevated temperature and with 
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formation of the incoherent NbC and Cu-rich particles hindering the dislocation 
motion. 

Statistical theory analysis  

• Single peak of the probability density function of the internal critical stresses was 
found in the beginning of the cyclic loading. During cyclic straining it broadens and 
shifts to higher fictive stresses. 

• The evolution of the distribution function corresponds to material strengthening 
driven by the growing dislocation density and it is enhanced due to interaction of the 
dislocations with the incoherent NbC and coherent Cu-rich precipitates.  

Damage mechanism  

• The environmental effects are crucial in regards to the early surface crack formation 
under isothermal fatigue loading conditions at 700 °C. 

• Preferential oxidation of the grain boundaries and formation of the oxide intrusions 
play decisive role in the crack nucleation during the cyclic loading at 700°C.  

• Tensile dwell in the loading cycle stimulates the oxidation and cracking of the 
oxidized grain boundaries along with the cavity nucleation in the interior of the 
material. Cavity nucleation along the grain boundaries leads to internal cracks 
formation and acceleration of the crack growth.  
 

Thermomechanical fatigue loading in temperature range 250-700°C 

Cyclic response 

• Cyclic hardening is typical regardless of the loading cycle introduced. Pronounced 
saturation of the stress amplitude occurred only in OP-TMF and OPD-TMF loading.  

• Cyclic stress-strain curves depend on the phase shift between the strain and 
temperature.  

Damage mechanism 

• Two basic mechanisms contribute to the cracking in TMF cycling (i) in IP-TMF cycling; 
the cracking of the oxidized grain boundaries under action of cyclic loading and 
growth along the grain boundaries, (ii) in OP-TMF cycling; cracking of the thick oxide 
layer, local oxide attack and transgranular crack growth.  

• The environmental effects and time factor are crucial in terms of the damage 
evolution under TMF loading conditions. Dwell in the cycle increases the intensity of 
the fatigue damage. 
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9. Abstract  

Superaustenitic stainless 22Cr25NiWCoCu steel designed for high temperature applications 
in power generation industry was investigated in terms of low cycle fatigue at room and 
elevated temperature. Individual specimens were subjected to different loading procedures 
in order to study the material response along with the mechanism of fatigue damage. Cyclic 
hardening/softening curves, Coffin-Manson and cyclic stress-strain curves were evaluated. 
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Life-time behavior for various types of loading procedures was discussed with respect to the 
effective damage mechanisms developed under specific loading conditions.  

Standard isothermal low cycle fatigue tests at room and elevated temperature were 
conducted. Hysteresis loops recorded during cycling were analyzed by means of generalized 
statistical theory of hysteresis loop. The probability density distribution function of the 
internal critical stresses and its evolution during cycling straining was derived for different 
strain amplitudes. Evolution of the surface relief along with the internal dislocation 
arrangement for both temperatures was assessed in relation to the development of the 
probability density function of internal critical stresses. Surface relief evolution using SEM 
equipped with FIB revealed the early fatigue crack formation. Cyclic loading at room 
temperature resulted in the localization of the cyclic plastic strain into persistent slip bands 
and formation of surface persistent slip marking consisting of extrusions and intrusions. 
Deepening of an intrusion leads to the initiation of the fatigue crack from the tip of the 
deepest intrusion. Distinctive mechanism of the early crack formation was found in test at 
elevated temperature where the effect of environment is crucial. Rapid oxidation of the 
grain boundaries and subsequent cracking of the oxidized grain boundaries represent 
effective mechanisms of the nucleation of I-stage fatigue crack. Additional 10 minute tensile 
dwells implemented into the loading cycle led to the internal damage evolution. To reveal 
internal damage the longitudinal cross-sections parallel to the stress axis of the tested 
specimen were produced. The crack paths and their relation to the grain and twin 
boundaries were studied using electron back-scattered diffraction (EBSD) technique. The 
influence of dwells introduced in the loading cycle on fatigue life is assessed in relation to 
the evolution of the surface relief and internal damage. 

Specimens were also exposed to more complex loading procedures where the load along 
with the temperature varies with time simultaneously. In-phase and out-of-phase type 
thermomechanical fatigue (TMF) tests with or without dwells were conducted. Rapid cyclic 
hardening was observed in all tests regardless of the strain amplitude applied while 
tendency to saturation was found primarily in out-of-phase loading with/without dwells. 
Investigation of the surface relief by means of SEM along with FIB cutting revealed the 
preferential oxidization and cracking of the grain boundaries perpendicular to the loading 
axis. Dwells implemented in maximum tension resulted in the enlargement of the plastic 
strain amplitude and to the additional creep damage in the form of internal cracks. 
Intergranular crack propagation was observed for in-phase cycling with/without dwells. 
Damage evolution in out-of-phase cycling was found to be principally similar for straining 
with and without dwell. Multiple cracks nucleated in the uniform oxide layer perpendicularly 
to the stress axis within the grains are the hallmark for out-of-phase straining. Cracking of 
the uniform oxide layer and localized repeated oxidation and oxide cracking resulted in 
transgranular crack growth. 

Abstrakt 

Superaustenitická korozivzdorná ocel typu 22Cr25NiWCoCu určená pro vysokoteplotní 
aplikace v energetickém průmyslu byla studována za podmínek nízkocyklové únavy při 
pokojové a zvýšené teplotě. Jednotlivé vzorky byly podrobeny různým zátěžným 
procedurám, což umožnilo studium materiálové odezvy spolu s mechanismem poškození. 
Křivky cyklického zpevnění/změkčení, cyklického napětí a Coffin-Mansonovy křivky byly 
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vyhodnoceny. Únavová životnost materiálu byla diskutována s ohledem na uplatňované 
mechanismy poškození, které se vyvinuly za specifických zátěžných podmínek. 

Standardní izotermální únavové experimenty byly provedeny při pokojové a zvýšené teplotě. 
Hysterezní smyčky zaznamenané během cyklického zatěžování byly analyzovány pomocí 
zobecněné statistické teorie hysterezní smyčky. Pro různé amplitudy napětí byla určena jak 
distribuce hustoty pravděpodobnosti interních kritických napětí (dále PDF), tak rovněž zjištěn 
její vývoj během cyklického namáhání. Zjištěné průběhy PDF byly korelovány s vývojem 
povrchového reliéfu a vnitřního dislokačního uspořádání zdokumentované pro obě teploty 
pomocí rastrovací elektronové mikroskopie (SEM) vybavené technikou fokusovaného 
iontového svazku (FIB), která umožnila rovněž efektivní studium nukleace povrchových 
únavových trhlin. Při cyklickém zatížení při pokojové teplotě byla pozorována lokalizace 
cyklické plastické deformace do perzistentních skluzových pásů (PSP). V místech, kde tyto 
PSP vystupují na povrch materiálu byly pozorovány perzistentní skluzové stopy (PSS) tvořené 
extruzemi a intruzemi. Postupné prohlubování intruzí, zejména na čele nejhlubší intruze, 
vede k iniciaci únavové trhliny. Odlišný mechanismus tvorby trhlin byl zjištěn při únavové 
zkoušce při zvýšené teplotě, kde zásadní roli hrál vliv prostředí. Rychlá oxidace hranic zrn a 
jejich následné popraskání představuje dominantní mechanismus v I. stádiu nukleace trhlin. 
Aplikace desetiminutové prodlevy v tahové části zátěžného cyklu vedlo k vývoji vnitřního 
(kavitačního) poškozování. Mechanismy vnitřního poškozování byly studovány na podélných 
řezech rovnoběžných s napěťovou osou zkušebních vzorků. Trhliny a jejich vztah k hranicím 
zrn a dvojčat byly studovány pomocí difrakce zpětně odražených elektronů (EBSD). Vliv 
prodlevy na únavovou životnost byl korelován s vývojem povrchového reliéfu a vnitřního 
poškození. 

Vzorky z uvedené oceli byly rovněž podrobeny zkouškám termomechanické únavy (TMF), při 
nichž se v čase mění jak zátěžná síla tak i teplota. Termomechanické únavové zkoušky v 
režimu soufázném (in-phase) a protifázném (out-of-phase) byly provedeny jak s prodlevou, 
tak i bez ní. Ve všech případech bylo pozorováno rychlé cyklické zpevnění bez ohledu na 
použitou amplitudu deformace, u vzorků testovaných v out-of-phase režimu byla zjištěna 
tendence k saturaci. Zkoumáním povrchového reliéfu za pomocí technik SEM a FIB byla 
odhalena přednostní oxidace hranic zrn a následné praskání těchto hranic kolmo k ose 
zatížení. Prodlevy v cyklech při maximálním napětí vedly ke zvýšení amplitudy plastické 
deformace a následně ke creepovému poškození ve formě vnitřních kavit a trhlin. 
Interkrystalické šíření trhlin bylo pozorováno na vzorcích testovaných v režimu in-phase. 
Vývoj poškození v režimu out-of-phase nebyl principiálně ovlivněn zařazením prodlevy do 
zátěžného cyklu. Charakteristickým znakem namáhání v režimu out-of-phase je nukleace 
několika trhlin v homogenní oxidické vrstvě jdoucích napříč zrny kolmo k ose zatěžování. 
Praskání oxidické vrstvy, opakovaná lokalizovaná oxidace a následné praskání oxidů vedlo k 
transkrystalickému růstu trhlin. 


