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1. Introduction 

 

Nowadays, increasing energetic and economic efficiency represents a necessary condition 

for a sustainable development of the modern civilization and human society. The required 

efficiency level can only be reached through a development of new materials with a 

permanently improving performance.  

Numerous components used in the automotive, aerospace as well as in the power generation 

industry are challenged by coupling of severe conditions such as repeated cyclic loading, high 

temperatures and environmental effects that can significantly limit their useful life in the 

service. Improving the temperature capability of materials used for construction of these 

components could translate into significant increase in jet-engine or power generation process 

efficiency, resulting in substantial cost savings over their service life, and also beneficial 

environmental impact by reducing emissions amount. 

The properties of existing materials are significantly below physical limits and it is just a 

question of material and processing design, to which extent the real materials can approach 

these limits. In one of the most important properties, the material strength domain, the 

fundamental limits are given by theoretical strength, and by the melting point. A vast 

untapped potential exists in design and processing allowing extension of materials 

performance further beyond. It is almost general rule that increasing strength of bulk materials 

is coupled with decreasing ductility. Thus, besides of improving strength, a second aim of the 

new design of materials should be preserving or even improving their ductility. 

Substantial effort focused on the high temperature regime performance improvement led to 

development of several new types of complex materials such as nickel based superalloys 

strengthened by coherent ordered intermetallic γ´-precipitates or oxide dispersion 

strengthened (ODS) ferritic steels. Recent representative of novel class of scientifically and 

technologically interesting materials are high-entropy alloys (HEAs). These single-phase solid 

solution alloys (called also as multicomponent or compositionally complex alloys) consisting 

of five or more elements in equiatomic proportions. 

Knowledge obtained in relation with discovery of new alloy classes and as a result of 

advancement in materials research significantly helped with improvement of known 

conventional systems such as austenitic steels. Adjusted design, alloying and processing path 

modification led to the material class of the highly-alloyed FCC solid solution based alloys, 

also called as super-austenitic stainless steels. Providing sufficient high temperature 

performance they became highly-cost-effective alternative in applications where only 

expensive Ni-based superalloys are applicable. [1, 2] 

Two different structural materials belonging to the class of highly-alloyed FCC solid solution 

based alloys are studied in this work. Extensive set of experimental and characterization tools 

is used for the investigation of inter-related effects of alloys composition, microstructure, 

deformation mechanisms and overall material response under load. Key mechanisms and 

factors determining mechanical properties and performance in the service are analysed and 

discussed in the relation to the materials design. 

 

2. Aims of the work 

 

The primary goal of the research study to be presented in this thesis was to investigate two 

highly-alloyed FCC solid solution based alloys used in high temperature applications, in 

particular power generation industry and ethylene cracking furnaces. Special emphasis is put 
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on investigation, identification and characterization of deformation mechanisms determining 

cyclic plastic response, strength and ductility of both materials at high temperatures. Mutual 

correlation between alloys composition, microstructure and macroscopic response are 

discussed along with the materials design. Several minor goals were specified to be 

accomplished within the study as listed below: 

 Characterization of initial state of materials, discussion of differences in alloys design. 

 Determination of basic fatigue life curves, Manson – Coffin and derived Wöhler 

curves at room and elevated temperatures. 

 Study of cyclic stress-strain response of materials and determination of cyclic 

hardening/softening curves at room and elevated temperatures. 

 Advanced characterization of deformation microstructure produced by testing both at 

room and elevated temperatures. Correlation of observations to the cyclic stress-strain 

response of materials. 

 Explanation of fatigue behaviour of studied materials in relation to the microstructure 

and microstructural aspects of deformation mechanisms both at room and elevated 

temperatures. 

 Identification of key factors in alloys design affecting their performance in the service. 

Discussion. 

 

 

3. Experiment 

3.1 Materials 

First of the alloys tested in this work is highly-alloyed austenitic stainless steel Sanicro 25 of 

grade UNS S31035. It was supplied by Sandvik Sweden in bars of 150 mm in diameter. The 

nominal composition (in wt%) of the material reported in datasheet delivered with rods is 

given in Tab. 1. After machining of the crude shape of the specimens for mechanical testing, 

they were annealed at 1200 °C for one hour and cooled in air. This state of the material is 

referred to as “initial” in the text. 

 

 Fe Ni Cr W Cu Co Nb Mn Si N C Mo  

San25 Bal. 25.0 22.5 3.6 3.0 1.5 0.5 0.5 0.2 0.23 0.1 - - 

Man 

XTM 
Bal. 

43.0-
48.0 

35.0-
37.0 

- 0-0.25 - 0.5-1.0 0-1.5 
1.20-
2.00 

. 
0.40-
0.45 

0-0.5 
+Ti, P, 

S 

Table 1: Chemical composition of studied Sanicro 25 and Manaurite XTM highly-alloyed 

alloys based on Fe-Ni-Cr solid solution matrix (in wt.%).  

 

Representative low magnification view of the overall microstructure in the initial state is 

shown as EBSD scan in Fig. 1. Area containing 256 grains was analysed with the scanning 

resolution of 1 μm. Grains are oriented randomly with no texture. The average grain size, 

determined by the intercept method, was 60 μm; but, large grains of size up to 200 μm were 

found as well. After annealing at 1200 °C for 1 h, only one predominant primary precipitate is 

present in the microstructure, the complex nitride designated as Z-phase with a composition 

of (Cr,Nb)N.  
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Figure 1: EBSD scan showing overall microstructure in the initial state. Grains are oriented 

randomly with no texture present. 

  

 

Figure 2: (a) SEM image taken in secondary electrons imaging mode shows typical 

microstructure in the as-received condition of the material. (b) Corresponding EBSD scan 

reveals individual dendritic grains, which have columnar character and are aligned along the 

casting direction. Average misorientation of the grains determined from EBSD scan is about 

31 degrees. 

 

Second material investigated in this work is alloy with the trade name Manaurite XTM. It 

belongs to the class of highly-alloyed Ni-based refractory steels with austenitic matrix. The 

nominal composition (in wt%) of the alloy reported in datasheets delivered with the material 

is given in Tab. 1. It was supplied in the form of centrifugally cast tube. Centrifugal casting as 

a method of production leads to the specific microstructure of the alloy characteristic by 

dendritic morphology. The microstructure of the alloy was further characterized by use of 

scanning electron microscopy techniques. Electron backscattered diffraction was used on the 

polished surface to reveal individual grains, bring further information about their 

misorientation and the character of the grain boundaries between them. In Fig. 2a, the 

dendritic structure is visualized by secondary electrons imaging mode. Corresponding EBSD 
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scan in Fig. 2b then reveals individual dendritic grains, which have columnar character and 

are aligned along the casting direction. Average misorientation of the grains determined from 

the EBSD scan is about 31 degrees, the boundaries between the dendritic grains are therefore 

the large angle boundaries. It is well resolved that the grain boundaries have serrated 

character. Moreover, they are decorated with numerous eutectic primary carbides M7C3 and 

M23C6 rich in Cr and MC carbides rich in Nb and also Ti. 

  

3.2 Mechanical testing 

From both materials, Sanicro 25 and Manaurite XTM, the specimens for the mechanical 

testing were machined parallel to the rod/tube axis. Cylindrical specimens with the diameter 8 

mm and the gauge length 14 mm for room temperature testing and 6 mm in diameter and 15 

mm gauge length with button ends for elevated temperature testing were produced (see Fig. 

3). To eliminate the effect of the surface roughness on the fatigue life the area within the gage 

length was mechanically grinded and electrolytically polished. In case of Sanicro 25 the 

specimens were solution annealed at 1200°C for one hour and cooled in the air after the 

production of their crude shape.  

                 

Figure 3: Geometries of (a) standard cylindrical specimen used for room temperature tests 

and (b) cylindrical specimen with button ends used for isothermal cycling at elevated 

temperatures. 

 

In case of centrifugally casted alloy Manaurite XTM, anisotropy of mechanical properties for 

monotonic and cyclic loading of material at room temperature has been investigated. For that 

purpose, special small specimens perpendicular to the tube axis were designed and prepared.  

All mechanical tests were performed using computer controlled electrohydraulic MTS system. 

At room temperature mechanical grips held at constant temperature were used and strain was 

measured and controlled with an extensometer having the 8 mm base. High temperature tests 

were performed with hydraulic grips, split resistance furnace and high temperature axial 

extensometer with 12 mm base. Tensile tests at room and at elevated temperatures were 

performed using identical specimens and extensometer as used for high temperature fatigue 

testing. The constant strain rate was 2⨯10-3 s-1 in tensile loading. At the onset of the tensile 

test both the displacement and the strain using the extensometer were measured. In cyclic 

loading specimens were cyclically strained in symmetrical cycle with total strain control and 

constant total strain rate 5⨯10-3 s-1 in symmetric cycle. Constant strain amplitudes εa cycling 
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was applied to individual specimens at each temperature using standard MTS LCF program. 

Number of cycles to fracture Nf corresponds to the drop of the ratio of the mean stress to the 

stress amplitude below -0.1. Hysteresis loops were recorded during cycling and stress 

amplitudes and plastic strain amplitudes were evaluated. Plastic strain amplitude was defined 

as equal to the half-width of the hysteresis loop at mean stress. 

Continuous isothermal high temperature tests were carried out in a computer controlled 

electro-hydraulic MTS 810 test machine at a temperature of 700°C in air. High temperature 

hydraulic grips and a split three-zone resistance furnace were used to keep the desired 

temperature with minimum temperature gradient across the gage length. Specimen 

temperature was controlled and monitored by three thermocouples. During the experiment, 

temperature is maintained at the set temperature with precision of +-2 °C. Grips were cooled 

by water. Fully reversed total strain controlled cyclic loading (Rε = -1) with constant strain 

rate 2⨯10-3 s-1 was applied. Force was measured by a load cell and strain was measured and 

controlled using high temperature extensometer with long ceramic rods and 12 mm base, 

touching directly the specimen. Specimen was heated up to high temperature (about 30 min) 

and after full stabilization (about 1 h) cyclic straining was started. 

 

3.3 Microstructural characterization 

The surface observations of the specimens were done by use of Tescan Lyra3 XMU SEM 

operating with field emission gun (FEG). Microscope is equipped with focused ion beam 

(FIB), X-Max80 EDS detector for compositional microanalysis and also with EBSD detector, 

all produced by Oxford Instruments and operated with Aztec software. In case of Manaurite 

XTM, technique of FIB nanofabrication was used to produce site-specific and 

crystallographic orientation-specific lamellae for subsequent high resolution characterization 

using transmission electron microscopy. For that purpose, FEI Helios Nanolab 660 dualbeam 

(SEM + FIB) microscope was used.  

The microstructure was investigated using both transmission electron microscopy (TEM) and 

scanning transmission electron microscopy (STEM). The spatial arrangement of dislocations 

in grains was determined using the technique of oriented foils. The samples were investigated 

by standard bright field diffraction contrast technique on the Philips CM12 TEM working at 

120 kV equipped with a double tilt holder. Later, for both diffraction contrast and high 

resolution phase contrast imaging, the JEOL JEM-2100F TEM working at 200 kV and 

equipped with STEM and EDS detectors was used. For atomic resolution observations of 

inspected grains, the foils were tilted in order to perform high-angle annular dark-field 

(HAADF) zone axis imaging using a probe aberration-corrected FEI Titan3 80-300 kV 

STEM. High spatial resolution energy dispersive X-ray spectroscopy (EDS) was conducted at 

300 kV using an image-corrected FEI Titan3 60-300 kV with a Super-X EDS detector, and 

utilizing the Bruker Esprit software. The presence of carbon and nitrogen was verified using 

electron energy-loss spectroscopy (EELS).  
 

4. Selected results 
Selected results achieved within the work are briefly presented in this chapter. For complete 

set of experimental data, the reader is referenced to the full version of the dissertation thesis. 
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4.1 Fatigue properties 

4.1.1 Fatigue life curves 

Coffin-Manson and Derived Wöhler fatigue life curves as well as cyclic stress-strain curves 

were plotted. Corresponding parameters obtained from the fatigue life curves are summarized 

in Tab. 2. 

 
T [°C] K´ [MPa] n´ εf´ c σf´ [MPa] b [MPa] 

Sanicro 25 

22 1006 0.186 0.700 -0.526 962 -0.100 

700 1243 0.181 0.090 -0.539 797 -0.090 

Manaurite XTM 

22 1084 0.173 0.138 -0.457 877 -0.095 

700 802 0.167 0.085 -0.510 600 -0.106 

Table 2: Comparison of low cycle fatigue parameters of both studied materials at two 

temperatures. 

 

Fatigue life of both materials can be characterized by the Coffin-Manson law. In Fig. 4a, 

plastic strain amplitude in half-life is plotted as a function of number of cycles to fracture for 

both materials at two temperatures. In case of Sanicro 25, the cycling at temperature 700°C 

results in more than 50 times reduction in fatigue life for equal saturated plastic strain 

amplitudes when compared to room temperature. The study of the surface relief evolution and 

crack initiation mechanisms at both temperatures presented in [3, 4] revealed the principal 

sources of this difference in fatigue life. 

Fatigue crack initiation in room temperature cyclic loading is due to the pronounced 

localization of the cyclic plastic strain into PSBs and formation of the PSMs consisting of 

extrusions and intrusions, similarly to the case of conventional steels as thoroughly studied 

316L steel. From the tips of intrusions stage I cracks develop in individual grains and start 

growing and linking with other cracks until principal crack is formed. At high temperatures, 

the situation is completely different. Cyclic slip localization during the cyclic loading of 

Sanicro 25 at 700°C is very weak and plays no role in fatigue crack initiation. It was reported 

by Mazánová et al. [4] that the fatigue crack initiation at high temperature is intergranular. 

The observations of the specimen surface already at the low number of loading cycles 

revealed that the majority of grain boundaries are cracked and oxidized and the network of 

surface cracks is produced in the regions around grain boundaries. Both the early initiation of 

the cracks and the enhanced crack growth rate due to linkage of grain boundary cracks result 

in substantial reduction of the fatigue life of Sanicro 25 at high temperature in comparison 

with that at room temperature [4, 5]. 

Coffin-Manson fatigue life curves in Fig. 4a demonstrate that at room temperature Manaurite 

XTM has shorter fatigue life than Sanicro 25. This can be caused by the presence of high 

amount of brittle eutectic primary carbides within the cast dendritic microstructure of the 

alloy. Experimental evidence has shown that majority of eutectic primary carbides are cracked 

and several cracks initiated and propagated from the cracked carbides into the matrix. At high 

temperatures, where the major role is played by surface oxidation, Manaurite XTM has higher 

fatigue life than Sanicro 25. This is strongly related to the oxidation resistance of both alloys. 

While Sanicro 25 has chromium content of 22.5 wt%, Manaurite XTM can have up to 37 

wt%. Moreover, it is alloyed also with Ti, which is another element known to contribute to the 

oxidation resistance.  
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Figure 4: Comparison of (a) Coffin-Manson and (b) Derived Wöhler fatigue life curves of 

Sanicro 25 and Manaurite XTM at two temperatures. 

  

In Fig. 4b, comparison of derived Wöhler fatigue life curves is plotted for both materials at 

room temperature and at 700°C. The curves show fatigue life dependence in case of constant 

stress amplitude loading. In this loading regime, Manaurite XTM has slightly longer fatigue 

life than Sanicro 25 at room temperature. That is connected with significant cyclic plastic 

localization behaviour exhibited by Sanicro 25. As will be explained in next chapter, it leads 

to cyclic softening behaviour. If constant stress amplitude loading is applied, plastic 

deformation produced during cycling will increase in Sanicro 25 subsequently leading to 

fatigue fracture earlier than Manaurite XTM. When tested at high temperature, fatigue life of 

both materials diminishes. Sanicro 25 seems to have worse oxidation resistance then 

Manaurite XTM. However, due to internal microstructural changes, it also exhibits 

extraordinary cyclic strengthening. When cyclically loaded with constant stress amplitude, 

Sanicro 25 has much longer fatigue life than Manaurite XTM due to the increase of the cyclic 

strength. 

In Fig. 5, comparison of cyclic stress-strain curves is done for Sanicro 25 and Manaurite XTM 

at two temperatures. At room temperature, to reach given plastic strain amplitude in half-life, 

much higher stress amplitude is needed in case of Manaurite XTM than for Sanicro 25. This is 

related to strong localization of cyclic slip observed in Sanicro 25 and not in case of large 

dendritic grains with high amount of eutectic primary carbides in Manaurite XTM. 

  

 

Figure 5: Comparison of cyclic stress-strain curves of Sanicro 25 and Manaurite XTM at two 

temperatures. 
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When cyclic loading of Manaurite XTM is done at high temperature, cyclic stress-strain curve 

is lying at much lower stresses. That is commonly seen high temperature behaviour for many 

austenitic steels and alloys, but not in case of Sanicro 25. At a temperature of 700°C, this 

alloy exhibits significant increase of cyclic stress, with cyclic stress-strain curve lying well 

above that at room temperature.   

 

4.1.2 Cyclic response at room temperature 

Cyclic hardening/softening curves of Sanicro 25 and Manaurite XTM loaded over a wide 

interval of total strain amplitudes at room temperature are compared in Fig. 6. Stress 

amplitude σa is plotted vs. number of cycles N. Same scales were used for x and y axes in both 

diagrams. Cyclic plastic behaviour of both alloys at room temperature is similar. After initial 

hardening period which is more significant for high strain amplitudes, cyclic softening occurs 

with tendency to saturation into the stabilized cyclic response. It is clear that in case of 

Sanicro 25, the softening is more distinctive than for Manaurite XTM. 

At room temperature, under cyclic loading with low strain amplitudes, the dislocation density 

increases significantly. In structural alloys, easy cross-slip of dislocations is restricted and 

their movement is limited to planar slip within one slip system only. As a result, dislocation 

interaction becomes more complicated and more tangled structures are formed. Characteristic 

initial hardening cyclic response of material occurs for both Sanicro 25 and Manaurite XTM. 

Such a behaviour was thoroughly documented for example in case of conventional 316L 

austenitic steel [6, 7]. Simple planar structures characteristic by pile-ups, stacking faults and 

dislocation tangles were observed in both studied materials. However, there are also some 

differences. In case of Sanicro 25, in the majority of grains localized dislocation structure 

developed. High dislocation density thin bands reminiscent of PSBs are separated by 

dislocation-free regions (see Fig. 7). These bands correspond well to PSMs observed on the 

surface. It is known that PSBs are the main structural features that can accommodate cyclic 

plastic deformation and they are usually observed in the form of ladder-like structures in 

copper [8–10], nickel and 316L steels [6, 10].   

 

 

Figure 6: Cyclic hardening/softening curves of Sanicro 25 and Manaurite XTM at room 

temperature are compared. Stress amplitude σa is plotted vs. number of cycles N. Applied 

total strain amplitudes are given in the Figures. 

 

In the case of many austenitic stainless steels, the stacking fault energy was determined to be 

relatively low. For example, stacking fault energy of conventional 316L austenitic steel was 

reported to be even lower than 20 mJm-2 [11, 12]) implying large dissociation distance 
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between Shockley partial dislocations, thus preventing easy recombination and cross-gliding. 

In a recent study, Lu et al. [13] determined stacking fault energy of Sanicro 25 to be about 

~27 or ~35 mJm-2. This is in a good agreement with Bonny et al. [14] who modelled stable 

stacking fault energy for various combinations of Ni and Cr in the solid solution. For Ni/Cr 

ratio corresponding to Sanicro 25, the stacking fault energy is about ~25 mJm-2. For complex 

highly-alloyed steel, these are rather high values, not very different from conventional steel as 

mentioned 316-type. It is therefore suggested that the stacking fault energy is not the main 

factor causing strong planarity of dislocation slip in Sanicro 25. There are other important 

factors to be considered which can be playing a role in the slip modification in FCC metals, 

such as short range ordering (SRO) of nitrogen and chromium atoms, as was reported 

previously [15–17]. 

 

 

Figure 7: Sanicro 25 cyclically loaded at room temperature. Overview picture of 

characteristic planar dislocation structure consisting of dislocation rich bands. Detail of high 

dislocation density band is shown in black inset. Mostly edge segments of primary 

dislocations with b = 1/2[1̅01] are visible. 

 

At high strain amplitudes, secondary slip systems are activated. In most of grains of 

Sanicro25, two or three slip systems are active what leads to significantly increased 

dislocation density in comparison with low strain amplitudes. Similarly to conventional 316L 

steel [7], this causes notable initial cyclic hardening (up to 20 or 30 cycles at the highest strain 

amplitude). In further cyclic loading, dislocations move and annihilate by interacting with 

opposite sign dislocations. As a consequence, the total dislocation density tends to reach its 

equilibrium state and remains almost constant after achieving a maximum. Subsequently, slip 

on the critical plane prevails leading to further localization on this plane. That is well 

documented by observations presented in [3]. In contrast with the matrix, there are no 

dislocations from the secondary slip systems present in PSBs, what suggests that at the 

beginning of the loading, all systems were active, but later only one slip system prevailed. 

This localization of plastic strain leads to so-called cyclic softening response of the material. 

In case of Manaurite XTM, no strong evidence of plastic deformation localization, neither 

formation of any complex dislocation structures, was found. That is the main reason, why 

Manaurite XTM does not exhibit so significant cyclic softening behaviour as Sanicro 25. 

Fraction of grains containing the characteristic types of dislocation structures observed in 

Sanicro 25 is shown in Tab. 3. Our results are compared with 316L steel study made by 

Obrtlík et al. [6]. For a given saturated plastic strain amplitude low energy spatial structures 

are already formed in case of 316L steel while in Sanicro 25, planar arrangements still 

strongly prevail. 
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 316L Sanicro 25 

εap (%) 0.10 0.50 0.18 0.48 

Low dislocation density - - 10% - 

Planar structures 5% - 90% 90% 

Imperfect vein structure 68% - - 5% 

Wall/channel structures 27% 34% - 5% 

Equally oriented cells - 35% - - 

Disoriented cells - 31% - - 

Table 3: Fraction of grains containing the characteristic types of dislocation structures 

observed in Sanicro 25 compared with 316L steel study made by Obrtlík et al. [6]. 

 

4.1.3 Cyclic response at a temperature of 700°C 

Cyclic hardening/softening curves of Sanicro 25 and Manaurite XTM loaded over a wide 

interval of total strain amplitudes at a temperature of 700°C are compared in Fig. 8. Stress 

amplitude σa is plotted vs. number of cycles N. Same scales were used for x and y axes in both 

diagrams. 

 

 

Figure 8: Cyclic hardening/softening curves of Sanicro 25 and Manaurite XTM at 

temperature 700°C are compared. Stress amplitude σa is plotted vs. number of cycles N. 

Applied total strain amplitudes are given in the Figures. 

 

It is evident that the behaviour of both alloys is significantly different from that at room 

temperature. At high temperature cyclic loading, they exhibit significant increase of cyclic 

stress, i.e. cyclic strengthening. In case of Manaurite XTM, most notable increase of strength 

is observed in the initial period of cycling, during first 20 to 100 cycles. Then there is a 

tendency to reach saturated level of stress. Sanicro 25 shows even better properties. For 

example, at the end of fatigue life the stress amplitude of 298 MPa needs to be applied to 

produce total strain of 0.51% in Manaurite XTM, while in case of Sanicro 25 it is the stress 

amplitude of almost 407 MPa. The cyclic strengthening of Sanicro 25 lasts for longer period 

and is much more significant than in case of other similar alloys. 

Evolution of the hysteresis loop shape in Fig. 9a for total strain amplitude 0.7% illustrates the 

significant increase of cyclic stress as a function of number of cycles. Cyclic strengthening is 

also demonstrated in Fig. 9b where the increase of cyclic stress in four different stages of 

fatigue life is plotted for all strain amplitudes. The increase of stress amplitude δσa is defined 

as the difference between magnitudes of the stress amplitude in a particular cycle N˃1 and the 
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first cycle N=1. It is apparent that cyclic strengthening is present during the whole fatigue life 

in all tests of Sanicro 25 at 700°C. The higher the applied strain amplitude, the more 

significant the increase of the cyclic stress is observed during the initial period of cycling. 

With further cyclic loading, the tendency to reach saturation of the cyclic stress is noticed, 

especially in the case of lower strain amplitude tested samples, i.e. samples tested for the 

highest number of cycles. Thermal exposure of specimens ranged from 153 to 6 hours for the 

lowest and highest strain amplitude, respectively. 

 

 

Figure 9: (a) Evolution of the hysteresis loop shape with cycling at total strain amplitude 

0.7% at 700°C. (b) Increase of stress amplitude with respect to the cyclic stress in the first 

loading cycle in different stages of the fatigue life plotted for all strain amplitudes tested in 

case of Sanicro 25 at 700°C. 

 

Cyclic plastic response of Sanicro 25 loaded in total strain amplitude control at 700°C was 

compared with conventional 316L austenitic steel loaded at 600°C. Hardening/softening 

curves are plotted in Fig. 10 as stress amplitude σa versus number of cycles N. All tests were 

conducted until failure, where the number of cycles at failure of the specimen is designated as 

Nf. In case of conventional 316L steel, after short initial hardening, saturated cyclic response 

prevails until failure. On the contrary, Sanicro 25 exhibits an extraordinary increase of cyclic 

stress that persists for a much longer fraction of the total fatigue life. 

Cyclic loading leads to significant change of the alloy microstructure. Thorough and detailed 

studies of cyclic response of 316L steel in relation to observed dislocation substructures were 

reported by Li et al. [18, 19], Obrtlík et al. [6] and Gerland et al. [20]. Fundamental work on 

the dislocation structure evolution was then accomplished by Pham et al. [16]. With initial 

cyclic loading, dislocation sources are activated leading subsequently to dramatic increase of 

dislocation density. At high temperatures, thermally activated and diffusion-assisted effects 

are facilitated, so dislocations can climb and cross-slip. Increased mutual dislocation-

dislocation interactions suppress dislocation mobility and lead to initial cyclic hardening. 

However, shortly after a rapid initial increase the total dislocation density has a tendency to 

reach saturated equilibrium value in the very early stage of cyclic loading (a few tens of 

cycles as shown in case of 316L in Fig. 10) [16]. Both at room and elevated temperatures, 

dislocations tend to form arrangements with lower stored internal energy. Mutual interaction 

of dislocation strain fields leads to dislocation annihilation or dipole formation and are 

important for the recovery processes. Initially tangled dislocations transform into veins and 

walls and channels. With further cyclic loading, sub-grain-type cellular structures featuring 

boundaries that are made up of dislocation walls are formed. Upon further recovery, 
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dislocations in the cell interiors are annihilated and the internal stored strain energy is 

significantly decreased leading to the softening of the material response to external load. 

 

 

Figure 10: Selected cyclic hardening curves of Sanicro 25 loaded in constant total strain 

amplitude at temperature of 700°C compared with hardening/softening curves of 

conventional 316L austenitic steel tested at 600°C. Stress amplitude versus number of cycles 

is plotted. 

 

 

Figure 11: Comparison of dislocation structures. (a) Well developed oriented cells formed in 

conventional 316L steel after cyclic loading with total strain amplitude 0.6% at 600°C. (b) 

Microstructure characteristic by homogeneous dislocation distribution with high density 

observed in Sanicro 25 alloy after cyclic loading with total strain amplitude 0.5% at 700°C. 

 

When oriented and disoriented cells are established, stabilized cyclic plastic response usually 

prevails until the fracture. Dislocation structure observed in 316L steel after cyclic loading 

with total strain amplitude of 0.6% at temperature of 600°C (see Fig. 11a) is compared with 

dislocation structure found in Sanicro 25 loaded with total strain amplitude 0.5% at 700°C 

(see Fig. 11b). (corresponding hardening/softening curves are shown in Fig. 10). While in 

case of conventional 316L steel, well developed dislocation cells are observed as expected, in 

Sanicro 25 homogeneous dislocation structure with high density is found with no evidence of 

recovery. In following chapter, the nanostructure origins of the mechanisms possibly affecting 

mobility of dislocations in Sanicro 25 during cyclic loading so the recovery processes are 

suppressed are summarized and discussed. 
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4.1.4 Origins of the cyclic strengthening of Sanicro 25 at a temperature of 700°C 

Initial condition of the alloy, particularly the chemical composition and microstructural state, 

determines mechanisms of deformation and corresponding overall mechanical response of 

material under static and cyclic loading conditions. A specific combination of a high number 

and content of alloying elements in Sanicro 25 leads to accelerated diffusion and precipitation 

effects resulting in the nucleation of two distinctive populations of nanoparticles embedded in 

the matrix - particles rich in copper and Nb(C, N) precipitates (see Fig. 12). Both types of 

nanoprecipitates play essential roles in the unusual high temperature cyclic behaviour that is 

not observed in the case of conventional stainless steels (see Fig. 10). 

 

 

Figure 12: High spatial resolution EDS mapping of specimen loaded with εa = 0.27% 

(exposed for 23 hours at 700°C) obtained close to <112> zone axis. Spherical Cu-rich 

particles are densely and homogeneously dispersed while Nb-rich nanoprecipitates are less 

numerous and not uniformly located. In (a), few Nb-rich particles are arranged along a 

dislocation line. In (b) Nb-rich particles are distributed more as arrays of individual 

particles. 

 

4.1.4.1 Cu-rich particles 

In the initial state, i.e. after annealing at 1200°C for 1 h and rapid cooling to room temperature 

in air, no Cu-rich precipitates are present. All copper atoms are dissolved and homogeneously 

dispersed in the austenitic matrix forming a supersaturated solid solution. This state does not 

correspond to the minimum of the free enthalpy. Since the diffusion rate at room temperature 

is very low, the equilibrium arrangement cannot be achieved. However, when exposed to an 

elevated temperature of 700°C, the diffusion of copper atoms is high enough to facilitate 

nucleation of spherical Cu-rich cluster-type regions in the austenitic matrix thereby allowing 

reaching the minimum of the enthalpy. As copper atoms segregate, matrix elements diffuse 

away resulting in the formation of Cu-rich particles. They are coherent with the matrix and 

oriented cube-on-cube (see Fig. 13). Lattice misfit is only 0.22% suggesting very low 

interfacial energy. 

Works of Chi et al. [21] and Ou et al. [22] focused on 18Cr-9Ni austenitic steel (Super304H) 

at 650°C state that the growth and coarsening behaviour of the Cu-rich particles in austenite 

follows the diffusion-controlled Lifshitz-Slyozov-Wagner (LSW) theory of Ostwald ripening. 

Two main factors are reported to dominate the growth kinetics: (1) interfacial energy between 

the Cu-rich nanoparticles and the matrix and the (2) diffusion coefficient of solute atoms. 
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Figure 13: (a) HAADF-STEM Z-contrast image showing Cu-rich nanoparticle embedded in 

the austenitic matrix. The structure is viewed along [001] zone axis. (b) The location of 

copper atoms is further confirmed by STEM-EDS scan performed on the same area. 

 

In current work, i.e. in Sanicro 25, it was observed that after 6 hours at 700%, precipitates 

have an average diameter 4.9 nm, then after 23 hours they have an average diameter 7.4 nm 

and an average volume density (1.1±0.4)⨯1022 m-3. As thermal exposure continues, Chi et al. 

reports that the volume density of particles reaches saturation (within approximately 100 

hours) and then significantly decreases at the expense of their coarsening. That is in a good 

agreement with our results. After 153 hours at 700°C, the volume density of Cu particles 

decreased while their average diameter reached 13.1 nm. Once nucleated and stabilized, the 

growth rate is slow. Very small interfacial energy along with small coherency strains imply 

that the driving force for further coarsening is small as well. 

  

4.1.4.2 Nb(C, N) particles 

Sanicro 25 has a high content of Nb, along with interstitial C and N, relative to conventional 

stainless steels. As reported by Sourmail [23], owing to high affinity of Nb for both interstitial 

elements, having a sufficient amount of free Nb and C and/or N available in the solid solution 

is one of the key prerequisites for possible nucleation of Nb(C,N) phase in the austenitic steels 

at high temperatures. In Sanicro 25, no nitrogen was detected by EELS in precipitate locations 

suggesting that it is mostly consumed by coarse Z-phase and therefore the precipitated 

secondary nanoparticles are primarily NbC. NbC particles are oriented cube-on-cube with the 

matrix but have large lattice misfit of 0.22 to 0.24% thus forming Moiré-like contrast (see Fig. 

14b).  

While there are no precipitates present in the initial state of the alloy, after aging at 700°C, 

numerous NbC carbides are nucleated on individual dislocations. Poddar et al. [24] reported, 

that because of large positive lattice misfit between the two crystal structures, the 

precipitation of the NbC phase in the defect-free austenite matrix is extremely difficult. 

According to Howe [25], two structures with mutually large lattice mismatch (δ ≥ 0.25) 

preventing good matching across the interface will have large interfacial energy significantly 

dominated by the structural contribution. However, a large nucleation barrier can be 

overcome by nucleation at lattice defects, where part of the strain energy can be released by 
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replacement of the dislocation line length and strain field with the precipitate nucleus. As a 

result, the mode of NbC precipitation is profoundly affected by plastic deformation. 

Depending on the deformation conditions, the overall characteristics of nanoprecipitates in 

terms of their size and distribution can differ significantly. 

 

 

Figure 14: (a) LAADF-STEM [011] zone axis image with enhanced strain contrast enabling 

visualisation of nanoprecipitates along with dislocations in a fatigued specimen. The particle 

volume density can differ significantly on a local basis. Example of group of NbC particles 

with high volume density is highlighted by black arrow. (b) HAADF-STEM [011] zone axis 

image of one of the NbC nanoprecipitates of size about 4 nm. Image was FFT filtered using a 

mask which included all fundamental and satellite intensities for central and diffracted 

beams. 

 

The application of cyclic straining dramatically increases the dislocation density. With the 

aide of thermally-enhanced cross-slip and climb, dislocations develop a homogeneous 

distribution of tangled configurations, with very high density within all grains. During the 

tension-compression cycling, the stress-strain state in each individual grain changes. As 

cycling continues, subsets of the dislocation structure become mobilized and present potent 

NbC nucleation sites. Provided a sufficient source of free Nb and C in the solid solution, the 

time needed for the rapid nucleation of NbC is very short [24]. Carbon as a fast diffusion 

interstitial element can segregate around dislocation cores and form Cottrell atmospheres [26]. 

While ab-initio studies of Korzhavyi et al. [27] showed that C-based solute atmospheres have 

negligible effect on solid solution strengthening in Sanicro 25, they do significantly contribute 

to nucleation of NbC nanoprecipitates at dislocations by providing sufficiently high content of 

free C in the vicinity of dislocation cores. 

Not all of the existing particles are decorating dislocations. Arrays of NbC carbides 

approximately 5 nm in diameter are found heterogeneously dispersed with locally varying 

number and volume density (see Fig. 14a). This indicates that it is possible for dislocations to 

break away from the NbC precipitates, leaving behind this non-uniform distribution of 

nanoparticles demarking the former positions of the dislocation lines (see Fig 14a). That is in 

agreement with work of Dutta et al. [28], who hypothesized that nucleation of Nb(C, N) 

precipitates on dislocation nodes only eliminates the core energy of the dislocation over the 

length of the particle diameter and therefore the dislocations are not strongly pinned at the 

early stages of nucleation. 
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Figure 15: Evolution of average size of two populations of nanoparticles during cyclic 

loading. Both Cu and Nb(C,N) precipitates maintain nano-scale character even after more 

than 100 hours spent at 700°C.  

   

Interestingly, the particles found in non-uniform distributions are notably smaller than 

precipitates decorating completely pinned dislocation lines suggesting that once detached 

from dislocations, they do not coarsen significantly, at least over the time-scales of the fatigue 

experiments. Dutta et al. [28] studied kinetics of heterogeneous nucleation of Nb(C, N) 

carbonitrides on dislocations in austenite and found out that the coarsening mechanism is 

governed by accelerated pipe diffusion of Nb atoms along the dislocation cores. At 700°C, 

volume diffusion rate of interstitial C through the lattice is high. However, to provide 

sufficient supply of Nb atoms to the location of nucleated precipitate to support further 

coarsening, dislocation cores are needed for accelerated pipe diffusion to be in operation. It 

has been calculated by Dutta et al. [28] that the volume diffusion rate of Nb is approximately 

by one magnitude slower, than accelerated pipe diffusion through dislocation cores. So, if 

dislocation on which precipitate nucleates is detaches under cyclic stress, the precipitates do 

not grow significantly and dispersoid-like arrangement of nanoscale NbC particles is 

maintained for long period. That is demonstrated in Fig. 15 where evolution of size of the 

NbC precipitates with the time spent at 700°C during the cyclic loading is plotted along with 

the results obtained for Cu nanoparticles. NbC precipitates maintain nano-scale characteristics 

for long period of time. 

Once mobilized, the dislocations will nonetheless experience an increasingly dense array of 

precipitates that retards their motion and makes likely the subsequent arrest and additional 

heterogeneous nucleation of additional NbC particles along the dislocation lines. It is possible 

that this process could repeat numerous times, on an individual dislocation basis, and lead to 

continually increasing density of NbC obstacles in the microstructure as a function of cyclic 

loading. Experimental observation dislocation pinned by NbC precipitates is shown in Fig. 16. 

 

4.1.4.3 High temperature cyclic strengthening 

In each cycle, the overall yield stress can be determined by several components. First, grain 

boundary strengthening should be considered. The average grain size of the Sanicro 25 is 60 

μm. Since this grains size is relatively large, then, according to the Hall-Petch equation, grain 

effects can be considered as negligibly small. As next, the stress corresponding to the lattice 
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friction should be considered. This contribution usually plays an important role at room 

temperatures but should be negligible at a temperature of 700°C. On the other hand, the 

mutual interaction of solid solution and precipitation strengthening with forest dislocation 

hardening, appear to play a fundamental role in the high-temperature cyclic loading. While 

much more detailed quantitative description of the interaction of dislocations with both Cu- 

and Nb-rich nanoparticles is needed, the approximate approach is used here for the 

preliminary discussion of the alloy cyclic strengthening mechanism. 

 

 

Figure 16: LAADF-STEM diffraction contrast image obtained along [001] zone axis with a 

large camera length 230 mm emphasizing strain contrast and showing deformation 

microstructure in specimen loaded with total strain amplitude 0.2% at 700°C. (a) Dispersion 

of numerous Nb(C,N) nano-precipitates is observed along with dislocations. (b) Detail is 

showing attractive pinning interaction of nano-precipitates with dislocation, which is 

attached at the exit side of the particles. 

  

Korzhavyi and Sandstöm [27] used first-principles calculations for evaluation of the 

contribution of W, Nb, Cu and also C and N to the solid solution hardening. Their model, 

based on work from Hirth and Lothe [26], determined the effect of solute clouds created 

around dislocations and slowing down their motion. While the contribution of fast diffusion 

interstitials C and N is negligible at 700°C in Sanicro 25, substitutional W can lead to 

significant solid solution strengthening with an increase of the yield strength by up to 27 MPa 

[27]. Using the Taylor relationship [29] between uniaxial yield strength and the resolved shear 

stress in a polycrystal, Δσy = Tf.Δτs with Taylor factor Tf = 3.06 determined for FCC crystals 

[29], an increase of the flow stress as a result of solid solution strengthening by W, ΔτssW can 

be estimated and is approximately 9 MPa.  

Cu-rich nanoparticles are small, coherent with cube-on-cube orientation relationship relative 

to the matrix, and finely-dispersed with high volume density. Gliding dislocations shear them 

rather than bypass them as reported previously by Ou et al. [22] and Fine and Isheim [30]. It 

has been reported [22] that for Cu-particles in FCC matrix the shear stress increment due to 

the shearing process, ∆τ, comes from four main components: (I) Coherency strengthening as a 

result of the lattice misfit stresses, (II) chemical strengthening coming from the atomic bond 

switching when a dislocation shears a precipitate, (III) strengthening due to the difference in 

stacking fault energies in precipitate and matrix and (IV) strengthening as a result of the 

different shear modulus of the particle relative to the matrix. In this work, only coherency 
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strengthening is considered, as the contribution of other mechanisms to the shear yield stress 

increase was reported to be negligibly small [22]. Derived from the general Friedel-Brown-

Ham equation for shearing of weak precipitates [31, 32], the shear yield stress due to 

coherency strain can be expressed by the modified Brown and Ham formula [32]: 

 ∆𝜏𝑐𝑜ℎ = 4.1𝐺𝜀3/2𝑓1/2 (
𝑟

𝑏
)
1/2

,  (1) 

where the ε is coherency strain [22]. The bulk modulus B of the Cu-rich precipitate is 144.4 

GPa [22], Young’s modulus E of the austenitic matrix is 198 GPa, shear modulus G of the 

austenitic matrix is 76.7 GPa and Poisson´s ratio ν is 0.29 [5]. The Burgers vector b of 

a/2<110> dislocations is 0.255 nm. The lattice misfit δ of the Cu-rich particle and the matrix 

is 0.22%. Calculation is done with the particle parameters obtained for the sample tested with 

strain amplitude 0.27%. The volume fraction of the precipitates is calculated as f = 2πr2Ns/3, 

where Ns is the surface areal density of 3.2⨯1014 m-2. When substituted into equation (1), the 

shear stress Δτcoh for the coherent Cu-rich particles of diameter varying from 4.6 to 15 nm can 

be estimated to be in the range from 4 to 8 MPa. 

 

 

Figure 17: (a) Taylor dislocation forest strengthening. Flow stress τTaylor is plotted as a 

function of dislocation density ρ. Experimentally estimated dislocation densities in initial state 

and after loading with strain amplitudes 0.2 and 0.7% are marked in the graph. (b) 

Comparison of increase of shear stress due to different strengthening mechanisms present 

during cyclic loading. 

 

NbC nanoparticles are non-shearable. Moreover, being of large lattice misfit with incoherent 

or semi-coherent character and in aggregated configurations, they are difficult to be overcome 

by dislocations even when climb by-pass is active at high temperature. It has been observed 

that the dislocations attach at the departure side of the particles (see Fig. 16). In other words, a 

small length of dislocation line is trapped at the interface and unable to glide away. The 

dislocations also show some evidence of bowing, further suggesting that they are indeed 

attached to the “exit side” of NbC nanoparticles. This is similar to observations of dislocation 

interactions with incoherent dispersoids in oxide dispersion strengthened alloys [33–35]. As 

noted earlier, Rösler and Arzt [33, 34] developed a model based on the key idea that 

dislocations more commonly reside in attractive traps because the dislocation line reduces its 

energy by lying at the interface between the matrix and an incoherent dispersoid. The 

attractive interaction causes a threshold stress τd, which must be exceeded in order to detach 

the dislocation from the particle after climb is completed [33]. According to Arzt and 

Wilkinson [33], only a very modest attractive interaction between dislocations and particles is 

required in order for dislocation detachment to become the strength-controlling process. 
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Considering an array of NbC particles as an incoherent dispersoid the threshold stress τd to 

detach the dislocation can be estimated [33, 34]. Calculating for an average particle radius of 

2.55 nm and the highest local estimated particle volume density of 4.9⨯1021 m-3, the threshold 

stress τd can reach up to 20 MPa for minimum possible attractive interaction (expressed by k = 

0.94 [33]) and up to 50 MPa for maximum attractive interaction (k = 1). As the detachment 

stress is function of 1/λ, it can go even higher if the density of NbC nanoparticles is increased 

during cycling. 

 

4.1.5 High temperature cyclic strength – Sanicro 25 versus Manaurite XTM 

This work described, that during cyclic loading at a temperature of 700°C, the strength of 

Sanicro 25 is determined by nucleation of two populations of nanoparticles subsequently 

heavily affecting dislocations mobility thus leading to notable suppression of usual recovery 

processes. Identification of precipitation strengthening as the key mechanism suggests that 

from the perspective of alloy design, absolutely essential is sensitive and properly set alloying 

leading to precipitation of high density dispersion of nanoparticles which are small and stable 

for long time with further exposure at high temperatures. On the other hand, precipitation of 

other detrimental phases has to be suppressed. 

When compared to Sanicro 25, austenitic matrix of Manaurite XTM contains much higher 

levels of Ni and Cr, added presumably for improvement of oxidation and carburization 

resistance. Also, it has four times higher content of interstitial carbon, but no nitrogen. 

Similarly to Sanicro 25, also Manaurite XTM is alloyed with Nb with content ranging from 

0.5 to 1.0 wt%. While it can be alloyed also with copper, it is only up to 0.25 wt%, what are, 

according to literature [21, 22], too low levels to cause Cu-rich nanoparticles nucleation in 

austenitic matrix. These slight differences in alloying and overall design of the alloy lead to 

dramatically different high temperature performance connected with different microstructural 

changes. While in Sanicro 25, major secondary precipitates nucleated are dispersions of Cu-

rich and Nb(C,N) nanoparticles, in Manaurite XTM none of these phases are observed. 

Experimental work has revealed that the main secondary precipitate is M23C6 type of carbide 

rich in Cr, Si and Mn. This phase is observed also in Sanicro 25, but is found mostly at the 

grain boundaries. If they are eventually nucleated within the bulk of the grain, they are much 

smaller than in case of Manaurite XTM, even for much longer thermal exposure times. It 

seems that high chromium content combined with high content of interstitial carbon 

substantially facilitates preferential nucleation of M23C6 phase, at the expense of other 

possible phases, including MX. According to T. Sourmail [23], M23C6 carbides are reported to 

have much higher coarsening and growth rate than other phases in austenite. Therefore, in the 

early stages of the nucleation and growth, M23C6 carbides can contribute to some high 

temperature cyclic strengthening of Manaurite XTM. However, as they overcome the critical 

size and the Orowan bowing becomes the governing mechanism of particle-dislocation 

interaction, their strengthening effect rapidly diminishes with further coarsening and growth. 

The cyclic plastic response saturates at much lower levels that in case of Sanicro 25. 
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5. Conclusions 

 

SANICRO 25 

 After solution annealing, i.e. in the initial state of material, the only observed primary 

precipitates are the particles of Z-phase rich in Nb, Cr and N. Precipitates of about 100 

nm in diameter found within grain interior and also at grain boundaries are the most 

frequent. No other phases were found. 

 In room temperature cycling, cyclic plastic deformation is localized into the dislocation 

rich bands corresponding to PSMs observed on the surface. In most cases, the bands have 

irregular dislocation arrangement different from the typical ladder-like structure. No 

distinctive wall and channel arrangements are usually found, but they have character of 

alternating dislocation rich and dislocation poor areas. Character of dislocation slip is 

strongly planar. At low strain amplitudes, plastic strain localization leads to initial cyclic 

softening subsequently followed by saturation. At high strain amplitudes, before cyclic 

softening, also notable initial cyclic hardening is present due to secondary slip systems 

activation. 

 Spatial low energy dislocation structures like veins, ladders or walls alternating with 

channels were observed very rarely even at very high strain amplitudes. Planar character 

of slip prevails also in these dislocation arrangements. No cellular structures were found 

at all at room temperature cycling. 

 Coffin-Manson and also derived Wöhler curves at 700°C are substantially shifted to 

lower fatigue lives relative to those at room temperature. On the other hand, cyclic stress-

strain curve at 700°C lies well above that at room temperature. This is related to an 

extraordinary cyclic strengthening of the alloy at high temperatures. 

 Cu-rich nanoparticles precipitate homogeneously with high number density in the matrix 

as a result of elevated temperature. They have face-centered cubic crystal structure and 

are coherent with the austenitic matrix with a positive lattice misfit of only 0.22%. 

 Supported by sufficient content of Nb and interstitial C available in solid solution, 

elevated temperature along with the high dislocation density facilitates the rapid 

nucleation of nano-scale NbC carbides only on dislocations. Larger particles are found 

along dislocation lines, smaller precipitates in aggregated groups from which dislocations 

have apparently detached as a result of cyclic stress. 

 Under concurrent cyclic loading, the NbC nanoparticles can become liberated from 

dislocations - it is possible that this process could repeat numerous times, on an 

individual dislocation basis, and lead to continually increasing density of NbC obstacles 

in the microstructure as a function of cyclic loading. 

 Experimentally obtained and simulated Moiré-like contrast under HAADF-STEM 

conditions confirms cube-on-cube orientation and the incoherent or semi-coherent nature 

of the NbC nanoparticles relative to the austenite matrix. 

 Enhanced at high temperature, cross-slip and climb lead to a remarkably homogeneous 

dislocation structure with high dislocation density. A dense volume dispersion of 

coherent Cu-rich nanoparticles, and rising number of incoherent/semi-coherent NbC 

carbides, supported also by presence of W in solid solution, result in significant 

retardation of dislocation motion. Since dislocation mobility is affected, no low-energy 

dislocation structures are formed, supressing normal recovery processes. This 

microstructural state is characterized by significant dislocation-dislocation interactions as 

described by the Taylor equation for forest strengthening. As a consequence, Sanicro 25 
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exhibits extraordinary cyclic hardening leading to the remarkably high saturated cyclic 

stress at 700°C. 

 

MANAURITE XTM 

 In the as-cast state, the Manaurite XTM has dendritic structure composed of austenitic 

matrix and interdendritic regions containing eutectic primary carbides of M7C3 and M23C6 

type rich in Cr and MC type rich in Nb. Grains are columnar and have size up to several 

milimeters. 

 In room temperature cycling, mostly simple planar slip of individual dislocations is 

observed in the austenitic matrix. Dislocation density is higher in the vicinity of primary 

eutectic carbides or at the grain boundaries at 700°C lies. No signs of cyclic slip 

localization are observed, neither evidence of low energy dislocation structures 

formation. After initial increase of dislocation density leading to work hardening, cyclic 

plastic behavior of Manaurite XTM at room temperature is characterized by saturated 

response. 

 Coffin-Manson and also derived Wöhler curves at 700°C are shifted to lower fatigue lives 

relative to those at room temperature. This is same also in case of cyclic stress-strain 

curve, which lies well below that at room temperature. 

 Owing to very high Cr content combined with high amount of C, major secondary 

precipitate to rapidly nucleate in Manaurite XTM during cyclic loading at 700°C is M23C6 

carbide rich in Cr, Si and Mn. Even after very short aging times, they are already 

relatively large. In contrast to Sanicro 25, they are found in numerous aggregated 

configurations in the bulk of the grains or nucleated at immobile dislocations. On the 

other hand, no stable nano-scale precipitates are found in the matrix. 

 At the onset of nucleation, M23C6 carbides can present obstacle to dislocation movement 

thus contributing to the increase of high temperature strength within a few first cycles as 

observed on hardening/softening curves. However, with their rapid coarsening, as they 

become too large with large average distance between them, their strengthening role 

diminishes and cyclic plastic response has tendency to saturation. 
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Abstract: Two advanced highly-alloyed austenitic steels based on the Fe-Ni-Cr matrix 

were studied in conditions of low cycle fatigue both at room and elevated temperature. 

Extensive set of experimental and characterization tools was used for the investigation of 

inter-related effects of alloys composition, microstructure, deformation mechanisms and 

overall material response under load. Key mechanisms and factors determining mechanical 

properties and performance in the service were analysed and discussed. 

 Standard fatigue experiments were performed at room temperature and at 700°C. Cyclic 

hardening/softening curves, cyclic deformation stress-strain curves, Coffin-Manson and 

Wöhler fatigue life curves were determined. 

 Changes of the microstructural state of the alloys due to the cyclic loading were studied 

using electron microscopy techniques. Fatigue behaviour, strength and cyclic plastic 

response of studied materials were explained in relation to the microstructural aspects of 

deformation mechanisms both at room and elevated temperatures. 

 It was found that Sanicro 25 exhibits the highest high temperature strength of all alloys 

from the same class. Its extraordinary properties are related to the two nanoparticle 

populations, Cu-rich coherent precipitates and dispersoid-like MX nanoparticles. As a 

result of pinning effects and associated obstacles, dislocation motion in this alloy is 

significantly retarded preventing formation of substructures with lower stored internal 

energy. With recovery heavily suppressed, forest dislocation strengthening supported by 

precipitation and solid solution hardening, leads to the remarkable increase of cyclic 

strength at elevated temperatures. 

 

Abstrakt: Dvě pokročilé vysoce legované austenitické oceli s Fe-Ni-Cr matricí byly 

studovány za podmínek nízkocyklové únavy jak za pokojové tak vysoké teploty. Široká škála 

experimentálních a charakterizačních nástrojů byla použita ke studiu vzájemně souvisejících 

aspektů zahrnujících chemické složení slitin, mikrostrukturu, deformační mechanismy a 

celkovou odezvu materiálů na externě působící zatížení. Klíčové mechanismy a faktory 

definující mechanické vlastnosti a výkonnost v reálném provozu byly analyzovány a 

diskutovány. 

 Standardní únavové experimenty byly provedeny za pokojové teploty a teploty 700°C. 

Byly získány křivky cyklického zpevnění/změkčení, cyklické deformační křivky, Coffin-

Manson a Wöhlerovy křivky.  

 Změny mikrostrukturního stavu slitin v důsledku cyklického zatěžování byly studovány 

pomocí elektronové mikroskopie. Únavové chování, pevnost a cyklická plastická odezva 

studovaných materiálů byla vysvětlena v souvislosti s mikrostrukturními aspekty 

deformačních mechanismů jak za pokojové tak za zvýšených teplot.  

 Bylo zjištěno, že Sanicro 25 vykazuje nejvyšší pevnostní charakteristiky ze všech 

materiálů stejné třídy. Výjimečné vlastnosti této slitiny jsou spojeny s populacemi dvou 

typů nanočástic, koherentními měděnými precipitáty a nanočásticemi typu MX. V 

důsledku interakcí s precipitáty způsobujících zachytávání je pohyb dislokací v Sanicro 

25 významně zpomalen, což vede k potlačení normálních procesů zotavení obvykle 

vedoucích ke změně uspořádání dislokační struktury tak, aby byla celková vnitřní energie 

systému co nejnižší. Takové uspořádání je tvořeno například dislokačními buňkami. 

Jelikož jsou procesy zotavení potlačeny, dislokační struktura za vysokých teplot je 

charakteristická homogenní distribucí dislokací o vysoké hustotě s velkou mírou 

vzájemných interakcí. V kombinaci s dalšími mechanismy zpevnění jako jsou precipitáty 

a substituční prvky v tuhém roztoku, tyto deformační mechanismy vedou k významnému 

zvýšení cyklické pevnosti za vysokých teplot. 


