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Abstract 
The understanding of the crack initiation mechanisms and crack growth in apparently 

monolithic materials like X6CrNiNb18-10 stainless steel under cyclic loading requires the 

explicit analysis of the phenomena underlying fatigue on both atomistic and microscopic 

levels. The permanent delivery of mechanical energy through cyclic loading evokes changes 

in the microstructure that can lead to a martensitic transformation. The transformation of a 

metastable cubic face centered austenite and formation of a cubic body centered ’-

martensite under cyclic loading at room temperature was found, both, in the experiment and 

in molecular dynamics simulations. The martensite nucleates prevalently at grain boundaries, 

triple points and at the specimen free surface and forms small (~ 1 µm) differently oriented 

grains, also in the same parent austenitic grain. By a combination of interrupted low cycle 

fatigue tests (LCF) and electron backscatter diffraction (EBSD) measurements the 

martensitic transformation and subsequent fatigue crack formation were observed at the 

same area in the microstructure at different stages of the specimen lifetime. The EBSD 

measurements showed the following crack initiation scenarios: Cracks started (a) at the 

phase boundary between austenite and ’-martensite, (b) inside fully martensitic areas in the 

matrix, (c) at broken or debonded coarse NbCs. It is obvious that formation of a hard ’-

martensite in a ductile and soft austenite and forming two-phase material causes a 

heterogeneous stress and strain distribution on the microscopic level. ’-martensite 

enhances locally the stress amplitude whereas in a soft austenite the plastic strain amplitude 

increases. Strain concentration in the austenite along the phase boundary is connected with 

a stress increase along the interface and can initiate fatigue crack there. Also at the crack tip, 

a permanent martensitic transformation occurs, so that the growth of the fatigue cracks at 

room temperature seems to be totally controlled by ’-martensite. 

 

1. Introduction / Motivation 
A large number of components in nuclear power plants are exposed to cyclic loading for 

which fatigue failure must be excluded. The evidence of sufficient fatigue safety margins is 

based on fatigue analyses. The determination of the fatigue lifetime rests on the assumption 

that certain damage events accumulate in a linear manner over time. The damage state, 

therefore, is described indirectly as a function of equivalent stress or strain amplitude versus 

crack initiation curve. This solution is often a pragmatic approximation for engineering 

applications, but it does not explain the mechanisms underlying fatigue and crack formation 

on the microscopic level. Especially the role of the materials microstructure in the fatigue 
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process remains in this approach unexplained. The knowledge of these correlations is, 

however, necessary when setting up of the optimal microstructure ensuring longer lifetime is 

intended. 

 

The aim of this work is to provide a thorough understanding of the basic mechanisms of 

fatigue and crack formation in the austenitic stainless steel X6CrNiNb18-10 (1.4550) under 

cyclic loading at room temperature. To attain this goal, experimental investigations and 

simulations on the nano-level were performed. The combination of these methods enabled a 

deeper insight into processes underlying fatigue and the interdependencies between 

microstructure and crack formation in the low cycle fatigue regime at room temperature. The 

methods themselves were further developed and optimised.  

 

The fatigue phenomena in ductile materials rely on plastic cyclic deformations, i.e. on a 

permanent dislocation movement and their interaction with microstructure (precipitates, grain 

and phase boundaries …). As a consequence, hardening as well as softening processes can 

be observed. The cyclic stress-strain-curve reflects these processes. In the first part of the 

curve, at low strain amplitudes, the multiplication of dislocations is visible as an increase of 

the work hardening. Dislocations form energetically favourable patterns: bundles, veins, 

labyrinths and finally cell structures. In single crystals and in monolithic polycrystals the 

ladder like bands emerge in the dislocation pattern giving rise to the formation of persistent 

shear bands (PSB). This stage is known as “saturation” or as a “stable hysteresis”. Due to 

high activity of dislocations in the PSB, extrusions and intrusions become apparent as 

elevations and dimples on the specimen surface. The intrusions as well as grain boundaries, 

precipitates and coarse hard particles are generally seen as nucleation sites for fatigue 

cracks [8].  

However, materials with a metastable phase in the microstructure, such as austenite at room 

temperature, can transform into ’-martensite when a delivery of mechanical energy during 

cyclic loading is high enough to evoke phase transformation. 

This is the case in the austenitic stainless steel X6CrNiNb18-10. A cubic face centered 

austenite transforms gradually into a cubic body centered ’-martensite. This process 

depends on a loading amplitude and temperature and causes a significant hardening 

behaviour of the material, especially for greater strain amplitudes. 
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2. Material 
Austenitic stainless steel X6CrNiNb18-10 with chemical composition as presented in Table 1 

has been used in this work.  

C Si Mn P S Cr Ni Nb Ta 

0.043 0.410 1.900 0.019 0.002 17.150 10.300 0.660 0.008 

Balance Fe 

Table 1: Chemical composition of the X6CrNiNb18-10 steel (in weight %) [4]. 

 

This material was manufactured by melting metallurgy, casting and forming process with 

subsequent solution heat treatment at 1050°C for 10 minutes and was water-quenched to 

room temperature [4]. The resulting microstructure, presented in Fig. 1, consists of austenitic 

grains with several twins and finely distributed niobium carbides (NbC) located along the 

grain boundaries, dislocations and lattice imperfections inside the grains.  

 

Fig. 1: Microstructure of the X6CrNiNb 18 10 steel after heat treatment. 
 

Two classes of NbC size distribution, with the average values of 33 nm and 410 nm 

respectively, were found in the undeformed X6CrNiNb18-10 steel by using replica (Fig. 2a, 

b). NbC particles were located along the sub-grain boundaries, grain boundaries and 

dislocations, forming structures similar to a rope of pearls (Fig. 2a). In apparently 

homogeneous grains without any visible sub-grain-structures, NbC were randomly 

distributed. Large elongated NbC particles (Fig. 2b) are probably primary carbides formed 

during the casting process and not dissolved during short homogenization time. 
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(a) Distribution of fine NbC (replica). (b) Distribution of coarse NbC (replica). 

Fig. 2: (a) Decoration of the sub-grain boundaries through small NbC; (b) coarse primary NbC in the 
grains and along the grain boundary.  
 

3.  Experimental methods 
3.1. Low cycle fatigue test  
Smooth cylindrical specimens [5] were uniaxially loaded in the LCF-Facility (ZDS 10/100, 

construction MFL/MPA University of Stuttgart) in air at room temperature with different strain 

amplitudes: 0.25%, 0.50%, 0.75%, 1,00%, 1.25% and 1.5% at load ratio R = -1 until initiation 

of macroscopic (visible) crack. For the interrupted LCF test combined with the EBSD 

technique, the strain amplitude of 1.5%, R= 1 was chosen. This relatively great loading 

amplitude should ensure a moderate number of loading cycles until break. The total length of 

the specimen of 60 mm allowed a non destructive analysis in the scanning electron 

microscope (SEM) after defined number of cycles and a new loading after breaks. For the 

observation of the microstructure alteration and crack development at different stages of the 

specimen lifetime, two narrow flat bands (3 mm  20 mm), symmetrically placed on the 

specimen lateral surface, were grounded and electrolytically polished before loading.  

 

3.2. Electron backscatter diffraction  
The technique of electron backscatter diffraction was used to study the grain orientations on 

the specimen surface and to identify deformation induced ’-martensite in the microstructure. 

The phase identification – austenite or ’-martensite – was based on the comparison of  

measured diffraction patterns with the data stored in the ICCD database [6] for the assumed 

phase. This database is a part of the software for the analysis of the EBSD pattern (Kikuchi 

pattern). Five overlapping measuring fields of 350  350 µm2 localised on the flat polished 

area on the specimen surface were chosen for EBSD measurements. The resolution of the 
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standard scans was 1 µm. Additional scans of interesting details were recorded with higher 

resolution.  

 

4.  Results and discussion 
4.1. Martensitic transformation 
’-martensite forms preferentially at grain boundaries and triple points and grows into the 

grain interior before the first cracks initiate (Fig. 3). Particularly great volume fraction of 

martensite was found at the crack tip and at the crack edges in the further course of loading. 

By X-ray diffraction investigation of the fatigue surface 80%-90% of martensite was found 

there in contrast to the residual fracture area with 10%-20% of ’-martensite only. These 

results show that fatigue crack growth in X6CrNiNb18-10 at room temperature is controlled 

mainly by the formed martensitic phase. As soon as the crack formed in the microstructure 

the martensitic transformation starts at the crack tip where the stress and strain are high 

enough to promote the phase transformation even in the specimens loaded with low external 

amplitude. 

 

 
0 cycles after 130 cycles after 300 cycles 

Fig. 3: EBSD: Growth of ’-martensite (black) in austenite under cyclic loading; strain amplitude of 
1,5%; R= -1. 
 

4.2. Crack formation 
The crack initiation and growth of cracks on the microscopic level take the largest part of the 

specimen lifetime. The growth velocity of short cracks depends on the microstructure and 

can not be described by a simple analytical expression in contrast to macro cracks which 

propagate in accordance e.g. to the Paris law. Finally, the crack length will be reached at 

which the remaining cross section is not large enough to withstand the applied stress and a 

final failure will occur.  
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Microscopic examination of the previously polished specimen surface of X6CrNiNb18-10 

showed that fatigue cracks are visible rather as isolated events than as microcrack fields. 

They are mostly oriented normal to the loading axis from the very beginning. These facts 

disqualify these cracks as crystallographic cracks growing in the slip plane and suggest an 

interface crack or cracks with a brittle character. EBSD measurements performed on the 

specimen with short cracks show that they form in the phase boundary between austenite 

and ’-martensite (Fig. 4a) or in fully martensitic areas. Thus, the investigated steel was heat 

treated for 10 minutes only, individual coarse NbC - not dissolved primary carbides - are 

visible in the microstructure. These particles break or separate from the matrix easier than 

fine NbC particles and are eminent crack initiation sites in the microstructure (Fig. 4b). 

(a) (b) 

Fig. 4: (a) EBSD: Fatigue crack (white) along the phase boundary between austenite and ’-
martensite (black) after 300 cycles; (b) SEM: broken NbC as a crack initiation site in the austenitic 
matrix after 230 cycles. LCF – strain amplitude 1.5%, R= -1.  
 

On the basis of these results can be stated that in the austenitic stainless steel X6CrNiNb18-

10 with short heat treatment (1050°C/10min) the deformation induced martensitic 

transformation takes place in the material under cyclic loading at room temperature. In 

accordance with [1][3] the threshold value of plastic strain pl=0.3% must be exceeded 

locally in the microstructure in order to set in the deformation induced martensitic 

transformation there. However, also in the specimens loaded with low external amplitude the 

threshold value at the crack tip is always reached and formation of ’-martensite begins even 

at very short cracks.  
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Accordingly to this fact neither extrusions nor intrusions were found, also in specimens 

deformed with great strain amplitude of 1.5%. The surface roughness could be explained by 

martensite formation or as a difference in the out-of-plane deformation behaviour of 

differently oriented grains. 

 

The difference to the results from the former scientific project [7] lies probably in the size 

distribution of NbC and corresponds directly to the heat treatment of the material. To what 

extent the fine or coarse NbC can suppress or accelerate martensitic transformation and 

generally affect crack formation is unknown up to now. This complex topic requires 

systematic well-directed investigations. 

 

4.3. Atomistic simulations  
In order to investigate the mechanisms of the martensitic transformations of a polycrystalline 

sample under loading at the atomic level Molecular Dynamics simulations with empirical 

interatomic potentials were used. As a model system served a Fe50Ni50 alloy which has a 

high stability of the austenitic phase while under loading it transforms into the bcc structure 

(-martensite). Models of different sizes and with different numbers of grains were studied. 

The grains were generated at random positions and with random crystallographic 

orientations using a Voronoi construction. Periodic boundary conditions in two spatial 

dimensions including the loading directions were employed while the third dimension 

represented free surfaces. The models were uniaxially deformed at room temperature 

uniformly up to a strain of 20 % and cyclically with the strain amplitude of 10 %. The strain 

rate was 108 s-1. Fig. 5 shows a model of size 250 nm x 250 nm x 2 nm after 20 % of uniform 

deformation. It consists of 8 grains with a columnar geometry in the viewing direction.  
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Fig. 5: Atomistic model of size 250 x 250 nm x 2 nm after monotonic deformation of 20% (grey: 
austenite, yellow: ’-martensite, red: stacking fault). 
 

It can be seen that martensite was formed preferentially at grain boundaries. In the 

transformed regions, variants of martensite can be seen which form domain-like structures. 

Moreover, within the martensite regions zones with high densities of stacking faults were 

formed which are the result of back-formation of martensite into a structure close to the hcp 

structure (-phase).  

 

5. Summary and conclusion  
This work aims at a deeper understanding of the basic phenomena which are accompanying 

fatigue on the nano- and micro-levels in the austenitic stainless steel X6CrNiNb18-10 at 

room temperature in air. For this purpose experiments and Molecular Dynamics simulations 

have been performed. From the understanding of the phenomena underlying fatigue in the 

X6CrNiNb18-10, the impact of the microstructure on the crack formation and crack growth 

under cyclic loading can be identified more reliably. 
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