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Abstract  Electron-beam treatment of 08Cr18Ni10Ti steel in the mode of ~5 μm surface layer melting (electron beam 
energy density is 25 J/cm2) results in increase in fatigue durability by a factor of 3.44. Investigations of the structure-phase 
states and defective substructure and the factors responsible for increase in fatigue durability of steel have been carried out 
by the methods of optical, scanning and transmission electron diffraction microscopy. 
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1. Introduction 
Physical nature and behaviour pattern of steels and alloys 

under cyclic loading remain insufficiently investigated 
because a whole set of factors (phase structure, defective 
substructure, surface layer state, medium and temperature 
of tests, frequency and amplitude of operating loading, etc.) 
has an impact on the fatigue failures[1, 2]. Increase of 
fatigue durability of a stainless steel and, accordingly, safe 
terms of products operation can be achieved by pulse 
current processing[3-5].  

Since fatigue failure begins mainly from the surface layer 
then its hardening makes possible the increase of fatigue 
characteristics[6]. The purpose of the present work is to 
analyse the laws of structure-phase transformation of the 
surface layer of 08Cr18Ni10Ti steel, processed by the 
electron-beam within sub millisecond time range and 
destroyed as a result of multicyclic fatigue tests. 

2. Material and investigation methods 
Stainless steel 08Cr18Ni10Ti (0.08 wt. % C, 18 wt. % Cr, 

10 wt. % Ni, <1 wt. % Ti) was chosen as the material of study. 
The samples were subjected to annealing at 1273 K (2 hours) 
with the subsequent cooling in water. As in[3-5] the fatigue 
tests were carried out with a special shaped device for cyclic 
asymmetric cantilever bending of samples shaped as 8 mm ×  
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15 mm × 145 mm parallelepiped. Samples being in failed 
states after continuous loading were subjected to analysis. 

Steel surface layer modification was carried out by the 
high-intensity electron beam with sub millisecond duration 
of impact[7, 8]. The given mode of electron-beam processing 
corresponded to melting of 5 μm thick surface layer. 

Fatigue experiments were carried out on a special device 
according to the pattern of a cyclic asymmetrical cantilever 
bend. Electron beam processing resulted in cycles number 
increase before failure from N = 1.8 × 105 to N = 6.2 × 105, it 
shows the durability increase by the factor of 3.44. 

Investigations of steel structure-phase state were carried 
out by the methods of optical, scanning and transmission 
electron diffraction (method of thin foils) microscopy. The 
structure gradient investigation of steel was carried out by 
the analysis of foil, located at the distance of 10 and 80 μm 
from the surface and the foils, received from the layer 
adjoining to the surface.  

The quantitative analysis of the steel structure was 
carried out using methods of stereology and quantitative 
electronic microscopy; the phase analysis of the steel was 
carried out by the indexing of the micro-electron-diffraction 
patterns with obligatory use of dark-field techniques[9-11]. 

The error of a single distribution of scalar dislocation 
density (ρ), grain volume occupied by microtwins (∆V), 
mid-sized areas of small misorientation angle of substructur
e (D), azimuthal component of the misorientation angle of 
substructure elements (∆α), bend extinction contours of 
mean density (ρк), bend extinction contours of mean width 
(h), mid-sized (d) and density (λ) of carbide particles does 
not exceed 10% of the measured value. 

3. Results and Discussion 
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3.1. Steel Structure Before Cycling 

Steel under investigation in its initial state (before the 
electron-beam processing) is a polycrystalline material with 
19.6 μm mid-sized grains. The intragranular structure (here 
after referred to as, substructure) is presented by microtwins 
and dislocations. In the grain the one dominant system of 
microtwins is observed. The average volume of the material 
occupied by micro twins is ~0.15. Dislocations form a 
reticular substructure; scalar density of dislocations is ~5 × 
1010 cm-2. The phase composition of steel is characterized 
by presence of carbide particles of М23С6 type (carbide 
particles on the basis of chrome with composition of (Cr, 
Fe)23C6). The particles of globular form are distributed 
chaotically in the grain volume, and junction of grain 
boundaries. The average size of particles is 167 nm. The 
particles located along the grain boundaries have the form 
of interlayers. In some cases the extended lines of particles 
(lines of dendritic segregation) are observed. 

3.2. Structure of the Near-surface Layer of Steel After 
Electron-Beam Processing 

Electron-beam processing of 08Cr18Ni10Ti steel in the 
mode mentioned above leads to the surface layer melting. 
High-speed steel crystallization is accompanied by structure 
formation of cellular crystallization, revealed by the methods 
of scanning and transmission electron microscopy (fig. 1). 

 
Figure 1.  Structure of cellular crystallization of 08Cr18Ni10Ti steel 
surface after processing by an electron beam; a – scanning electronic 
microscopy; b-d transmission electron diffraction microscopy; b, с – 
bright-field images; d - micro-electron-diffraction pattern. In (c) arrows 
point at carbide particles TiC located on the cell boundaries 

Crystallization cells have an equiaxial form with the 
average size of cells D = 319.6 ± 83.7 nm. In the junctions 
and along the cell boundaries inclusions of the second phase, 
namely, titan carbide particles of the composition TiC and, 
less often, particles of Cr15Fe9 are located. Particles have a 
round form, the average sizes of particles are 18.5 nm (fig. 1, 
c). In the volume of crystallization the chaotically distributed 
dislocations (fig. 1, b) are found. Scalar density of 
dislocations is 3.6 × 1010 cm-2. 

The layer with the structure of cellular crystallization 
transits into the material volume with grains of micron sizes. 
In the grain volume the microtwins of a deformation origin 
and the dislocation substructure in the form of chaos and nets 
are found. 

The surface processing results in formation of a gradient 
structure in the material, i.e. the structure with parameters 
that change naturally according to the distance increase from 
the processed surface. It is possible to conclude that 
electron-beam processing facilitates the surface layer 
hardening (the layer thickness is ~10 μm) of 08Cr18Ni10Ti 
steel. It results from the reduction in grain size, increase in 
scalar dislocation density and the grain volume occupied by 
microtwins, decrease in the size and misorientation angle 
increase of substructure areas, decrease in average width of a 
bend extinction contour. Besides, it is necessary to note the  
substantional (by a factor of ~2.5) density reduction of bend 
extinction contour that proves the decrease in density of 
stress concentrators in the surface layer. 

3.3. Structure-Phase State of The Surface Layer Formed 
As A Result of Multicyclic Fatigue Tests of Steel 
Processed By an Electron Beam 

As mentioned above, the electron-beam processing of 
08Cr18Ni10Ti steel is accompanied by formation of a 
structure of cellular crystallization in the surface layer. 
Fatigue loading of steel did not result in failure of the given 
structure. Crystallization cells have an equiaxed form with 
the average sizes of cells D = 368.4 nm that is slightly more 
than the sizes of steel cells irradiated by electron beam. In 
the cells volume of crystallization the chaotically distributed 
dislocations with scalar density of 1.7 × 1010 cm-2 are 
observed. Along the cell boundaries the titanium carbide 
particles of TiC composition and particles of Cr15Fe9 
compound are located. Particles have a round form, the 
average sizes of particles are 50 nm that is ~2.8 times larger 
than the average particle sizes before fatigue tests. 
Microtwins in crystallization cells are not revealed. 

The layer with structure of cellular crystallization is 
located next to the layer with polycrystalline structure. In 
the grain volume the microtwins of deformation origin and 
dislocation substructure are observed. 

If before the deformation there was a dislocation 
substructure in the form of chaos and nets in the grains, then 
after failure – along with the chaos and nets, the dislocation 
bundles, broken subboundaries and dislocation cells of 
various degree of perfection are revealed. The average cell 
sizes are 294.2 ± 75 nm. Farther and farther from the face of 
the sample the quantity of dislocation substructures 
decreases rapidly. In the layer, located at the depth of 10 μm, 
there are only cells and nets; at the depth of 80 μm – grids. 
The diagram of dislocation substructures being formed in 
the failure zone of 08Cr18Ni10Ti steel, subjected to 
electron-beam processing and the subsequent fatigue 
loading, is given in fig. 2. 

The performed layer-by-layer investigations of the 
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defective substructure make it possible to carry out the 
analysis of the steel structure gradient, formed as a result of 
fatigue loading before failure.  

 
Figure 2.  Diagram of dislocation substructures formed in the destruction 
zone of 08Cr18Ni10Ti steel subjected to electron beam processing (ES = 25 
J/cm2) and to the subsequent fatigue loading; 1 – the broken subboundaries, 
2 – bundles; 3 – chaos; 4 – cells; 5 – grids 

The electron-beam processing and the subsequent fatigue 
loading of the steel results in formation of internal stress 
fields in the material which are shown in the form of bend 
extinction contours. The main parameters of bend extinction 
contours, defined by the electron microscope images of 
steel structure, are the contour width and density (number of 
contours in one unit of the image area). The first parameter 
is connected with size of the internal stress fields; the 
second one characterizes the number of sources of stress 
fields formed in steel. 

 
Figure 3.  The structure formed in the surface layer of 08Cr18Ni10Ti steel 
processed by an electron beam and destroyed as a result of fatigue tests; a – 
bright-field image; b – micro-electron-diffraction pattern; c – indexing 
scheme of micro-electron-diffraction pattern. The arrow in (a) points at the 
ε-phase crystals 

In the material under investigation the layer characterized 
by the higher concentration of sources of internal stress 
fields with relatively high level of their amplitude is formed 
at the depth of ~10 μm. 

All these factors, obviously, indicate that as a result of the 
processes in the steel surface layer (layer thickness is ~80 
μm) the formation and coagulation of titanium carbide 
particles located in the grain volume of γ-phase take place. 

The microdiffraction analysis of the layer structure of 
steel surface revealed some transformations caused by iron 
polymorphism in the process of fatigue loadings. Namely, 

in the foil next to the face of the failed sample the additional 
reflexes belonging to ε-phase (fig. 3) are found on 
micro-electron-diffraction patterns. 

Additional reflexes belonging to ε-phase and α-phase are 
found in the micro-electron-diffraction pattern at the depth 
of ~10 μm. At the depth of ~80 μm additional reflexes 
belonging only to α-phase (fig. 4) are found.  

 
Figure 4.  The structure formed at the depth of ~80 μm in 08Cr18Ni10Ti 
steel, processed by an electron beam and destroyed in the result of fatigue 
tests; a – bright-field image; b – micro-electron-diffraction pattern. Arrows 
in (b) point at reflexes of α-phase: 1 –[110]; 2 –[112] 

As a rule, formation of ε - and α-phases results in the 
stress of high level in the volumes of γ-matrix adjoining 
them. Analysis of the material structure by the method of 
thin foils in the areas containing crystals ε- and α-phases 
crystals reveals a considerable quantity of bend extinction 
contours pointing either at the bend-torsion of a foil (fig. 3), 
or etching along the boundary between the two phases (fig. 
4). 

4. Conclusions 
Electron-beam processing of the sample surfaces of 

08Cr18Ni10Ti steel is carried out and multicyclic fatigue 
tests are conducted. The fatigue durability increase by the 
factor of 3.44 of the modified by electron beam steel 
08Cr18Ni10Ti (in comparison with the non-irradiated 
material) is revealed. It is shown that multicyclic fatigue 
tests of 08Cr18Ni10Ti steel, subjected to the preliminary 
electron-beam processing, are accompanied by the formatio
n of a gradient structure. It is determined that one of the 
reasons of fatigue durability increase of the irradiated steel 
is a grain and subgrain structure refinement, particle 
dissolution of carbide phase in the surface layer initiated by 
the electron-beam processing. It is shown that the 
destruction of 08Cr18Ni10Ti steel processed by an electron 
beam in the result of multicyclic fatigue tests can be a 
consequence of ε- and α-phases formation. Along their 
interface with γ-phase the formation of stress fields of high 
level, relaxing via microcracks generation is observed. 
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