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     Transmission electron microscopy (TEM) was applied to study the oxide dispersion strengthened 
(ODS) ferritic–martensitic steel T91 (9 wt.% Cr, 1 wt.% Mo) produced by mechanical alloying 
techniques. The microstructure was analyzed using Tecnai 20 FEG microscope. High angle annular 
dark field (HAADF) scanning TEM (STEM) with energy-dispersive X-ray (EDX) spectroscopy for the 
determination of the composition, conventional TEM with selected area diffraction (SAD) and high  
resolution TEM (HRTEM) with fast Fourier transformation (FFT) analysis for the crystallographic 
investigations were applied. 
     Figure 1a shows an overview HAADF STEM image of the investigated steel. The microstructure 
consists of mainly four regions. The first region shows ferrite grains with nearly no defects. Region two 
exhibits ferrite grains with a high defect density due to formerly martensite. In the third region there are 
small precipitates with a dark or bright contrast (up to 50 nm in diameter). Region 4 shows larger and 
non regular shaped particles with a bright contrast at the grain boundaries. EDX investigation of the 
particles 1-5 with different contrast in the HAADF STEM image (Figure 1b) is concluded in Table 1. 
The EDX analysis shows that large particle 5 consist of Y2O3. Taking into account the thickness of the 
TEM specimens and the depth (or background) of the EDX measurements, the smaller particles 1-4  
also contain partly yttrium oxide. However, the measured higher C and lower Fe and Cr fractions of 
the dark particles 1 and 3 in compare with the bright particles 2 and 4 indicates the different 
composition in or around the particles. The high amount of C in all particles is due to contaminations 
during EDX measurements, but it is not clear why the Fe and Cr concentrations are changed in the 
areas of the dark and bright particles. Generally, the brightness of HAADF STEM images increases 
with atomic number of the elements and thickness of the TEM specimen. Therefore, "pure" Y2O3 
particles should have a dark contrast inside the Fe-matrix. If the particle lies on the steel surface, the 
local increasing thickness leads to the brighter contrast. A similar bright contrast, caused by an 
increasing thickness of the TEM specimen, is observed on the carbides (4 in Figure 1a)  which are 

etched very slowly in comparison with the -Fe-matrix during TEM preparation by electropolishing, 
which we used.   
    The HRTEM image in Figure 2a shows an Y2O3 particle with bcc structure and a lattice parameter of 
~ 1.06 nm close to [113]-zone axis as shown by the obtained FFT - diffractogram (cf. insert Figure 2a). 
SAD analysis of conventional TEM (here not shown) and the HRTEM images with diffractograms show 
generally the coherence relationship between the ODS particles and the matrix: <100> Y2O3 II <110> 

-Fe.  
     HRTEM image in Figure 2b shows an interface between carbide M23C6 where M is metal and -Fe 
matrix with the corresponded diffractograms. M23C6 has fcc structure with a lattice parameter of ~ 1.07 
nm and is close to [111]-zone axis. The relation between the carbide and the matrix is: <112> M23C6 II 
<110> -Fe. The EDX analysis of the carbide regions shows the existence of two kinds of the 
structures with a different Cr/Fe relation: 1) Cr > Fe (2 Cr : 1 Fe) and 2) Cr < Fe. Both types of 
carbides contain Mo (up to 4 %). Note, that the variation of the Cr/Fe concentration or the presence of 
Mo almost do not change lattice parameter of M23C6. Taking into account the thickness of the TEM 
specimens and the depth (or background) of the EDX measurements and according to literature data, 
the first type of carbides may be Cr21Mo2C6. The HRTEM images reveal the existence of {111} 
stacking faults in the large carbide inclusions (bottom part of carbide in Figure 2b).  
     The EDX study combining with the diffraction analysis of other inclusions in the investigated steel 
shows the presents of MX phases with fcc (rock salt) structure and lattice parameter of ~ 0.44 nm. 
where M is metal and X is C,O or N. 
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Figure 1. HAADF STEM images: a) an overview, 1 - grains without defects, 2 - grains with defects, 3 - ODS 

particles, 4 -carbides, b) image with ODS particles 1-5, taken for EDX measurements (see Table 1). 
 
 

Region \ at. % C O Cr Fe Y 

1 73.46 19.40 0.42 2.05 4.64 
2 42.20 24.77 2.86 25.31 4.84 
3 81.82 11.12 0.08 1.14 5.82 
4 47.56 22.48 2.51 18.10 9.32 
5 11.09 61.92 0 0.93 26.03 

Table 1. Results of EDX measurements of regions 1-5 from Figure 1b. 

 

 
Figure 2. HRTEM images with corresponded diffractograms: a) ODS particle, b) interface between carbide and 

matrix. 


