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Fig. 5. Room temperature tensile curves of as-rolled specimen and 
annealed specimen

Another unique characteristic of the stress-strain curve 
was the fracturing without necking, and in order to check the 
phenomenon, the tensile fracture surface was observed, and the 
results are shown in Fig. 6. The macroscopic observation of 
the fracture surface of as-rolled (a) material identified a macro 
crack (arrow) extending from the surface to the core, and these 
cracks started from crack initiation sites and certain areas (white 

circle). In the case of the annealed material (b), no macro crack 
extending from the surface to the core was found, and cracks 
appeared to be originating from certain areas (white circle) 
similar to the as-rolled material. These areas were identified as 
W-base carbides, and it is considered that such a defect caused 
fracturing without necking. However, despite both materials 
containing W-base carbides, the elongation of material slightly 
increased after annealing. High magnification observation of 
the fracture surface was performed, and the results are shown 
in Fig. 7. In the case of as-rolled material (a), the results 
identified partial micro-dimples that were formed along the 
grain boundary. It was possible to consider grain boundary 
decohesion due to carbides present in the grain boundaries 
of ODS steel in general. Meanwhile, the high magnification 
observation of annealed material (b) showed an increased 
micro-dimple fraction compared to the as-rolled material. In 
other words, the fracture elongation increase due to annealing 
was caused by the softening of matrix according to recovery 
and recrystallization, and such was interpreted based on the 
micro-dimple fraction difference of the two materials. In the 
end, the complex milling process was confirmed to contribute 
to an increase in ductility and plastic region of ODS steel, and if 
defects can be removed via process optimization, one can expect 
the manufacturing of ODS steel with high levels of ductility 
maintained.

Fig. 4. TEM images of as-rolled (a, c) and annealed (b, d) materials showing the nano-size particles
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