




 

mainly detected from precipitates as shown in Fig. 5, the 
precipitates were identified to be TaC.  

TEM images of 304L stainless steel and Middle-Ta 
Low-C alloy unirradiated and irradiated to 0.3 dpa and 
1dpa are shown in Fig. 6. Dislocation loops were 
observed in the specimens irradiated at 0.3 and 1 dpa. 
Fig.7 and Fig. 8 show dislocation loop size and number 
density dependence as a function of displacement damage. 
Evolution of dislocation loop in Middle-Ta Low-C and 
Low-Ta Low-C alloy was suppressed relative to 304L 
stainless steel. Fig. 9 shows TEM images of 304L 

stainless steel and Ta addition alloys irradiated at 473K to 
673K. Dislocation loop size and number density as a 
function of irradiation temperature were shown in Fig. 10 
and Fig. 11. The dislocation loop size increased with 
temperature.  
 
3.3 Application of Orowan model 

In order to clarify the contribution of dislocation 
loops to irradiation hardening, the increase in yield stress 
was estimated by Orowan model [8] using the following 
equation:  

Fig. 4 The TEM images of unirradiated samples. 

Fig. 5 The images of EDS (a) line analysis and (b)-(f) area analysis of unirradiated High-Ta High-C 
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                    (1) 
 

In the above equation,  is the increase in yield 
stress (MPa),  is Taylor factor (3.06),  is strength 
factor of dislocation loops (0.5) [9],  is shear modulus 
(76 GPa),  is Burgers vector (2.5  10-8 cm),  is 
number density of dislocation loops,  is size of 
dislocation loops. The increase in Vickers hardness  
is converted into that of yield stress using the following 
equation [10]:  

                         (2) 
 

The correlation between calculated yield stress , 
and experimental value  is shown in Fig. 12. As 
shown in Fig. 12, the calculated yield stress, , is 
nearly equal to the experimental value, , 
suggesting that the irradiation hardening was due to the 
dislocation loops. 
 
 

Fig. 6 TEM micrograph of 304L and Middle-Ta Low-C alloy irradiated up to 1 dpa. 

Fig. 8 Dislocation loop density vs. displacement 
damage. 

Fig. 7 Average dislocation loop size vs. 
displacement damage. 
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3.4 Effect of Ta and C 
The contribution of Ta and C to the hardening of 

specimens irradiated to 0.3 dpa at 573K is shown in Fig. 
13. Tantalum suppresses the irradiation hardening of 
stainless steels as shown in Fig. 7 and Fig. 8. 

Irradiation hardening increased with increasing C 
concentration. It is reported that dislocation loop density 
increased with increasing C concentration [11]. This 
means that the increase in irradiation hardening with C 
concentration observed in this study would be due to the 
increase in dislocation loop density. However, the 
irradiation hardening of the alloys is almost the same as 
that of 304L. 

The effect of the difference of Ta/C ratio on the 
irradiation hardening was not observed in Fig.13. 

4. Summary 
In order to investigate the effect of Ta and C on 

irradiation hardening of stainless steels under 
development, Vickers hardness test and TEM observation 
were carried out after 1 MeV H+ ion irradiation. The 
following results were obtained. 
 

1. Irradiation hardening was observed in all alloys. 
The irradiation hardening of the alloys under 
development was almost the same as that of 
304L, and the effect of Ta and C addition on 
irradiation hardening was not observed clearly 
within the investigated composition range. So it 
is expected that Ta and C addition alloy 
increase IASCC resistance without affecting 

Fig. 9 The images of TEM irradiated at 473K to 673K. 
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irradiation damage. 
 

2. The irradiation hardening was explained by 
dislocation loop formation.  
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Fig. 11 Dislocation loop density vs. irradiation 
temperature. 

Fig. 13 Irradiation hardening as a function of Ta and 
C concentration. 

Fig. 12 Relationship between the yield stress 
calculated from microstructure and 
measured by Vickers hardness. 

Fig. 10 Average dislocation loop size vs. 
irradiation temperature. 
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