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1.2  Recent Observations of Helium Effects on Cavity Evolution in Tempered Martensitic 
Steels and Nanostructured Ferritic Alloys ⎯  G. R. Odette, T. Yamamoto, Y. Wu (University 
of California Santa Barbara), S. Kondo, A. Kimura (Kyoto University) 
 
 
OBJECTIVE 
 
The objective of this work is to characterize cavity evolution under Fe3+ and He+ dual ion beam 
irradiation in a normalized and tempered martensitic steel (TMS) F82H mod.3 and a 
nanostructured ferritic alloy (NFA), MA957.  
 
SUMMARY 
 
Additional dual ion (Fe3+ and He+) beam irradiation (DII) was performed at 500°C on previously 
irradiated alloys up to a nominal dpa and He levels of 80 dpa and ≈ 3400 appm, respectively. 
The irradiations were performed at dual ion beam facility, DuET, located at Kyoto University in 
Japan.  The actual dpa, He and He/dpa vary with depth in the sample.  The alloys studied 
include normalized and tempered martensitic steel, (TMS) F82H mod.3 and a nanostructured 
ferritic alloy (NFA), MA957.  TEM observations have been performed at a location where total 
dpa and He levels are estimated to be ≈ 220 dpa and ≈ 3400 appm He.  These same locations 
had been previously irradiated to ≈ 70 dpa and ≈ 900 appm He.  Cavity evolutions during the 
incremental irradiation were distinctly different in the two alloys.  In F82H the number density of 
the cavities (N) remained at ≈ 5 x 1022/m3 while average diameter (d) of all cavities grew from 
3.5 to 4.9 nm, with corresponding increases in the void fraction of cavities from 67 to 87% 
(defined as d > 2 nm) and in growth of the average d of voids (dv) from 3.9 to 5.3 nm.  The 
cavity volume fraction (f) in F82H increased from 0.23% to 0.43%.  In the case of MA957, the 
number density of the cavities increased by about a factor of 4 reaching N ≈ 4.4 x 1023/m3; this 
is very similar to the typical number density of nm-scale oxide features in the alloy.  The 
average d of cavities in MA957 also increased from 1.38 to 1.80 nm, including 22% that are 
larger than 2 nm.  However, it is not known if these cavities are bubbles or voids.  The cavity f in 
MA957 increased from 0.016% to 0.16%.  Note the highest dpa and He irradiation conditions 
exceed the end of life conditions of even an aggressive fusion demonstration reactor. 
 
BACKGROUND 
 
Predicting and mitigating the effects of a combination of large levels of transmutant He and 
displacement damage (dpa), produced by high energy neutrons, on the dimensional stability 
and mechanical properties of structural materials is one of the key challenges in the 
development of fusion energy [1].  The fundamental overriding questions about He-dpa 
synergisms include:  a) what are the basic interacting mechanisms controlling He and defect 
transport, fate and consequences, and how are they influenced by the starting microstructure 
and irradiation variables (dpa rate, He/dpa ratio, temperature and applied stress) and, b) how 
can the detrimental effects of He-dpa synergisms be mitigated and managed by proper 
microstructural design?  In the absence of a fusion neutron source, we have been utilizing 
various alternative experimental techniques to study the He-dpa synergisms, that includes:  a) in 
situ He implantation (ISHI) in mixed spectrum fission reactors, HFIR at ORNL and ATR at INL;  
b) spallation proton irradiation (SPI) in STIP (spallation target irradiation projects) at Paul Sherr 
Institute in Switzerland; and, c) multiple ion beams to simultaneously implant He and create 
displacement damage with heavy ions, specifically using dual ion beam irradiation (DII) facility, 
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DuET at Kyoto University, Japan.  The DII produces a broad range of dpa and He up to very 
high levels in short periods of time.  However, great caution is required in applying DII data to 
neutron irradiation conditions due to a host of differences including dpa rates, the proximity of a 
free surface and injected interstitials and impurities in some cases.  Nevertheless, DII are useful 
for mechanism studies and it is important to compare and contrast DII microstructural evolutions 
with the corresponding effects of neutron irradiations.  Here we report the results of DII up to 
high dpa at different He/dpa ratios, based on re-irradiation of previously irradiated F82H and 
MA957 specimens. 
 
PROGRESS AND STATUS 
 
Experimental Procedure 
 
The alloys studied here are a TMS F82H mod.3 and a NFA MA957.  These alloys were 
previously irradiated in DuET to the nominal displacement damage and He levels of 25 dpa and 
1000 appm at 500°C [2].  The original specimens were in the form of electro-polished 3 mm 
diameter disks that had been mechanically ground to a nominal thickness of 200 µm.  The discs 
were slightly trimmed so that the larger target areas of the two alloys can be placed closer 
together to allow efficient use of ion beams.  The DII was performed in DuET facility in the 
Institute of Advanced Energy, Kyoto University (Kyoto, Japan), where Fe3+ ions are accelerated 
to 6.4MeV by a tandem accelerator and He+ ions are accelerated to 1MeV by a single end 
accelerator.  The specimens were positioned in a temperature-monitored/controlled stage.  The 
He+ ion beam was passed through a rotating beam energy degrader creating four ion 
implantation energy bands that result in a broader and more uniform He deposition profile up to 
a maximum depth of ≈ 1500 nm.  Re-irradiation was carried out to nominal additions of 57 dpa 
and 2900 appm He to the original 25 dpa and 1000 appm He, resulting in a nominal 82 dpa and 
3900 appm He at 600 nm from the sample surface.   An FEI HELIOS Focused Ion Beam (FIB) 
tool was used to micro-machine < 100 nm thick electron transparent ≈ 5 µm wide and 5 µm 
deep lift-outs that included both damaged-implanted and undamaged regions.  TEM was 
performed on the FEI 200 keV Technai T20 and 300 KeV Titan instruments in the UCSB 
Microstructure and Microanalysis Facility.  In this report we focus the microstructure evolution at 
the depth ranging from 1300 to 1400 nm from the irradiation surface, focus on regions with He 
(appm)/dpa ratios ≥ 50, 10 to 30 and < 10.  The lower He/dpa regions where estimated damage 
and He conditions are ≈ 70 dpa and ≈ 900 appm, respectively, after the original irradiation, 
reach up to ≈ 220 dpa and ≈ 3400 appm after the re-irradiation. 
 
RESULTS 
 
Cavity Microstructures Before and After DI Re-irradiation at 500°C 
 
Figures 1a-b show the TEM images for F82H mod.3 irradiated to (a) before and (b) after the re-
irradiation, respectively.  The images are at the depth from 1300, at the top end of the images, 
to 1400 nm, at the bottom, from the irradiation surface.  Both images show clear bimodal 
distribution of cavities consisting of small bubbles and large voids.  Figures 2a-b show the 
corresponding set of images for MA957 before and after the re-irradiation. 
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(a)  
 

(b)  

Figure 1.  Under-focused bright field TEM images for the cavity microstructures in F82H mod.3 
after DII to (a) ≈ 70 dpa and ≈ 900 appm He, and (b) ≈ 220 dpa and ≈ 3400 appm He.  

  
Figure 2.  Under-focused bright field TEM images for the cavity microstructures in MA957 after 
DII to (a) ≈ 70 dpa and ≈ 900 appm He, and (b) ≈ 220 dpa and ≈ 3400 appm He.  
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Table 1.  Detailed quantitative analyses of the cavity structures have shown that 
F82H Condition  MA957 Condition 

68 dpa 
970 appm 

216 dpa 
3400 appm 

68 dpa 
970 appm 

216 dpa 
3400 appm 

3.46 4.87 Average size of all 
cavities <d> (nm) 

1.38 1.80 

4.6 5.1 Number density N (m-3) 11 44 
3.9 5.3 Average size of voids 

<dv> (nm) 
_____ 2.5 

67 87 Fraction of void cavities 
(%) 

0 ? 

0.23 0.43 Volume fraction of 
cavities f (%) 

0.016 0.16 

 
 
 
 
Figure 3 shows the evolutions of:  a) average cavity d; b) N; and, c) f as a function of dpa for 
F82H.   Figure 4 shows the corresponding plots for MA957.   
 
 
 
 
 

 
Figure 3.  a) Average cavity d; b) N; and, c) f as a function of dpa for F82H. 
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Figure 4.  a) Average cavity d; b) N; and, c) f as a function of dpa for MA957. 

 
 
 
DISCUSSION 
 
The major, and perhaps surprising, result is that the cavity volume fraction (f) is so low in both 
alloys even at very high He and dpa levels.  Except for on anomalous data point it appears that 
higher He/dpa ratios shift the f-curves to lower dpa.  Clearly the cavities are smaller and more 
numerous in the NFA and the net swelling is lower.  Further analysis will be provided in the 
future. 
 
FUTURE WORK 
 
This is ongoing very high priority research. 
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