
Examination of issues involved when using ion 
irradiation to simulate void swelling and 
microstructural stability of ferritic-martensitic 
alloys in spallation environments 

M. Short (MIT)  
 

F. A. Garner (REC)  
 

M. B. Toloczko (PNNL) 
 

L. Shao, T. Chen, J. Gigax, E. Aydogan, C.-C. Wei (TAMU) 
 

V. N. Voyevodin (KIPT) 



Background 

Ion bombardment was used very successfully in the fast reactor 
materials program to provide guidance on the compositional 
dependence of void swelling of austenitic alloys before neutron 
data became available. 

 
• Can we forecast the behavior at high neutron exposures 

of ferritic and ferritic-martensitic alloys in general? 
           EP-450, HT9, T91, MA957, 14YWT 
 
• What forecast can be made Garner andicservice 

 
 

•  in P-Bi? 
           EP-823, EP-852 

 

Ion irradiation also showed correctly the role of Cr, Si, P, cold-working, etc. 
 

Johnston et al., 1983                                          Garner and Brager, 1988 

EBR-II neutrons 5 MeV Ni+ ions 



Background 

Ion bombardment was used very successfully in the fast reactor 
materials program to provide guidance on the compositional 
dependence of void swelling of austenitic alloys before neutron 
data became available. 

 
• Can we forecast the behavior at high neutron exposures 

of ferritic and ferritic-martensitic alloys in general? 
           EP-450, HT9, T91, MA957, 14YWT 
 
• What forecast can be made Garner andicservice 

 
 

•  in P-Bi? 
           EP-823, EP-852 

 

Ion irradiation also showed correctly the role of Cr, Si, P, cold-working, etc. 
 
When conducted correctly, ion results also forecast the steady-state rate of 
1%/dpa, independent of composition, cold-working, dpa rate, etc. 

Johnston et al., 1983                                          Garner and Brager, 1988 

EBR-II neutrons 5 MeV Ni+ ions 



Ion-induced swelling of austenitic and ferritic steels  
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Ion irradiation correctly forecast the different swelling 
behavior of  bcc Fe-Cr and fcc Fe-Ni-Cr alloys 
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Johnston et al., 1983 

140 dpa                 
5 MeV Ni+ ions 
 

Note difference in scales 
on right and left axis. 
 
1 x 10-2 dpa/sec 



Ion irradiation correctly forecast the different swelling 
behavior of  bcc Fe-Cr and fcc Fe-Ni-Cr alloys 
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Johnston et al., 1983 Surface of Uranus 50 duplex alloy 
irradiated at 625°C to 140 dpa 

Ferrite grains swell less than austenite 
grains due to different swelling rate and 
different  temperature regime of swelling 

140 dpa                 
5 MeV Ni+ ions 
 



Ion irradiation correctly forecast the different swelling 
behavior of  bcc Fe-Cr and fcc Fe-Ni-Cr alloys 
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Johnston et al., 1983 Surface of Uranus 50 duplex alloy 
irradiated at 625°C to 140 dpa 

Ferrite grains swell less than austenite 
grains due to different swelling rate and 
different  temperature regime of swelling 

140 dpa                 
5 MeV Ni+ ions 
 

Fully anisotropic swelling.  All mass moves normal to surface. 



However, there is not a one-to-one 
correspondence between ions and neutrons. 

• Primary difference is a very large difference in dpa 
rates. Radiation-induced phase instabilities that 
precede onset of steady-state void swelling. 

• But there are other very large differences we call 
“neutron-atypical” variables. 

         Strong effect of nearby surface  
          Strong gradients in dpa rate 
          Compressive stress state in swelling film 
          Injected interstitial effect             very strong! 
• We can use ion bombardment to explore what factors 

control swelling in ferritic-martensitic alloys. 
 

Point defect balances are very sensitive to dpa rate, 
leading to classic “temperature shift”. 
 
Thermally-driven and radiation-driven phases are 
known to have different rate constants compared to 
that of point defects. 
 
Stability of yittria-titania dispersoids probably 
involves different rate constants. 
 
 



However, there is not a one-to-one 
correspondence between ions and neutrons. 

• Primary difference is a very large difference in dpa 
rates. Radiation-induced phase instabilities. 

• But there are other very large differences we call 
“neutron-atypical” variables. 

          Strong effect of nearby surface  
          Strong gradients in dpa rate (segregation) 
          Compressive stress state in swelling film 
          Injected interstitial effect             very strong! 
• We can use ion bombardment to explore what factors 

control swelling in ferritic-martensitic alloys. 
 

Suppression of void nucleation and growth 
Chemical modification by implanted ion 
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However, there is not a one-to-one 
correspondence between ions and neutrons. 

• Primary difference is a very large difference in dpa 
rates. Radiation-induced phase instabilities. 

• But there are other very large differences we call 
“neutron-atypical” variables. 

          Strong effect of nearby surface  
          Strong gradients in dpa rate 
          Compressive stress state in swelling film 
          Injected interstitial effect             very strong! 
• We can use ion bombardment to explore what factors 

control swelling in ferritic-martensitic alloys. 
• Other issues: dpa definition, beam sweeping (rastering) 



Calculation of dpa using SRIM code 

Paper published in Ukrainian Journal  
Vaprosi Atomnoi Nauki i Tekhniki 
(March 20, 2103) 



Calculation of dpa using SRIM code 

Both papers recommend that Kinchin-
Pease “quick” option of SRIM must be 
used to match dpa calculated by SPECTER 
code for neutron-induced dpa. 



Three approaches are being used 
• “Peel the onion” to isolate and identify each neutron-

atypical contribution without strong synergisms with 
other contributions, especially compositional effects 

     Fe, Fe-Cr, Fe-Cr-solutes  of increasing complexity  
     Effect of production variables: cold work, tempering 
• Examine complex commercial and developmental 

alloys to identify most promising paths for 
improvement of alloy radiation resistance. 

• Determine base behavior of alloy in absence of 
helium/hydrogen effects, and then add helium and 
hydrogen as perturbations. 

• “The tail does not wag the dog!” 
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Comparison of swelling of various ferritic-
martensitic and ferritic-ODS alloys (KIPT) 

14YWT in unirradiated and 
irradiated state (500 dpa at 450°C) 



Three approaches are being used 
• “Peel the onion” to isolate and identify each neutron-

atypical contribution without strong synergisms with 
other contributions, especially compositional effects 

     Fe, Fe-Cr, Fe-Cr-solutes  of increasing complexity  
     Effect of production variables: cold work, tempering 
• Examine complex commercial and developmental 

alloys to identify most promising paths for 
improvement of alloy radiation resistance. 

• Determine base behavior of alloy in absence of 
helium/hydrogen introduction, and then add helium 
and hydrogen as perturbations. 

                 “The tail does not wag the dog!” 



Three examples from these studies 

• Influence of beam-rastering  
 

• Injected interstitial suppression of swelling 
 
• Stability of various types of dispersoids 

under irradiation 



Choice of irradiation conditions 

 Beam conditions: Rastering (beam sweeping) vs. defocused beam 
 Duty factor of  2.5% 

 
 

ASTM E521-83. Standard 
Practice for Neutron 
Radiation Damage   
Simulation by Charged-
Particle Irradiation 
 
 “It is recommended that a 
rastered beam be avoided 
for the simulation of a 
constant neutron flux.” 
 
Void nuclei tend to 
dissolve during 
between-pulse periods. 
 

 
 
 rastered at  
 255 Hz horizontally  
 2061 Hz vertically  
 



Ion-induced swelling of pure iron at 50  dpa 

  (a) 15.63 Hz 
  
  (b) 1.95 Hz 
  
  (c) 0.244 Hz 
  
  (d) defocused beam 

3.5 MeV Fe+   
450°C 



Ion-induced swelling of pure iron at 150  dpa 

  (a) 15.63 Hz 
  
  (b) 1.95 Hz 
  
  (c) 0.244 Hz 
  
  (d) defocused beam 
 

3.5 MeV Fe+ 
450°C 



Depth dependence of swelling in raster-no-raster 
experiments in pure iron at 450°C 

Interstitial Rich Vacancy Rich 

Defocused beam 



Depth dependence of swelling in raster-no-raster 
experiments in pure iron at 450°C 

Interstitial Rich Vacancy Rich Swelling data extracted from here to 
minimize the effect of injected interstitials. 

Defocused beam 



Depth dependence of swelling in raster-no-raster 
experiments in pure iron at 450°C 

Interstitial Rich Vacancy Rich Swelling data extracted from here to 
minimize the effect of injected interstitials. 

Defocused beam Rastered beam 



Swelling rate comparison in raster-no-raster experiments 



Displacement profile calculated by SRIM code 
 
 

Incident  

ions 

~500 dpa in sampled 
region 
 
>900 dpa at peak 
 
Large addition of 
chromium by injected 
ion 
 
Injected interstitial 
effect to suppress 
void nucleation 
 
 



Strong suppression of void nucleation in pure iron 
by injected interstitial 
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L. Shao, C.-C. Wei, J. Gigax, A. Aitkaliyeva, D. Chen, B.H. Sencer,  F. A Garner, 2013 
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Strong suppression of void nucleation in pure iron 
by injected interstitial 
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3.5 MeV Fe+  at 450°C 
with rastering 
 

Dose defined at peak 
damage region. 
 
Double peak swelling is 
not an artifact but a 
consequence of “defect 
imbalance”. 
 
Combined influence of 
forward scattering and 
injected interstitial 
 
 
 

L. Shao, C.-C. Wei, J. Gigax, A. Aitkaliyeva, D. Chen, B.H. Sencer, F. A Garner, 2013 



Change in point defect concentrations due to 
forward scattering 

• … and its effect may look very small… 

L. Shao et al. (2014) 



Change in point defect concentrations due to 
forward scattering 

• … but its effects on void swelling are strong! 

With / Without Injected Interstitials 
and forward scattering 

Depth (nm) 

Void Nucleation 
Rate (#/nm3-s) 



Results – Point Defects 
3.5MeV Fe+2, 1mA, 1mm2 beam, 450C, EM

V = 0.66eV 

Without injected interstitials With injected interstitials 

Point defects follow 
SRIM forcing function 

Point defects do not quite follow SRIM 
forcing function 

Interstitials 
Vacancies 
Damage Rate 

Depth (nm) Depth (nm) 



Results – Vacancy Supersaturation 
3.5MeV Fe+2, 1mA, 1mm2 beam, 450C, EM

V = 0.66eV 

Without injected interstitials With injected interstitials 

Peaks near maximum damage region Bimodal distribution, shifted to the left by 
100nm 

Depth (nm) Depth (nm) 

Supersat. 
Damage Rate 



Results – Void Nucleation Rate 
3.5MeV Fe+2, 1mA, 1mm2 beam, 450C, EM

V = 0.66eV 

Without injected interstitials With injected interstitials 

Clearly peaks at maximum damage region Very bimodal distribution, shifted to the 
left by 100nm 

Depth (nm) Depth (nm) 

Void Nucl. 
Damage Rate 



Compare with Experiments 
3.5MeV Fe+2, 1mA, 1mm2 beam, 450C, EM

V = 0.66eV 

Simulation vs. Experiments With / Without Injected Interstitials 
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Ion 
beam 

Depth dependence of swelling in MA957 
at 900 dpa peak and  425°C  

   Grain boundaries Strong effect of injected interstitial to 
suppress void nucleation 



70 dpa 
peak at 
450°C 

100 dpa 
peak at 
500°C 
 

Impact of injected interstitial on swelling of MA956 



MA956 at 450oC and 100 dpa irradiated with 
1.8 MeV Cr+ ions at KIPT 



Voids are 
generally 
attached to the 
interface between 
oxide particles 
and matrix. 
 
Oxide particles 
appear to be 
decomposing. 

MA956: 3.5 MeV Fe+ at 70 dpa peak and 450°C (TAMU) 



Oxide particles 
appear to 
becoming 
amorphous. 

MA956: 3.5 MeV Fe+ irradiation at 70 dpa peak and 450°C 
 



Oxide particles have dissolved in the irradiated region. 

MA956: 3.5 MeV Fe+ irradiation at 100 dpa peak and 500°C 
 



Novel alloy with dispersoids in both phases 

Ferrite 
Martensite 

Ele. C Cr Ni W Ti N Ar Ex.O Y2O3 

Wt% 0.16 11.52 0.3
4 

1.44 0.28 0.00
7 

0.006 0.144 0.36 

   110 
              
         101 

• Residual ferrite: 
– 10%, ~1µm grains 

• Martensite: 
– 90%, ~200nm grains 



As-received sample  

Ferrite 

Martensite 

Oxides are coarser in 
martensite than they 
are in ferrite. 

[1] M. Yamamoto et al. 
JNM, 2011 



2.03 Å, Fe (110) 2.03 Å, Fe (110) 



Swelling much smaller in martensite phase 
Peak DPA:  100      300/400      600 
Real DPA:  ~50    ~150/~200    ~300 
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No voids were found in the injected interstitial region. 



Oxide particle size changes strongly with depth 
but not with dpa level 

Top: SRIM simulation 
 
Bottom: Dispersoid 
size distribution 



Oxide particle size decreases with dose 

50DPA 100DPA 200DPA 300DPA 



Conclusions 

• Ion irradiation can yield excellent insight on void 
swelling and microstructural evolution. 

• It cannot provide good predictions of void swelling 
in neutron environments. 

• Proper use of ion bombardment requires an 
understanding of neutron-atypical aspects. 

• It is important to use a non-rastered beam, to 
calculate the dpa correctly and to avoid the 
injected interstitial region. 
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