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Life extension of light water reactors will expose austenitic internal core components to 
irradiation damage levels beyond 100 displacements per atom (dpa), leading to profound 
microstructural evolution and consequent degradation of macroscopic properties. 
Microstructural evolution, including Frank loops, cavities, precipitates, and segregation at 
boundaries and the resultant radiation hardening in type 304 and 316 stainless steel (SS) 
variants were studied in this work via experimental characterization and multiple 
simulation methods. Experimental data for up to 40 heats of type 304SS and 316SS 
variants irradiated in different reactors to 0.6–120 dpa at 275–375°C were generated from 
this work or collected from literature reports. These experimental data were then 
combined with models of Frank loop and cavity evolution, computational 
thermodynamics and precipitation, and ab initio and rate theory integrated radiation-
induced segregation models to provide insights into microstructural evolution and 
degradation at higher doses. 

 
 

INTRODUCTION 
 
Life extension of current light water reactors (LWRs) is a potential method of meeting 

escalating needs for carbon-free energy. The reliability of critical component materials is the 
limiting factor governing reliable, economical extension of the operating lives of LWRs with an 
original license period of 40 years in the United States of America for an additional 20 years or 
longer. Irradiation-assisted stress corrosion cracking (IASCC) has been identified as one of the 
major radiation-induced degradation phenomena in internal core structural components 
fabricated using austenitic stainless steels (SS) and located near nuclear fuel assemblies in 
LWRs.1 Radiation-induced changes in materials, including their microstructures, and resulting 
changes in macroscopic properties are considered the fundamental cause of IASCC.  

The reported radiation-induced microstructural changes in austenitic SS core internals of 
LWRs primarily include a high density (1022–1023 m−3) of Frank loops (< ~20 nm), precipitates 
(e.g., Ni/Si-rich γʹ and G phases and carbides), and cavities, as well as chemical segregation at 
grain boundaries (GBs) and dislocations.1,2 ,3 ,4 ,5  Accumulated experimental data have shown 
some preliminary relationships between the effects of irradiation temperature and flux on 
radiation-induced microstructural changes, but completed systematic studies on the effect of 
alloying composition remain limited. The microstructural changes directly resulted in noticeable 
hardening, with as-irradiated yield stresses of up to ~1,000 MPa at room temperature 
accompanied by reductions in ductility (total elongation) to ~5% or less and reductions in 
fracture toughness to ~50 MPa√m from an initial ~400 MPa√m.1,2,4 Life extension to 60 years or 
longer will increase the irradiation damage levels for some components to more than 100 
displacements per atom (dpa), posing significant challenges to the austenitic SS core 
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components. Therefore, understanding radiation-induced microstructural evolution is important 
to estimate component life, understand failure mechanism, and guide the development of 
advanced radiation-resistant materials.  

To support the analysis of experimental observations and provide fundamental physical 
understanding and predictions, computational models were developed to study radiation-induced 
microstructural evolution. Among the different microstructural components, the modeling efforts 
in this work focused on the evolution of Frank loops and cavities, radiation-induced segregation 
(RIS), and precipitation. The defect evolution models provide a comprehensive description of the 
primary microstructural components in austenitic SS that evolve under irradiation, i.e., Frank-
faulted dislocation loops, dislocation networks, and cavities (bubbles and voids). RIS describes 
the element redistribution in austenitic SS at random high-angle (HA) and coincidence site lattice 
(CSL, e.g., Σ3) GBs under different irradiation conditions. Ab initio calculations for Ni-Cr and 
Ni-Fe were carried out to provide important parameters for RIS modeling. The precipitation 
modeling predicted the precipitate phases in the segregated compositions via an integrated 
computational thermodynamics and kinetics approach. Seamlessly integrating the evolving 
defect physics with the RIS and changes in the second-phase precipitates represents a true grand 
challenge within the radiation effects community, and the approaches described here represent 
the initial steps toward tackling this complex problem.  

 
 

MATERIALS AND METHODS 
Materials 

This work investigated a set of type 304SS and 316SS variants. Many of the alloys were 
modified from a high-purity version of 304SS (alloy E) by altering the compositions of specific 
alloying elements—e.g., altering alloys F by reducing carbon and G, K, L, and P by adding Mo, 
Ni, (Ni+Cr), and (Mo+Hf), respectively. Additionally, two industrial heats of 304SS (alloys A 
and SW) and one industrial heat of 316SS (alloy B) were investigated together. Alloys G and P 
are also considered variants of 316SS because of their molybdenum additions. The alloy 
compositions are listed in Table 1. The alloying elements are in weight percentage (wt %) in this 
paper unless specifically noted. Different levels of cold work were applied to alloys B, E, F, and 
G. The other alloys were in an annealed condition, e.g., 1,050°C for 30 min followed by a water 
quench. Samples of the alloys were irradiated in the BOR-60 reactor at ~320°C for up to 
47.1 dpa at a displacement rate of ~8×10−7 dpa/s.6  
 

Table 1. Alloy compositions (wt %) and the investigated samples 
Alloy ID Remark C Mn Si Cr Ni Mo Ti Hf Sample ID (dose, dpa) 

A Ind. 304 0.023 1.82 0.56 19.95 10.8 0.53 0.02 – AS13 (5,5), AS18 
(10.2), AS23 (47.1) 

SW Ind. 304 0.022 1.07 0.24 18.42 10.45 – – – SW37 (4.4) 
E HP304 0.021 0.94 0.04 18.76 12.37 0.04 0.01 – ES13 (11.8) 
F E–C 0.008 0.98 0.03 18.17 12.06 0.02 0.01 – FS13 (9.1) 
G E+Mo 0.02 0.97 0.03 18.26 12.15 2.36 0.01 –- GS13 (11.8) 
K E+Ni 0.02 1 0.03 18.21 25.08 0.02 0.01 – KS13 (9.6) 
L E+Ni+Cr 0.02 1.02 0.03 25.22 25.07 0.02 0.01 – LS13 (9.1) 
P E+Mo+Hf 0.028 1.01 0.1 17.03 13.6 2.18 – 1.17 PS15 (9.6) 
B Ind. 316 0.056 1.13 0.73 16.84 10.54 2.25 0.01 – BS13 (5.5), BS16 (10.2) 
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Note: Compared with levels of up to 0.29 Cu, 0.22 Co, 0.072 N, 0.023 P, and 0.022 S in the industrial 
alloys, the others are reported with <0.01 Cu, 0.01 Co, <0.0005 N, <0.01 P, and <0.007 S.  

 
Experimental Methods 

Irradiated microstructures were characterized using transmission electron microscopy (TEM) 
and scanning TEM (STEM) techniques on a Philips CM200 field-emission-gun TEM/STEM 
equipped with an EDAX energy-dispersive x-ray spectroscopy (EDS) detector. TEM discs of 
3 mm diameter were extracted from the tab section of the irradiated tensile samples and 
mechanically thinned to less than ~100 µm, followed by electropolishing at −12°C in a 
methanol:sulfuric (7:1) solution using a Struers Tenupol polishing unit. To calculate the 
volumetric number densities of Frank loops, precipitates, and cavities in this work and the 
reviewed data, the TEM thin foil thickness was usually estimated by convergent beam electron 
diffraction or simply assumed to be nominally 100 nm. Microchemical investigations were 
conducted using 2-dimensional spectrum imaging techniques that employed the signal from the 
EDAX EDS detector with a region of interest of 50 by 50 nm with 25 by 25 pixels using a 
~1.5 nm, 1 nA incident probe and a 1.5 s dwell time, unless otherwise noted. For all cases, 
quantification was completed using the Cliff-Lorimer quantification scheme, assuming 
normalized compositions based on those presented in Table 1.  

 
Modeling and Simulation Methods 
Cavities, Frank loops, and dislocation network 

The primary microstructural code employed in this effort was developed on the basis of the 
investigator’s previous research on materials in fast reactors 7  with a radical revision and 
improvement of the cavity evolution model. A more detailed cavity nucleation and growth model 
based on cluster dynamics was developed and is described in ref. [8]. The new model is 
computationally more complex and provides a much more rigorous description of the physical 
phenomena involved in cavity nucleation.9,10 The cavity evolution component is integrated with 
a dislocation evolution component similar to that in the previous fast reactor model, and the 
complete model provides a comprehensive description of the primary microstructural 
components in austenitic SS that evolve under irradiation, i.e., cavities (bubbles and voids), 
Frank-faulted dislocation loops, and the dislocation network. The model explicitly accounts for 
the effects of helium that are introduced by nuclear transmutation but does not treat any other 
chemical effects, such as solute segregation. 

Briefly, the code performs numerical integration of the master equations for the size 
distributions of gas bubbles and interstitial loops, coupled with equations for concentrations of 
the mobile species: single vacancies and interstitial atoms, gas atoms, and both dislocation loops 
and network dislocation densities. Cavity integration is performed in a phase space described by 
the number of vacancies and gas atoms in each cavity. The output includes the dose dependence 
of the cavity size distribution; the dislocation loop size distribution; and integral characteristics 
of the microstructure, such as bubble and loop densities, bubble and loop mean sizes, swelling, 
and network dislocation densities. 

 
Radiation-induced segregation 

A GB-interstitial-modified inverse Kirkendall (GiMIK) model was developed to account for 
RIS in austenitic Fe-Cr-Ni-Si alloys as a function of GB character. 11  GiMIK is based on 
modified-inverse Kirkendall (MIK) models developed for Fe-Cr-Ni alloys by Allen et al.,12 but it 
was modified to describe the boundary through an expression, based on work by Duh et al., to 
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describe boundary sink characteristics.13 Therefore, the concentration of point defects on the GB 
and the sink strength were modeled as functions of the GB misorientation angle, interfacial 
energy, and dislocation structure. Silicon segregation was modeled using the interstitial binding 
model, based on Lam and Wiedersich.14,15 Details for this GiMIK model implementation and 
parameter selection can be found in our recent work.11  

A parallel effort for RIS is to develop fundamental transport properties, such as diffusion 
coefficients of silicon in austenitic SS, from ab initio energetics.16 This work combines transition 
state theory and multifrequency models to determine diffusion coefficients from ab initio 
energetics and then integrate them into mesoscale rate theory models to predict RIS. These ab 
initio–derived model parameters can be readily integrated in the GiMIK framework that has been 
developed. 
 
Radiation-induced precipitation 

Using the spatially independent thermokinetic software package MatCalc, 17 , 18 the 
precipitation model attempts to incorporate full thermodynamics and kinetics modeling 
approaches to precipitate and second-phase evolution for alloy chemistry modified by RIS and 
having radiation-enhanced diffusion coefficients, but without any spatial dependence or any 
explicit radiation damage.19 Within the MatCalc modeling approach, we modeled the equilibrium 
second-phase precipitate volume fractions along with the precipitation kinetics, assuming that the 
alloy compositions had changed because of RIS. We also incorporated the effects of neutron 
irradiation with regard to increasing the dislocation density and providing radiation-enhanced 
diffusivity of key alloying elements.19 In this approach, we compared a base composition of 
316SS with a modified composition corresponding to approximately 10 dpa of irradiation. By 
changing the alloy composition, as well as the nucleation density on dislocations and the 
constituent diffusivities, we can mimic the effects of irradiation within the MatCalc model of 
precipitation kinetics. The MatCalc model treats the kinetics of microstructural processes based 
on classical nucleation theory and on evolution equations for the radius and composition of each 
precipitate derived from the thermodynamic extremum principle. (Reference [ 20] provides 
details of the basic principles composing MatCalc).  

Note that the thermodynamic calculation and the kinetic simulation are not spatially resolved 
and thus were not performed for all regions in the steel. Instead, we selected representative 
compositions that represent localized spatial regions, with different compositions from the bulk 
as a result of RIS. In such regions near strong defect sinks such as GBs, dislocations, or voids, 
RIS can provide a thermodynamic driving force for the formation of radiation-induced 
precipitations as locally stable phases. During the calculation and simulation, the thermodynamic 
and kinetic data for all phases, except γ' and G phases, were calculated from the MatCalc 
thermodynamic database “mc_fe” (version 2.003) and the MatCalc mobility database “mc_fe” 
(version 2.006), respectively. 21  The thermodynamic data for γ' were taken from the 
thermodynamic assessment of the Ni-Si-Ti system by Tokunaga et al. 22  The G phase was 
modeled as (Mn,Ti)6Ni16Si7 considering the solubility between Mn and Ti. The thermodynamic 
data for Mn6Ni16Si7 and Ti6Ni16Si7 were taken from the assessments of Hu et al.23 and Tokunaga 
et al.,22 respectively. 
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RESULTS AND DISCUSSION 
 
Frank Loops 

Frank loops have a primary contribution to radiation hardening, as compared with black spots 
and network dislocations at LWR-relevant temperatures.24 Radiation-induced Frank loops were 
often characterized using the rel-rod imaging technique with edge-on loops in dark-field TEM 
images.25 The statistically analyzed average sizes and densities of the loops observed in this 
work are plotted in Fig. 1 in solid circles. The literature data of similar alloys irradiated in 
different reactors at similar temperatures are included in Fig. 1 for 
comparison.26,27,28,29,30,31,32,33,34,35,36 The literature data are primarily from BOR-60 sodium-cooled 
fast reactor and LWRs such as Tihange-1 and other pressurized water reactors (PWRs) in Japan 
and Ringhals-II and Barsebäck boiling water reactors. A few data from OSIRIS light-water 
experimental reactor and sodium-cooled EBR-II are also included. Type 304SS, 316SS, and 
304SS alloyed with additional nickel and chromium are also differentiated in the figure by 
different colors. All the 316SS was subjected to cold work for a level of ~12–15%. In contrast, 
most of the 304SS was in solution-annealed condition.  

Most of the data are from samples irradiated to doses <40 dpa. Stacking fault tetrahedral and 
partially dissociated dislocations were occasionally observed in the investigated samples and 
reported in some literature. They are not considered here because they did not influence the rel-
rod loop analysis. Figure 1a shows a slight increase in average loop size with increasing dose and 
saturated in a range of ~5.7–12.5 nm (except for one abnormally large datum characterized in a 
304SS with reduced sulfur content). As compared with the BOR-60 data, the data from LWRs 
generally exhibit loop size saturation at lower doses or larger loop size at the same dose. The 
average densities are on the order of 1022 to 1023 m−3, which increased to a maximum at ~6 dpa 
and then slightly decreased with increasing dose. The large data variations are likely attributable 
to the different irradiation temperatures (275–375°C), doses (0.6–120 dpa), dose rates, and alloy 
compositions. Additionally, difficulties in obtaining accurate and consistent sizes and densities 
were perceived during TEM characterization of Frank loops. Large deviations (~50%) from 
average sizes were usually observed for Frank loops. The large loops (a few tens of nanometers) 
may escape the thin foil during TEM specimen thinning, and glissile loops may escape to the 
free surfaces of the TEM specimens, resulting in reduced loop density and altered average size. 
The difficulty in selecting the right brightness threshold during image analysis often resulted in a 
variable cutoff for small loops, which reduced loop density and increased average size.  

The effects of alloy chemistry on loop density and size were explored according to equivalent 
chromium and nickel contents and stacking fault energies (SFE). Equivalent chromium and 
nickel contents of the alloys were estimated using Creq = Cr + 2Si + 1.5Mo + 5V + 5.5Al + 
1.75Nb + 1.5Ti + 0.75W and Nieq = Ni + Co + 0.5Mn + 0.3Cu + 30C + 25N, according to the 
Schaeffler diagram. The SFE of the alloys were estimated using SFE (mJ/m2) = –7.1 + 2.8Ni + 
0.49Cr + 2.0Mo – 2.0Si + 0.75Mn – 5.7C – 24N.37 The SFE of alloys K and L were not 
calculated because their high chromium and nickel contents were beyond the applicable ranges 
of the equation. Additionally the SFE calculation for alloy P may not be as accurate as that for 
the other alloys because of the noticeable amount of Hf addition. Generally, noticeable 
correlations between loop size/density and alloy chemistry in terms of SFE and equivalent 
chromium and nickel were not observed. The variations in the experimental conditions of the 
samples may have suppressed the correlations. Figure 1c and 1d show the examples of the 
relationships between loop density and equivalent chromium, as well as SFE.  
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Fig. 1. Dose-dependent average loop (a) size and (b) density and the effects of (c) equivalent 
chromium content and (d) stacking fault energies on loop density. 
 

Representative dislocation microstructures obtained with the current model are shown in 
Fig. 2 for irradiation temperatures of 275 and 300°C. The initial dislocation density was set to 
5×1014 m−2, which is a value typically observed at high doses in irradiated austenitic SS at 
somewhat higher temperatures. As a result, there is little change in this parameter over the course 
of the irradiation. A higher initial value may be more appropriate for heavily cold-worked 
material. The initial recovery of the dislocation network begins to be compensated for when the 
largest loops become unfaulted and become part of the network at about 1 dpa. The predicted 
Frank loop density at peak is near the lower limit of the data in Fig. 1b, but the mean size is 
similar, about 11 nm. The predicted loop density increases to a maximum at ~0.5 dpa and then 
slightly decreases with the increasing dose, which is consistent with the trend of the experimental 
data in Fig. 1b, but at about one order of magnitude lower in both the loop density and the dose 
reaching the maximum loop density. Adjustment and optimization of the initial parameters in 
this calculation model would provide more reliable prediction of the experimental data.  
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Cavities 
Ultra-fine cavities were observed in some of the alloy samples in Table 1. The analyzed 

average cavity size, density, and volume fraction are plotted as a function of dose in Fig. 3, 
together with literature data for cold-worked 316SS and solution-annealed 304SS samples 
irradiated to 1–73 dpa at 290–375°C.27,28,35,36, 38  The swelling was estimated by the volume 
fraction of the cavities by assuming spherical shape of the cavities. The dominant cold-worked 
316SS data show cavities of about 1–2 nm and densities on the order of 1023 m−3. The sample of 
alloy G (304SS+Mo) irradiated to ~11.8 dpa has the largest size (up to ~10 nm) and a low 
density on the order of 1020 m−3. The few 304SS data, primarily in a solution-annealed condition, 
yielded relatively larger cavity sizes and lower densities. Despite the variations in size and 
density, the cavity volume fractions (or swelling) of the cold-worked 316SS and solution-

	
Fig. 2. Simulated dose dependence of dislocation structure at T=275 and 300°C for a 
representative austenitic stainless steel: (a) network dislocation density, (b) faulted dislocation 
loop density, and (c) faulted loop sink strength. 
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annealed 304SS samples show good agreement. The swelling gradually increased to ~0.07% 
with increasing dose to ~70 dpa. Two cold-worked 316SS samples irradiated to 7.5 and 12.2 dpa 
at 333 and 343°C, respectively, showed exceptionally high swelling of ~0.2–0.24%. A solution-
annealed 304SS sample irradiated at a higher temperature, 375°C, did not show such noticeable 
swelling. The detailed sample temperature history, dose rate, alloy chemistry, and possible other 
factors need to be analyzed to understand the discrepancy.  

 

 
Fig. 3. Dose-dependent (a) size, (b) density, and (c) volume fraction of the cavities observed in 
this work (solid circles) and literature reports (open circles). 
 

The dose dependence of the predicted cavity volume fraction or swelling is shown in Fig. 4 
for irradiation temperatures of 275 and 300°C. The dose scale is again logarithmic to highlight 
the evolution. The effect of irradiation temperature is weak in this range. With the nominal set of 
material parameters used, the predicted dose dependent swelling gives the same trend but greater 
values than in the data shown in Fig. 3. Because of the coupling between the cavity and 
dislocation evolution, this result is likely related to the fact that the dislocation density is 
somewhat low, as discussed in reference to the results in Fig. 2. Further work is underway to 
investigate alternate parameterizations of the model to improve the comparisons between the 
predictions and available data. However, the results suggest that it may be reasonable to expect 
this material to have a tendency to swell even at these relatively low temperatures. 
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Radiation-Induced Segregation  

RIS was observed in all alloys investigated (K, L, A, G, and E, Table 1). The effects of GB 
structure on RIS are illustrated in Fig. 5 (a) and (b), in which are plotted the experimentally 
measured and computationally simulated 1-dimensional segregation profiles for Cr, Ni, and Si 
for the random high-angle GBs (RHAGB) and CSL-Σ3 GBs of alloy A for an irradiation dose of 
47.1 dpa. Significant enrichment of Ni and Si and depletion of Cr were observed in the RHAGB, 
but no obvious segregation peaks were found for the CSL-Σ3 GB. This plot shows that RIS at 
CSL-Σ3 GBs tended to exhibit over a ~70% reduction in the RIS response over RHAGBs. 

 

   
	

Fig. 5. One-dimensional concentration profiles from random high-angle and Σ3 grain boundaries 
in the 47.1 dpa–irradiated specimen. (a) Experimental measurements (b) Simulation results.  
 

The effect of dose on GB segregation is illustrated in Fig. 6, in which the changes in 
concentration of Cr, Ni, and Si at GBs in the investigated alloys are plotted against those 
reported in the literature at up to 70 dpa. Although it is not explicitly stated in the referenced 
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Fig. 4. Simulated dose dependence of predicted cavity swelling at T=275 and 300°C for 
representative austenitic stainless steel material parameters. 
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studies, based on the reported RIS responses, it is assumed that the data presented in Fig. 6 for 
literature values are based solely on the responses of RHAGBs. Within this study, several trends 
were observed. When a relatively constant dose (9–12 dpa) is considered, the highest observed 
RIS of nickel was in alloy K (304SS+Ni), whereas the lowest observed RIS of nickel was found 
in alloy G (304SS+Mo). Given this finding, care should be taken in interpreting the results, as 
the RIS values reported for alloy G are based on analyzing one GB because of the limited 
number of available GBs in that specimen for RIS analysis. The highest observed chromium 
depletion between 9 and 12 dpa was in alloy L (304SS+Cr). The resulting variations in the RIS 
response based on bulk alloy composition clearly show the dependencies between composition 
and RIS for irradiated 304/316SS. The only alloy investigated for dose trends was alloy A. As 
seen in Fig. 6, the chromium depletion and nickel and silicon enrichment at the GB increased 
with increasing dose. Values found in this study for RHAGBs fell within the scatter band of the 
data presented in the literature for similar radiation doses (dpa). Some variation in presented data 
is expected, as RIS studies are known to be sensitive to analysis factors such as GB tilt, specimen 
foil thickness, and quantification techniques.39,40 The simulation results represent the calculated 
segregation values for alloy A and clearly fall within the scatter band range of the literature 
values.  
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(in solid symbols) compared with results reported in the literature and calculated results (in 
lines). 

 
Based on the high degree of overlap between the values reported here and those in literature, 

some key conclusions can be drawn. This study highlights that the most dramatic effect of 
altering the RIS response is not composition or dose but the GB structure (identified by type). 
This effect has been studied by several authors11,13,41,42,43,44,45,46,47 and can be attributed to how 
the mobile point defects and defect clusters are annihilated or absorbed at GBs under irradiation. 
Based on the calculated concentration of vacancies and interstitials as a function of distance from 
the defect sink and as a function of irradiation time, RIS modeling shows the RHAGB 
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continuously behaves like a perfect sink, so that the defect concentration is maintained at thermal 
equilibrium. With the modified GB condition, the defect concentrations at a Σ3 boundary 
accumulate first and then reach a steady state. The steady state defect concentration at Σ3 GBs is 
reached very early in the irradiation for the conditions assumed here (on the order of 10 s or 
~8×10−6 dpa). The accumulation of defects transported from the bulk in the Σ3 GB under sink 
steady state conditions leads to smaller concentration gradients of defects compared with those in 
the RHAGB. The smaller concentration gradient of defects at the Σ3 GB leads to a smaller 
driving force for the diffusion flux of all elements to the GBs and therefore less segregation of 
elements.  

As silicon RIS can be quite dramatic in 304 and 316 SS and is expected to play a critical role 
in the growth of the γ ʹ phase, we also undertook to model silicon RIS from ab initio energetics. 
Such models help overcome the limitations of fitting atomic-scale thermodynamic and kinetic 
parameters to existing experimental RIS and related thermokinetics data. Such fits typically have 
limited data at relevant temperatures as a result of slow kinetics, and a lack of interstitial data 
because of the difficulty of producing them thermally, and they cannot robustly determine all the 
possibly relevant atomic-scale parameters. These limitations can lead to inaccuracies when the 
model is extrapolated to new conditions not used in the fitting. The results of the ab initio 
modeling show that both vacancies and interstitials contribute significantly to the silicon RIS. 
The importance of vacancies to the RIS was unexpected, as silicon enrichment is generally 
attributed to interstitial effects and vacancies are assumed to play no role or to lead to silicon 
depletion. However, our results show that the vacancy drag helps enrich the silicon at sinks 
under irradiation in austenitic systems. These results will be used to improve the GiMIK model, 
which presently assumes just an interstitial contribution. 
 
Phase Stability 

Phase instability and formation of secondary phases (both radiation-induced and radiation-
enhanced) may compromise material performance. As LWRs age, phase instability may become 
a phenomenon of increasing importance. Radiation-induced phase transformation, e.g., ferrite 
formation, was observed in some of the samples in Table 1.48,49 It was shown that the amount of 
ferrite may reach a few percent at 10–15 dpa. Silicon and manganese increased the ferrite 
formation rate, and carbon and molybdenum resisted ferrite accumulation. Although the amount 
of ferrite was found to saturate at ~10–12 dpa,49 variations in irradiation temperature, neutron 
spectra, and other factors may greatly promote it. Ferrite formation can be nondestructively 
detected by measuring magnetic properties, which may be correlated with IASCC susceptibility 
because of the observed correlation between magnetic flux density and IASCC susceptibility.50 
Magnetic phases (ferrite and/or martensite) have been observed in neutron-irradiated 304SS and 
316SS at lower strain levels than in unirradiated samples.51 The easily produced magnetic phases 
which may aggravate IASCC susceptibility.  

The observed radiation-induced new phases include a cubic-on-cubic G-phase and a random 
unknown phase in most of the analyzed samples, together with a cubic-on-cubic γʹ-phase only in 
alloy B favored by its high silicon content. Unlike the G-phase preferentially observed at the 
interface between voids and austenitic SS matrix because of RIS at the interface during the 
irradiation to 11 dpa at 500°C,5 the favorable formation sites of radiation-induced G-phase, γʹ-
phase and the unknown phase were not identified in this work. Grain boundaries with such high 
levels of RIS of Ni and Si were free of G-phase and γʹ-phase. The average sizes and densities of 
the observed phases were analyzed, leading to the estimated volume fractions of the precipitates 
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assuming a spherical shape. Figure 7 plots the dose-dependent size, density, and volume fraction 
(vol %) of the precipitates characterized in this work (solid symbols) and reported in the same 
literature illustrated in Fig. 1. The alloy samples were irradiated to 5.5–120 dpa at 320–343°C. 
For the G-phase, increasing the dose led to a slight size increase (~3–9 nm) and density reduction 
(primarily from 1022 to 1021 m−3). The size and density combination led to a quick increase to 
~0.7 vol % at small doses (< ~20 dpa) and then a decrease to relatively stable volume fractions 
(~0.03–0.1 vol %). The limited data for the γʹ-phase exhibit a similar dose dependence. The G-
phase generally exhibits larger sizes, comparable densities, and larger volume fractions than the 
γʹ-phase. The dose dependence of the unknown phase is not clear because of the limited data.  
 

 
Fig. 7. Dose-dependent precipitate (a) size, (b) density, and (c) volume fraction of the G-phase 
(circles), unknown phase (filled squares), and γʹ (triangles) observed in this work (solid symbols) 
and literature reports (open symbols). 
 

Figure 8 shows results from the MatCalc model predictions of second-phase precipitate 
evolution at 400°C in a 316 austenitic SS with a modified composition to account for the effects 
of RIS typically observed in LWR irradiation at a dose of about 10 dpa. It also incorporates the 
impact of increased diffusion coefficients for either Cr and Ni (Fig. 8a) or Cr, Ni, Mn and Si 
(Fig. 8b). In this case, the steel corresponding to RIS had an assumed composition of Fe-12%Cr-
21%Ni-1%Mo-1%Mn-5%Si-0.05%C-0.03%N, and effectively had greatly increased nickel and 
silicon concentrations and a decreased chromium concentration. As shown in Fig. 8, the model 
predicts that significant concentrations of the γʹ and G phases will develop within about 104 
hours at 400°C, and that the formation kinetics will be greatly accelerated if manganese and 
silicon, in addition to chromium and nickel, experience radiation-enhanced diffusion. The silicon 
content appears to play a crucial role in the formation of the γʹ and G phases. Although the γ'-
phase is dominant over the G-phase for typical compositions of 316 austenitic SS, it appears that 
G-phase should be the major radiation-induced precipitate in titanium-stabilized austenitic SS. 
Although not shown here, it was found that an increase in dislocation density, as is observed to 
occur in irradiated SS, significantly enhances the precipitation kinetics of the γ' and G phases, as 
well as M23C6 and M6C.19 Further, increases in the diffusivity of manganese and silicon, as 
expected owing to radiation-enhanced diffusion, drastically accelerate the precipitation kinetics 
of both phases, even more so than increases in the chromium or nickel diffusivities. The 
predicted average precipitate size of the radiation-induced precipitates is in reasonable agreement 
with experimental observations in the literature. In general, the results in Fig. 8 are within the 
range of the experimental data reported in Fig. 7, although clearly future effort is required to 
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more explicitly couple the spatial dependence of the radiation-induced effects to the modified 
thermokinetics. 

 

	
Fig. 8. Simulated precipitate evolution in a 316SS as a function of aging time at 400°C, assuming 
a modified composition consistent with GB segregation following 10 dpa irradiation (Fe-12%Cr-
21%Ni-1%Mo-1%Mn-5%Si-0.05%C-0.03%N) and incorporating an increased diffusivity 
associated with radiation-enhanced diffusion for (a) only Cr and Ni or (b) Cr, Ni, Mn and Si. 
 
Radiation Hardening 

Radiation hardening was usually directly assessed by hardness measurements and/or tensile 
tests of miniature specimens at room temperature and/or the irradiation temperatures. These tests 
were usually conducted in hot cells or dedicated facilities, depending on the activities of the 
irradiated specimens, which limits the availability of the experimental data. Meanwhile, 
estimation of radiation hardening using the dispersed barrier-hardening model of ∆𝜎𝜎� ≈
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑁𝑁𝑁𝑁 has been broadly pursued, where M is the Taylor factor (3.06 for face-centered cubic 
polycrystals52), α the strength factor, µ the shear modulus of the matrix, b the magnitude of the 
Burgers vector of the moving dislocation, and N and d number density and size of discrete 
obstacles, respectively. Recently, the strength factors of Frank loops, precipitates, and cavities 
were deduced and simplified to a format of α = k1ln(k2d), with k1 and k2 as the fitting 
parameters.53 Radiation hardening of the alloy samples investigated in this work was estimated 
using the calculated α and characterized d and N, which are in good agreement with the 
experimentally measured hardening, as shown in Fig. 9a. The radiation to 4.4–11.8 dpa at 320°C 
resulted in about 500–1,000 MPa hardening. It seems that cold-working of alloys B, E, F, and G 
noticeably reduced their hardening compared with the solution annealing of alloys A, P, and SW. 
Additionally, alloys with higher SFEs tend to have lower hardening, as shown in Fig. 9b. This is 
consistent with the effect of SFE on loop density, suggesting Frank loops as a significant 
component of hardening.  
 



	 14	

 
Fig. 9. (a) Comparison of measured and calculated radiation hardening and (b) SFE-dependence 
of radiation hardening in the analyzed alloy samples. 
 
 

CONCLUSION 
 

Type 304 and 316 SS are primary internal-core structural materials in LWRs. Extending the 
lives of LWRs will pose significant challenges to the materials, and radiation damage is one of 
the primary concerns. Microstructural evolutions including Frank loops, cavities, precipitates, 
and segregation at boundaries are reviewed in this paper based on the data collected in this work 
and from literature reports—which include up to 40 heats of type 304 and 316 variants irradiated 
in BOR-60, LWRs, and experimental reactors to 0.6–120 dpa at 275–375°C. Frank loops have 
average sizes primarily in the range of ~5.7–12.5 nm and densities on the order of 1022 to 1023 m-

3. A slight dose-dependence exists for average loop size and density. Primarily G-phase (up to 
~0.7 vol %) with some γ’-phase (up to ~0.08 vol %, only in type 316SS variants with high 
silicon content) and an unknown phase (up to ~0.09 vol %) were observed in the irradiated 
samples. Cavities were primarily reported in cold-worked 316SS at sizes of ~0.5–2 nm and 
densities on the order of 1023 m-3, which resulted in swelling (up to ~0.07%) increasing with the 
dose (up to 73 dpa). Cavities were also observed in solution-annealed 304SS at slightly larger 
sizes and smaller densities but comparable swelling, compared with cold-worked 316SS. A few 
data in terms of sizes, densities, and volume fractions deviated from the common trends; they 
may be attributable to the complex combinatorial influences of irradiation temperatures, doses, 
dose rates, alloy compositions and conditions, as well as experimental errors. The radiation-
induced microstructural evolution resulted in hardening in the type 304SS and 316SS variants by 
~500–1,000 MPa, which was successfully estimated using the dispersed barrier-hardening model 
with the formatted strength factor. Alloys with cold work or higher SFE tend to have smaller 
radiation hardening.  

The Frank loop and dislocation simulation suggested the dose dependence of the predicted 
loop density appears to be stronger, and the initial recovery of the dislocation network begins to 
be compensated for, when the largest loops unfaulted and become part of the network at about 
1 dpa. The cavity simulation shows the effect of irradiation temperature on swelling is weak in 
the range of 275–300°C. The results suggest that it may be reasonable to expect a tendency for 
this type of materials to swell even at these relatively low temperatures. 

RIS was found to be strongly dependent on several factors, including alloy composition, 
irradiation dose, and GB structure; the latter had the strongest ability to suppress segregation to 
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GBs under irradiation. A rate theory model developed from the MIK model corroborates these 
results and provides detailed insight into the confluence between radiation-induced point defects, 
solute species, and defect sinks in irradiated 304/316SS. Additional insight into silicon RIS was 
provided by ab initio calculation. It suggested the silicon RIS can be affected by both interstitial 
diffusion and vacancy drag. Therefore, additional work may be needed to refine the GiMIK 
models for silicon diffusion. 

The precipitation modeling provides a crude, initial approximation of the effects of radiation 
in the absence of coupled defect evolution physics and thermokinetic models; but it can shed 
light on important mechanisms that may dominate the aging evolution of austenitic SS 
components during extended LWR irradiation. 
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