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Abstract  

 Dual-ion irradiations using 5.0 MeV defocused Fe
2+

 ions and co-injected energy 

degraded 2.00 to 2.85 MeV He
2+

 ions were conducted on a Fe9CrMo ferritic-martensitic steel 

T91 to 17 dpa at a damage rate range of 5 × 10
-5

 dpa/s to 3 × 10
-3

 dpa/s at 445 °C, followed by 

characterization of the microstructure using conventional and scanning transmission electron 

microscopy. Radiation induced Ni/Si clusters and radiation induced segregation were quantified 

using energy dispersive X-ray spectroscopy at each condition and were compared with the same 

material irradiated in the BOR-60 reactor and in the as-received condition. No significant Cr 

segregation was found at lath boundaries after dual-ion irradiation, while Ni and Si enrichments 

both decreased with increasing damage rate leading to a sharp decrease in the density of Ni/Si 
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clusters with damage rate. Increased point defect recombination at higher ion damage rates likely 

reduced the Ni/Si cluster density compared with BOR-60. Although the overall vacancy 

concentration and diffusion are enhanced by the irradiation damage rate, the lack of time for 

thermal diffusion and ballistic displacements of solutes are significant limiting factors for Ni/Si 

cluster formation.  This work demonstrates the effect of irradiation damage rate on elemental 

segregation and clustering when using ion irradiation to simulate reactor irradiation.  

This manuscript has been authored by UT-Battelle, LLC, under contract DE-AC05-00OR22725 with the US Department of Energy (DOE). The 

US government retains and the publisher, by accepting the article for publication, acknowledges that the US government retains a nonexclusive, 

paid-up, irrevocable, worldwide license to publish or reproduce the published form of this manuscript, or allow others to do so, for US 

government purposes. DOE will provide public access to these results of federally sponsored research in accordance with the DOE Public 

Access Plan (http://energy.gov/downloads/doe-public-access-plan). 
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1. Introduction 

The evolution of the irradiation-induced microstructure and microstructure-driven 

degradation modes must be understood for reliable performance of materials at high 

displacements per atom (dpa) and high temperatures typical for advanced Gen IV reactor 

concepts. Ion irradiation offers the capability to study microstructure evolution at an accelerated 

damage rate at low cost, at little-to-no induced radioactivity, and with primary recoil spectra 

similar to that from neutron irradiation [1,2]. Typical damage rates for fast reactor irradiation 

span the range of 10
-8

 dpa/s to 10
-6

 dpa/s [3]. Therefore, the use of proton irradiation [4] and 

heavy ion irradiation [5,6] (~10
-5

 dpa/s to ~10
-3

 dpa/s, respectively) to emulate neutron damage is 

faster and more cost effective, especially at high levels of damage. Challenges to implementing 

ion irradiation as a surrogate for neutron irradiation include accounting for damage rate effects, 

helium generation, the injection of interstitial ions, and understanding their role in the evolution 

of the microstructure.  
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Ferritic-martensitic steels are attractive candidates for structural materials in Gen IV 

nuclear reactor systems because of their irradiation-induced swelling resistance [7]. The 

interaction between solutes and irradiation-generated point defects results in transport of solute 

atoms by the point-defect fluxes to and away from sinks, leading to radiation-induced 

segregation (RIS) [8–11] and the formation of precipitates that might be detrimental to 

mechanical properties [12–23]. RIS has been shown to be an important factor leading to the 

formation of G-phase precipitates using thermodynamics-informed cluster dynamics modeling 

[22]. The knowledge of the processes controlling RIS and its contribution to solute clustering is 

critical to the use of ion irradiation as a potential surrogate for neutron irradiation and for 

qualifying materials for service at high levels of damage. 

As part of a broader research program [24], a ferritic-martensitic steel T91 heat 30176 

was irradiated in the BOR-60 fast reactor at several temperatures in the range of 376 °C to 524 

°C and to damage levels up to 35 dpa [21] with complementary dual-ion (DI) irradiations 

designed to emulate the microstructure [25] at a fixed damage rate of ~1,000× that in reactor. 

The enrichment of Ni at grain boundaries was found to be quantitatively similar between DI and 

BOR-60 irradiation with a temperature shift of +70 °C from the reactor to the ion irradiation. 

However, there was significant Cr and Si enrichment in BOR-60–irradiated T91 that did not 

occur with DI irradiation. Ni/Si-rich clusters formed under both ion and neutron irradiation. The 

average sizes of Ni/Si clusters were found to agree between DI and BOR-60 but with a density 

10× to 100× lower in DI irradiation. A similar decrease in cluster density and segregation was 

found in another heat of T91 and other ferritic-martensitic alloys (HCM12A and HT9) irradiated 

with neutrons or ions at 500 °C [26,27]. Significant work has already been performed to quantify 

the effects of damage rate on dislocation loop formation [25] and cavity nucleation [6,28]. The 
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comparison of ion and neutron irradiation yielded excellent agreement by compensating for the 

damage rate with an increase in both temperature and helium injection rate. However, studies to 

elucidate damage rate effects on RIS and precipitates are sparse. 

This work builds on previous studies by examining the damage rate dependence on both 

RIS and Ni/Si clustering using DI irradiation and a comparison to reactor irradiation of the same 

alloy. The objectives of this work are to determine the key processes governing RIS of Cr, Ni, 

and Si and radiation-induced Ni/Si clustering in irradiated T91 steel across orders of magnitude 

in damage rate. A combination of systematic DI irradiation experiments at a single temperature 

with damage rates spanning almost two orders of magnitude, careful post irradiation 

characterization, and rate theory models was used to achieve this objective.  

2. Methodology 

This study was conducted on the ferritic-martensitic steel T91 heat 30176 received from 

Pacific Northwest National Laboratory (PNNL) with an independent chemical analysis given in 

Table 1 [21]. This same heat was used in previous studies on irradiation effects in the BOR-60 

fast reactor [21,25]. The as-received microstructure consisted of prior austenite grain boundaries, 

packets, laths, Cr-carbides, V,Cr-nitrides, and network dislocations. The chromium carbides 

were found mostly on prior austenite or lath boundaries. V,Cr-nitrides existed in the matrix and 

sometimes were found near Cr-carbides. Both Cr-carbides and V,Cr-nitrides exhibited a low 

number density between 10
18

 m
-3

 – 10
19

 m
-3

 with averages sizes of ~100 nm and ~40 nm 

respectively.  

Table 1 Chemical composition of T91 heat 30176 provided by Luvak, reproduced from [21] in wt % and at %.  

 Fe Cr Ni Si Mo V Mn C N Al P S Ti Cu Nb W 

T91 

(wt %) 
Bal. 8.76 0.10 0.25 0.86 0.23 0.44 0.091 0.052 0.004 0.007 0.002 0.003 0.062 0.086 0.004 

T91 

(at %) 
Bal. 9.31 0.09 0.50 0.50 0.25 0.44 0.42 0.21 0.008 0.012 0.003 0.003 0.05 0.05 0.001 
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2.1 Dual-Ion Irradiations 

T91 samples were irradiated using the dual-beam configuration at the Michigan Ion 

Beam Laboratory at the University of Michigan [29] and were characterized for dislocation 

loops, cavities, RIS, and Ni/Si clusters in Refs. [6,25,28]. A 5.0 MeV defocused Fe
2+

 beam 

controlled the displacement damage rate while helium was injected simultaneously. A 2.00 to 

2.85 MeV He
2+

 beam was raster-scanned through an aluminum foil of thickness 2.6–6.2 m 

mounted in a rotating motorized foil degrader and implanted in the sample at an angle of 60° 

from normal. The He
2+

 beam energy was selected to deliver a consistent injection profile based 

on the thickness of the foil using the methodology in Ref. [30]. All DI experiments were 

irradiated to 17 dpa. The damage level was computed at a depth of 600 nm from the surface 

using Stopping and Range of Ions in Matter (SRIM) in the quick Kinchin-Pease mode using the 

composition in Table 1 with the following displacement energies taken from Table 1 of Ref. 

[31]; 40 eV for Fe, Cr, Ni, V, and Mn; 60 eV for Nb and Mo; and 25 eV for all other elements. 

The displacement damage from the energy-degraded helium ions was calculated to be ~0.3% or 

less of the total displacement damage induced by 5.0 MeV iron ions. Irradiations were performed 

with a helium co-injection rate of ~4 appm He/dpa at 600 nm to a total damage of 17 dpa at 445 

°C with damage rates of 5 × 10
-5

 dpa/s, 1 × 10
-4

 dpa/s, 7 × 10
-4

 dpa/s, and 3 × 10
-3

 dpa/s with an 

uncertainty in the damage rate of 8%. The ion irradiation temperature and helium injection rate 

were chosen based on previous characterization of the dislocation loop and cavity 

microstructures and their established equivalence between reactor and ion irradiation at the ion 

irradiation damage rate of 7 × 10
-4

 dpa/s [25]. For all ion irradiations, the samples were plasma 

cleaned in the irradiation chamber before irradiation, and a liquid nitrogen cooled 
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anticontamination trap was employed to minimize possible contamination from the vacuum 

system [32].   

 

 

Fig. 1. Representative SRIM profiles for displacement damage, helium implantation and injected iron ions for dual ion irradiated 

T91 to 17 dpa with 4 appm He/dpa highlighting the region of interest for characterization.  

2.2 Transmission Electron Microscopy 

Samples for microstructure characterization via transmission electron microscopy (TEM) 

were prepared using either a Thermo Fisher Scientific (TFS) Helios Nanolab 650 or TFS Nova 

Nanolab focused ion beam (FIB) systems at the Michigan Center for Materials Characterization 

(MC
2
) at the University of Michigan. The same TEM foil preparation procedures were used in 

this work as those in our previous studies [6,21,25,28]. A 5 keV and 2 keV gallium ion beam was 

used to thin the foil from ~150 nm to a final target thickness of 80 nm to 100 nm to eliminate 

TEM-visible FIB damage. 

In the dual ion-irradiated samples, the damage rate varied with depth, see Fig. 1. 

Following the considerations presented in the literature for the effects of injected interstitials and 

the free surface, the safe area for analysis is from 300 to 700 nm from the surface [33,34]. 
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Therefore, the region of analysis for all microstructural features considered in this work is from 

500–700 nm to limit the variation in damage and helium concentration over the examination 

area. For each irradiation condition, at least two FIB lamellas were produced from distinct areas 

on the irradiated surface. The cross-sectional area for the region of analysis is at least 4.0 µm
2
 

per irradiation condition to average over the inherent heterogeneity of the ferritic-martensitic 

microstructure.  

Precipitate and cluster characterization was performed using the TFS Talos F200X 

scanning transmission electron microscope (STEM) equipped with high counting rate, energy 

dispersive X-ray spectroscopy (EDS) at the Low Activation Materials and Development and 

Analysis (LAMDA) Laboratory at Oak Ridge National Laboratory (ORNL) [35]. EDS maps 

were obtained from the interiors of subgrains and laths for characterization of radiation-induced 

precipitates and clusters using 1024 × 1024 pixels with 1.08 pixels/nm resolution and ~1.5 nm 

probe full-width at half-max (FWHM) and ~3 nA beam current. Regions of interest were 

selected to characterize precipitates and clusters from the surface to ~900 nm into the ion 

irradiation range. Identified features within the laths were assumed to be clusters based on the 

lack of phase contrast in the STEM bright field images, no additional spots in a selected area 

diffraction pattern, and no G-phase formation at this level of dpa and temperature in previous DI 

irradiation experiments [25]. The sizes of clusters were measured from TEM/STEM/EDS images 

using hand-counting techniques and the FIJI software package [36]. Because of the resolution 

limit from the STEM-EDS collection parameters listed above, only clusters with a diameter of 2 

nm or larger were included in the analysis. STEM-EDS was chosen to examine Ni/Si clustering 

over a larger examination volume than could be conducted with techniques such as atom probe 

tomography (APT) and be consistent with our previous studies of this material [21,25].  
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Radiation-induced segregation was characterized using the TFS Talos F200X in LAMDA 

at ORNL using similar parameters as the precipitate EDS maps and as done in Ref. [21]. Before 

RIS measurements, random lath boundaries were selected in the range of 500 to 700 nm from the 

ion-irradiated surface and tilted to an edge-on position by minimizing the projected width of the 

grain boundary. Carbides are more easily formed—and form more coarsely—along packet 

boundaries and prior austenite grain boundaries than along lath or subgrain boundaries during 

normalization and tempering, which are typically close in crystallographic alignment [37–39]. 

Thus, lath boundaries are less likely to be influenced by the solutes captured or released by 

carbides during irradiation and more representative of radiation induced segregation. Lath 

boundaries with obvious precipitate formation were avoided. For each irradiation condition, EDS 

maps were taken from three or more lath boundaries spanning at least two TEM lamella. Each 

map had a size of 1024 × 1024 pixels centered on the boundary with a resolution of ~0.23 

nm/pixel with a probe FWHM of ~1.5 nm and a beam current of ~3 nA. All maps were collected 

for one hour of real time each with a range of 1 × 10
5
 counts/s to 2.5 × 10

5
 counts/s and 3% to 

9% dead time, depending on the thickness of the lamella. X-ray counts were converted to 

quantified weight percentages using the Cliff-Lorimer method [40]. K-factors for the Cliff-

Lorimer analysis were calculated based on EDS scans of the as-tempered T91 heat 30176 and the 

concentrations of elements far (>40 nm) from the centered lath boundary for elements with a 

concentration of at least 0.05 at% in Table 1. Line scans were produced from the EDS maps by 

binning multiple quantitative weight percentages in rectangles 50 pixels parallel to the boundary 

and 5 pixels perpendicular to the boundary to achieve ~1.1 nm spacing between points in the line 

scan. RIS was captured at a minimum of two lath boundaries for each condition. Lath boundaries 

are typically low-angle grain boundaries because of their orientation relationship during the 
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transformation of the parent austenite grain into lath martensite [41]. Lath boundary character 

(e.g., misorientation angle and axis) was not determined, and no significant variation in the 

boundary composition was observed within the same irradiation condition.  

2.3 Calculation of Point Defect Concentrations Using Rate Theory 

To calculate the point defect concentrations, a standard rate equation for interstitials and 

vacancies was used [1]: 

 
       

  
         (       )        

             ,  (1) 

where        is the concentration of interstitials ( ) or vacancies ( ),     is the recombination rate 

constant,      is the thermal concentration of vacancies,       
  is the sink strength, and        is 

the point defect diffusion. The source term is the production rate of defects,   . The second term, 

     (       ), is the annihilation of the point defects due to mutual recombination and 

includes the loss of interstitials recombining with thermally produced vacancies. The final term 

in the equation is the loss of point defects to sinks.  For each point defect species, the total sink 

strength is the sum of the individually measured sink strengths: 

   
      

      
     

       
   , 2) 

   
      

           
     

       
 ,  (3) 

where     
  is the sink strength from cavities and bubbles,    

  is the grain boundary sink 

strength,      
  is the Ni/Si cluster or precipitate sink strength, and the dislocation sink strength, 

    
 , is multiplied by an interstitial bias factor, B. In this work, all sink strengths except for the 

Ni/Si clusters were taken from our previous studies [21,25,28] (primarily Appendix A in Ref. 

[28]). The Ni/Si clusters were assumed to act as incoherent precipitates with a sink strength 

calculated using 
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    ∑     

 
     ,  (4) 

where N is the density of Ni/Si clusters of diameter d and D is the maximum cluster diameter 

observed. 

Steady-state solutions were obtained using a numerical solver in Python. The default 

parameters used for the rate theory calculations are included in Table 2. The sink strengths for 

dislocation loops and cavities from previous characterization of these conditions are included in 

the calculations and in Table 3 for reference. Uncertainty for the calculations was determined 

using standard error propagation techniques [42] from the input parameter uncertainty in Table 2.  

Table 2 

Table of input parameters for calculating point defect concentrations.  

Parameter  Value Uncertainty Reference 

Temperature, T (°C) Input parameter 7 °C This work 

Damage Rate, K0 (dpa/s) Input parameter 8% This work 

N 8.34 × 1022 at/cm3 None [11] 

Lattice parameter (a) 0.288 nm None [11,43] 

Sink strength From microstructure 15% This work and Refs. [21,28] 

ωi 2.9 × 1012 s-1 10% [11] 

ωv 1.6 × 1013 s-1 10% [11] 

  
  0.62 eV 0.07 eV [28] 

  
  1.6 eV 0.19 eV [11] 

  
  0.35 eV 15% [11] 

Sf 2.17k 10% [1] 

Dislocation bias 5 % 1% [28] 

   Input parameter (1 nm) N/A This work 

 

Table 3 

Summary of characterization results for Ni/Si-rich clusters and sink strengths for cavities and dislocation loops from Refs. 

[25,28] for DI-irradiated T91 with 4 appm He/dpa at 500 to 700 nm from the surface. Error in sizes is the larger of the standard 

error of the mean and pixel resolution of the image. Error in number densities is due to TEM foil thickness measurement and is 

estimated to be 10%.  
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To evaluate the spatial dependence of point defect concentrations near a boundary, a one-

dimensional numerical implementation was created. Equation 1 was rewritten to include the loss 

of defects to diffusion between each node of the mesh,  : 

 
         

  
           (         )        

                        
          

     . (5) 

This equation was discretized into spatial nodes of width,   , with a timestep,   , 

constrained to 

    
     

             
  , (6) 

with the diffusion between nodes calculated using a finite difference method: 

           
        

     
[                               ]  . (7) 

3. Results 

After irradiation, dislocation loops, cavities, radiation-induced segregation and radiation-

induced clustering were expected based on previous work on this alloy [21,25]. Characterization 

of the dislocation loops and cavities for these irradiations is discussed in detail elsewhere [6,28] 

and will not be repeated in this work except when these features relate to solute segregation and 

clustering, such as through their sink strengths presented in Section 2.3. Both pre-existing Cr-

carbides and V,Cr-nitrides remained after DI. There were large variations in both precipitates’ 

size and density but still on the order of 10
18

 – 10
19

 m
-3

 from different EDS- based spectrum 

images from different areas of the same sample and very few were observed within the ion 

damaged volume of material. Because of the large variations mainly due to poor statistics and 

445 16.6 5 × 10-5 Fe2++He2+ 1.7 0.9 151* 7.9 ± 1.2* 1.39  0.14* 0.049* 0.7* 

Refs. [28] 

and *this 

work 

445 16.6 1 × 10-4 Fe2++He2+ 2.1 1.2 159* 6.2 ± 1.2* 1.71  0.17* 0.029* 0.6* 

445 16.6 7 × 10-4 Fe2++He2+ 2.8 2.3 7* 3.2 ± 1.3* 0.25  0.1* 0.0002* 0.09* 

445 16.6 3 × 10-3 Fe2++He2+ 2.3 0.8 9* 4.8 ± 1.3* 0.11  0.01* 0.0007* 0.04* 
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relatively low density compared with other microstructure features, the irradiation effect(s) on 

pre-existing precipitates is inconclusive and excluded from further analysis. Characterization of 

RIS focused on Fe and Cr, the major alloying elements in T91, and Ni and Si, the elements 

primarily responsible for G-phase precursors.  

3.1 Elemental Segregation 

Some representative EDS intensity maps are shown in Fig. 2, with corresponding STEM 

high-angle annular dark field (HAADF) images of lath boundaries in the as-received T91 and 

DI-irradiated T91 at each damage rate. Qualitatively, the profiles are similar across damage rates 

with a general enrichment of Ni and Si and minimal Cr enrichment at the boundary. Composition 

profiles across the lath boundary for Fe, Cr, Ni, and Si are shown in Fig. 3 as a function of 

damage rate and including the as-received condition. Concentrations of Cr, Ni, and Si at the 

boundary, as well as the magnitude of enrichment, are given in Table 4. In the as-received 

condition, Fe was depleted, Cr was slightly enriched, and there was no significant segregation of 

Ni and Si. After DI irradiation, Cr enrichment decreased to below the as-received condition 

whereas Ni and Si increased in enrichment. The magnitude of Ni and Si enrichment was largest 

at the lowest damage rate examined (5 × 10
-5

 dpa/s) and decreased monotonically with increasing 

damage rate corresponding to a monotonic decrease in the depletion of Fe.  
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Fig. 2. Representative STEM HAADF images and Kα X-ray spectra maps for Fe, Cr, Ni, and Si in DI-irradiated T91 to 17 dpa 

with 4 appm He/dpa at 445 °C as a function of damage rate.  
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Fig. 3. Radiation-induced segregation profiles for DI-irradiated T91 at 445 °C to 17 dpa with 4 appm He/dpa of (a) Fe, (b) Cr, (c) 

Ni, and (d) Si across the lath boundary as a function of damage rate. 

Table 4 

Summary of Cr, Ni, and Si lath boundary concentrations in wt % and changes from bulk composition in T91 irradiated with DI 

beams with 4 appm He/dpa. 
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Irradiating 

Particles 
Cr ΔCr Ni ΔNi Si ΔSi 

As received (0 dpa) 8.1 ± 0.1 0.82 ± 0.10 0.24 ± 0.10 0.06 ± 0.10 0.38 ± 0.20 0.08 ± 0.20 

445 17 5 × 10-5 Fe2++He2+ 7.9 ± 0.1 0.53 ± 0.10 2.6 ± 0.2 2.4 ± 0.3 0.75 ± 0.20 0.48 ± 0.20 
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3.2 Ni-Si Rich Clusters 

The primary radiation-induced precipitates expected in T91 are Ni/Si/Mn rich G-phase 

[13,44]. Ni/Si-rich clusters serve as precursors to G-phase formation. EDS maps were used to 

characterize these clusters using the Ni-Kα X-ray counts shown in Fig. 4. Ni/Si-rich clusters were 

identified by overlapping the Ni-Kα and Si-Kα X-ray maps and consisted of circular features. 

Ni/Si clusters were observed for all damage rates investigated in this work with their average 

diameter and density tabulated in Table 3. As the damage rate is increased, the volume fraction 

of Ni/Si clusters decreases monotonically from the decrease in number density and diameter. 

Very few clusters were observed at the high damage rates of 7 × 10
-4

 dpa/s and 3 × 10
-3

 dpa/s. 

The size distributions, total cluster density, and average cluster size is shown in Fig. 5 for each 

damage rate. Although the average cluster diameter decreases by a factor of 2 with damage rate, 

the density of clusters decreases by a factor of 10 with damage rate. This is reflected in the size 

distribution where the distributions contract with increasing damage rate in both diameter and 

density. To examine the dependence of Ni/Si clusters on other microstructural features, an 

additional set of EDS scans was collected on the 7 × 10
-4

 dpa/s sample on the (001) zone axis, 

one of which is shown in Fig. 6. Overlaying the Ni EDS map with the STEM bright field (BF) 

images did not show an correlation between the observed Ni-rich clusters and dislocation loops. 

445 17 1 × 10-4 Fe2++He2+ 7.8 ± 0.1 0.33 ± 0.10 1.4 ± 0.2 1.2 ± 0.2 0.67 ± 0.20 0.33 ± 0.20 

445 17 7.2 × 10-4 Fe2++He2+ 7.6 ± 0.1 0.33 ± 0.10 0.8 ± 0.1 0.67 ± 0.10 0.45 ± 0.20 0.22 ± 0.20 

445 17 3 × 10-3 Fe2++He2+ 7.4 ± 0.1 0.25 ± 0.10 0.5 ± 0.1 0.39 ± 0.10 0.46 ± 0.20 0.17 ± 0.20 
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Fig. 4. EDS elemental maps using the Ni Kα signal showing Ni/Si-rich clusters in T91 DI irradiated to 17 dpa with 4 appm 

He/dpa at 445 °C with damage rates of (a) 5 × 10-5 dpa/s, (b) 1 × 10-4 dpa/s, (c) 7 × 10-4 dpa/s, and (d) 3 × 10-3 dpa/s.  
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Fig. 5. Quantification of (a) size distribution and (b) number density and average diameter for Ni/Si clusters for DI-irradiated T91 

at 445 °C as a function of damage rate.  

 

 

Fig. 6. STEM BF and HAADF images with associated EDS elemental maps of T91 DI irradiated to 16.6 dpa with 4 appm He/dpa 

at 445 °C with a damage rate of 7 × 10-4 dpa/s near the (001) zone axis. 

 

4. Discussion 
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The discussion of the results is divided into three main sections: (1) damage rate effects 

on radiation-induced segregation, (2) damage rate effects on clustering from DI irradiation using 

rate theory, and (3) a brief comparison to reactor irradiation.  

4.1 Damage Rate Effects on Radiation-Induced Segregation 

The DI irradiations presented in this work isolate damage rate as an independent 

parameter to examine its effect on RIS. Chromium RIS in ferritic-martensitic steels and Fe-Cr 

binary model alloys have been studied systematically using proton irradiation and found to be 

strongly correlated with the Inverse Kirkendall mechanism [8–11]. The Inverse Kirkendall 

mechanism qualitatively predicts that the amount of segregation will decrease with an increase in 

damage rate at a fixed temperature [45,46]. However, a lower misorientation angle resulted in 

lower on-boundary Cr concentration [47], and lath boundaries have low misorientation angles 

[41]. Thus, a qualitative comparison to the Inverse Kirkendall mechanism might not be valid 

depending on the magnitude each effect contributes to the concentration. However, Cr 

segregated to dislocation loops in the microstructure (Fig. 6), which is consistent with previous 

ion irradiation literature [48] and suggests that Cr should have built up on lath boundaries above 

the as-received measurements.  The Inverse Kirkendall mechanism was also expected for Ni RIS 

[49] and was found to be qualitatively consistent with this mechanism. Although low-angle 

boundaries are weaker sinks and showed lower on-boundary Cr concentration compared with 

other boundaries, the enrichment of Ni at each irradiation condition in this work suggested the 

lath boundaries should still have enough sink strength to observe Cr segregation. Studies on Si 

segregation in ferritic steels suggested a mechanism where Si exhibited an interstitial-solute 

binding energy and coupled with the interstitial flux at intermediate irradiation temperatures near 

0.3Tm [50,51] with no binding energy (0 eV for Fe) or relatively small binding energies 
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(0.008 eV for Cr and 0.003 eV for Ni) [52]. Thus, the trend of Si enrichment with damage rate 

would be expected to follow the trends exhibited by Cr and Ni in some proportion. Given the 

insignificant amount of Cr segregation and the enrichment of Ni at the boundaries in this work, 

the coupling of Ni + Si is likely more important for Si RIS than Cr + Si for the conditions studied 

despite the differences in binding energy.  

Both radiation-induced segregation and radiation-induced clustering rely on the 

availability of point defects for diffusion. Radiation-induced segregation can also be thought of 

as being a result of the total fluence of defects to the boundary. The high sink density of ferritic-

martensitic steels is proposed to have a linear relationship between damage rate and steady-state 

point defect concentrations. If this were the case, the segregation would be the same across 

damage rates as the total fluence to the boundary would not change. However, a higher point 

defect generation rate means the probability of finding another point defect to annihilate via 

mutual recombination is higher. The proportioning of point defects throughout the microstructure 

can be simplistically modeled using the rate theory calculations presented in the Methodology 

section. At steady state, the generation of point defects must be balanced by the losses to 

recombination, lath boundaries, and other sinks. Thus, the partitioning of defects can be 

expressed as a series of ratios of point defect loss to a class of features over the total loss of 

defects: 
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These ratios were calculated for the DI irradiation conditions and are shown in Fig. 7. Even with 

the high dislocation network density from the normalization and tempering process, there is a 

significant fraction of point defects annihilated through recombination at DI irradiation damage 

rates. As the damage rate increases, the fraction of recombination increases dramatically while 

the fraction lost to sinks decreases, indicating a smaller number of defects drive solutes to 

segregate and precipitate. Additionally, the loss to grain boundaries between the lowest two DI 

irradiations have very similar fractions and dissimilar segregation amounts.  

  

Fig. 7. Fraction of defects lost to mutual recombination, sinks interior to the lath and subgrain, and the lath boundaries for DI-

irradiated T91 at 445 °C.  

 

As an approximation of the influence of the increased recombination at high damage 

rates, a simple modification is proposed as the concentration of segregated element at the lowest 

damage rate and multiplied by the defect fraction that arrives at sinks or boundaries, that is, 
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Fig. 8. The effect of recombination is drastic and closely matches the experimental 

concentrations for Cr and Si. However, at the highest damage rates, the Cr concentration dips 

below the as-received condition and depletion would be expected. Both the experimental 

segregation data and the calculation for Ni trend in the same direction but are not strongly 

associated. It is likely that these differences come from the lack of elemental and chemical 

information, such as the cohesive energies, ordering energies, defect jump frequencies and 

similar features specific to each element and combination of elements, not considered in the rate 

theory model described in the Methodology section. A more comprehensive model coupled with 

a thermodynamic database [22] would be better suited to separate out the importance of local 

chemistry effects from point defect–driven segregation. Thus, the decrease in RIS for Cr and Si 

with increasing damage rate observed is attributable from the increase in mutual recombination, 

while the decrease in RIS for Ni is partially attributable to recombination and is qualitatively 

consistent with the Inverse Kirkendall mechanism. This simple approximation highlights the 

importance of mutual recombination for quantitative predictions at ion irradiation relevant 

damage rates. In summary, the segregation of Cr, Ni, and Si qualitatively agree with the Inverse 

Kirkendall process and follow the significance influence of recombination at high damage rates.  
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Fig. 8. Comparison of the measured grain boundary concentrations, a simple approximation for the effect of mutual 

recombination. The dashed lines indicate the concentration of each element far from the boundary in the as-received condition, 

while the as-received boundary concentration is shown at the ordinate.  

4.2 On the Mechanisms of Clustering Across Damage Rates 

Although a smaller fraction of defects is available for segregation and clustering as 

discussed in the previous section, increasing the damage rate increases the point defect 

concentration overall and thus radiation-enhanced diffusion. The irradiations were terminated at 

the same displacements per atom, so the overall number of defects produced should be ―the 

same.‖ With the decrease in the total irradiation time, the contributions of non-radiation diffusion 

to the overall diffusion are reduced. The overall transport of solutes to a boundary or cluster is 

driven by the gradient in the chemical potential and facilitated by the gradient in the point defect 

concentrations. Traditionally, ferritic-martensitic steels are assumed to have a high enough sink 

density to have a linear proportionality between the steady-state point defect concentration and 

the damage rate, but as  Fig. 7 shows there is non-negligible recombination with ion irradiation 

damage rates. The tradeoff between the increase in the magnitude of the gradient caused by 
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damage rate and the width of the gradient from a decrease in the irradiation time (t
1/2

 

dependence) is not intuitive. To examine this, the concentration of vacancies and interstitials was 

calculated using the spatially dependent point defect rate theory described in the methods until a 

steady-state profile was reached at 445 °C for each DI irradiation damage rate from 5 × 10
-5

 

dpa/s to 3 × 10
-3

 dpa/s. The concentration profiles are shown in Fig. 9 for vacancies with 

calculated distances away from the sink at percentage thresholds (50%, 75%, 90%, and 95%) of 

the steady-state concentration, which indicate a denuded zone. The interstitial profiles are similar 

in shape and magnitude and are excluded for readability. Since the Ni segregation profile 

displayed the highest degree of enrichment, the denuded zone was calculated as the distance 

from the boundary where the concentration of Ni returned to the concentration observed in the 

as-received condition based on the EDS maps (Figs. Fig. 2 and Fig. 3). Regardless of which 

percentage of the steady-state concentration is examined, the width of the denuded zone 

decreases with increasing damage rate. This implies there is less total solute available along the 

gradient at a given time and additional solute atoms would need to diffuse into the region near 

the boundary throughout the irradiation. Therefore, the shortened irradiation time at high damage 

rates leads to a reduction in the steady diffusion of solutes to the boundary, and with it, a 

reduction in the on-boundary concentration. Even with diffusion enhanced by the ion damage 

rate, the lack of time for solutes to diffuse from farther distances from the boundary is 

responsible for a reduction in segregation and therefore one driving force for clustering. The 

further importance of irradiation time is discussed in Section 4.3. 

At the high damage rates of ion irradiation, there is an expected contribution of ballistic 

mixing to solute diffusion. The treatment for an effective diffusion constant for ballistic 

dissolution is described by  
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    ̅     , 11) 

where   ̅   is the average distance traveled by solute atoms. The value for   ̅   was 

calculated for Ni and Si using the methods described in [53–55]. A SRIM simulation was 

performed with 5 MeV Fe
++

 incident on a layered target with 595 nm of T91, 10 nm of a 50-50 

Ni-Si mixture, and then an additional 1,300 nm of T91. The concentrations of Ni and Si recoils 

through the front and back interfaces of the thin slab were plotted and fit according to the 

procedure in [54]. This resulted in values of   ̅   of 0.98 to 1.15 nm for Ni and 0.95 to 1.04 nm 

for Si. The average distance resulted in an effective diffusion coefficient for Ni in the range of 

4.8 ×10
-19

 cm
2
s

-1
 to 4.0 × 10

-17
 cm

2
s

-1
 and 4.5 × 10

-19
 cm

2
s

-1
 to 3.2 × 10

-17
 cm

2
s

-1
 for Si. Both 

ranges are orders of magnitude smaller than thermal vacancy diffusion for this temperature 

(calculated with Eq. 4.55 in Ref. [1] using the parameters in Table 2 to get D~5.0 × 10
-7

 cm
2
s

-1
) 

and; thus, diffusion from ballistic mixing is unlikely to strongly contribute to the segregation. 

However, the average distance a solute can travel from a ballistic event will be significant to the 

clustering process and is discussed later in this section.  
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Fig. 9. Vacancy concentrations for dual ion-irradiated T91 at 445 °C to 17 dpa: (a) as a function of damage rate and distance 

from a boundary and (b) the distance where the vacancy concentration reaches 50%, 75%, 90%, or 95% of the steady-state 

concentration with experimental denuded width from segregation measured with STEM EDS.  

 

The nucleation of Ni/Si/Mn-rich G-phase precipitates is believed to proceed along a 

mechanism consisting of clustering of the constituent elements and accumulation of solutes to a 

critical concentration to transition to a distinct phase [56–58]. Through thermal aging studies at 

405 °C in the ferrite phase of duplex steels with a higher concentration of Ni, Si and Mn, 

clustering started at ~500 h, grew to a critical size by 5,000 h, but did not transition to G-phase 

until a critical composition was reached at ~10,000 h. The time at temperature for the DI 

irradiations in this study ranged from ~92 h at the lowest damage rate (5 × 10
-5

 dpa/s) to 1.5 h at 

the highest damage rate (3 × 10
-3

 dpa/s). Radiation damage is expected to enhance solute 

segregation through an increase in the point defect concentrations and resulting diffusion, as 

demonstrated by the observations of clustering after only 92 h of ion irradiation. The segregation 
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profiles (Fig. 3) and zone axis EDS maps (Fig. 6) suggest that although Ni enriched at sinks Si 

had not enriched significantly and limited the formation of clusters. Similar ion irradiation 

studies of ferritic-martensitic steels at 400 °C to 500 °C and up to 10 dpa with protons and up to 

500 dpa with iron ions observed a reduction in the ratio of Ni to Si compared with the 

stoichiometric ratio for G-phase using atom probe tomography [18,19], which goes against the 

findings of this work. Despite the elevated temperature and damage rate, it is not expected that 

G-phase will form as a distinct phase within the subgrains of T91 for these irradiation conditions 

as there has not been enough time for both Ni and Si to build up sufficient concentration in the 

cluster to nucleate. Thus, the formation of G-phase is still in the first step: clustering. From the 

decrease in both Ni and Si RIS with an increasing damage rate, there is a reduction in the amount 

of each solute building up at sinks for the same nominal damage level, further extending the 

damage required for G-phase nucleation. Additionally, the average distance a solute travels is on 

the order of 1 nm when displaced and larger than the interaction distance expected for small, 

nucleating sinks [59] but not for larger sinks (~5 nm diameter); and with an increase in damage 

rate, the number of displacements per unit time also increases. Thus, ballistic mixing from the 

ion bombardment likely further delays the onset of G-phase nucleation with increasing damage 

rate by forcing solutes from a cluster embryo into the surrounding material. Additional 

irradiations to higher displacements per atom and with a longer irradiation time are needed to 

determine how damage rate impacts the full nucleation process of G-phase under irradiation.  

4.3 Comparison to Reactor Irradiation 

Although highly systematic trends emerged with DI irradiation, the purpose of such 

experiments is to better understand reactor irradiation. One BOR-60 irradiation condition of the 

same heat of T91 at 376 °C, 17 dpa from Ref. [21] is included as a comparison with this work 
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because of the previous match in the dislocation loop and cavity microstructures found in earlier 

work [6,25] at a damage rate of 7 × 10
-4

 dpa/s. Although not the focus of this work, the possible 

effects of a higher helium injection rate with ion irradiation compared with BOR-60 irradiation 

should be discussed before comparing the DI and reactor irradiations. Transmutation reactions in 

the BOR-60 were estimated to produce 0.22 appm He/dpa [21]. Being chemically inert, helium 

does not interact directly with solutes but can interact indirectly through helium-vacancy 

clustering. Because interstitial helium has a high thermal diffusivity (  
  ~2.8 × 10

-8
 m

2
s

-1
,   

   

~ 0.064 eV [60]), it is expected to quickly encounter and bind to a vacancy. A substitutional 

helium atom has an Arrhenius dependence for thermal diffusion with a pre-factor of ~ 6.4 × 10
–7

 

m
2
s

-1
 and a migration energy of   

    ~ 0.32 eV [61]. Helium binding to vacancies may reduce 

the overall mobilities of vacancies and thus reduce the flux of vacancies that drive segregation. 

However, previous work with DI irradiation on cavity nucleation [28] and helium partitioning [6] 

suggests that at the helium injection rate in this work, helium partitions to features with a large 

sink strength, such as dislocations and cavities, rather than individual vacancies. Thus, although 

helium might reduce individual vacancy mobility, the helium co-injection rate used here will not 

dramatically alter solute segregation. In a way, the helium injection and associated helium-

vacancy clustering in DI irradiations might bring the kinetics of segregation closer to reactor 

irradiation than single-ion irradiations.  

The reactor irradiation of T91 was conducted to 17.1 dpa with damage rates in the range 

of 6 × 10
-7

 dpa/s to 9 × 10
-7

 dpa/s at 376 °C [21] and resulted in significantly different 

segregation and Ni/Si clusters. The BOR-60 irradiation consistently had higher Cr segregation 

compared with the DI irradiations. However, the Ni concentration at the boundary (1.4 at % ± 

0.3 at  %) is lower than the lowest damage rate in this work while the Si concentration (1.0 at  % 

                  



28 

 

± 0.3 at  %) is higher than all the DI irradiations. Despite the lower Ni segregation, Ni/Si cluster 

formation had a greater density of 3.6 × 10
21

 m
-3

 with an average diameter of 5.8 nm ± 0.5 nm. In 

a previous section, it was proposed that the lack of Si segregation might be the limiting factor for 

Ni/Si cluster formation under DI irradiations. The BOR-60 segregation and cluster density 

appear to confirm this notion as the cluster density was increased relative to DI irradiation with a 

reduction in Ni and enhancement of Si. However, the DI irradiations were conducted at a higher 

temperature than the BOR-60 irradiation and for shorter periods, making a direct comparison 

limited in utility. To account for the differences in time and temperature, an ―average‖ or 

effective vacancy diffusion distance was calculated as   √     for the conditions given in 

Table 4 for DI irradiations and as described in Ref. [21] for BOR-60 irradiation and plotted 

against the Ni/Si cluster density in Fig. 10. The positive and strong correlation between the 

vacancy diffusion distance and cluster density across DI irradiations and BOR-60 irradiation 

suggests that although the overall vacancy concentration and diffusion are enhanced by the 

irradiation damage rate, the lack of time for thermal diffusion is a significant limiting factor for 

Ni/Si cluster formation. This data is very encouraging to extrapolate cluster formation and 

precipitation from ion irradiation experiments performed at high damage rates to reactor 

conditions.  
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Fig. 10. Calculated average vacancy diffusion distance plotted against the Ni/Si cluster density for DI-irradiated T91 at 445 °C 

with BOR-60 irradiated T91 at 376 °C from [21].   

With some processes, such as the formation of dislocation loops [25,62,63], an increase 

in damage rate can be compensated for by an increase in temperature to accelerate the kinetics of 

the system, increasing the loss of defects to recombination and sinks to compensate for the 

increased production. In more complex processes, an additional variable must be modified to 

alter the process across damage rates, such as increasing the helium co-injection rate to control 

the nucleation of cavities [6,28]. This work demonstrates that RIS and clustering follow more 

complex interactions among temperature, time, and damage rate than other radiation effects that 

rely primarily on point defect kinetics alone.  

5. Conclusions 

The elemental composition of lath boundaries and Ni/Si clustering were characterized in 

DI-irradiated T91 as a function of damage rate and compared with reactor irradiation of the same 
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alloy and heat. The experimental results were compared with a rate theory–based point defect 

calculation to interpret the observed segregation and precipitation. By holding all other 

parameters constant, we have shown we can independently study the effects of damage rate on 

radiation-induced segregation and precipitation. The conclusions drawn from this work are as 

follows: 

 The lack of significant Cr RIS with DI irradiation is qualitatively consistent with 

the Inverse Kirkendall mechanism.  

 The segregation profiles suggest that although Ni is enriching at sinks, Si lags at 

lath boundaries and the lack of Si segregation is limiting the formation of Ni/Si 

clusters. Although clustering is present in all irradiated T91, the formation of G-

phase was not observed but is expected to form at higher damage levels or longer 

irradiation times.  

 The decrease in RIS for Cr, Ni, and Si, and the decrease in the density of Ni/Si 

clusters with increasing damage rate observed is partially caused by an increase in 

the mutual recombination. However, point defect rate theory alone cannot account 

for the observations in this study.  

 Although the overall vacancy concentration and diffusion are enhanced by the 

irradiation damage rate, the lack of time for thermal diffusion and ballistic 

displacements of solutes are significant limiting factors for Ni/Si cluster 

formation.   

 Although previous studies have shown that damage rate can be compensated for 

by an increase in temperature and helium injection to emulate reactor cavities and 

dislocation loops, this work demonstrated that RIS and clustering follow more 
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complex interactions among temperature, time, and damage rate than other 

radiation effects. 
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