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Abstract 

The role of grain boundaries in limiting irradiation damage in nanocrystalline materials is often 

correlated with the grain boundary sink efficiency. Here, we demonstrate on a tungsten material 

system (which has very distinct vacancy and interstitial mobilities) that sink efficiency does not 

unequivocally describe how grain boundaries impact irradiation damage. Rather, it reflects a 

particular defect diffusion equation which can change if any of the bulk conditions change. Even 

when denuded zone formation does not occur and grain boundaries have zero sink efficiencies, 

grain boundaries still impact the performance of nanocrystalline materials under irradiation by 

acting as a saturable defect storage site. However, denuded zone formation can occur under a 

necessary requirement of extra defect recombination at the grain boundaries (which, for example 

is not possible when vacancy migration does not occur). These new insights provide answers to 

several outstanding questions regarding the sink efficiency of a grain boundary and assist in 
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parameterizing the role of grain boundaries in limiting irradiation damage in nanocrystalline 

materials.  
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1. Introduction 

Materials utilized in extreme irradiation environments are exposed to far-from-equilibrium 

conditions that create challenges in the material design, synthesis and testing.[1-3]  Evaluating the 

performance of existing materials and designing new irradiation resistant materials (through 

manipulating existing materials or synthesizing new ones) requires understanding of the 

fundamental atomistic processes that give rise to their irradiation tolerance under the extreme 

irradiation conditions. Irradiation-induced defects (surviving interstitial and vacancies and their 

aggregates) are the origin for the atomistic changes (formation of voids, loops, bubbles, etc.)[4, 5] 

which can alter the morphology[6-8] and compromise the mechanical properties[9-11] of 

irradiated materials.   

  Utilization of ultrafine (UF) (grain size of 100-500 nm) and nanocrystalline (NC) (grain 

size ˂ 100 nm) materials is one of the proposed materials’ improvements due to their high defect 

sink density (high grain boundary density). In addition to the role of the grain boundaries in 

enhancing the mechanical properties of UF and NC materials,[12-15] grain boundaries have been 

shown to act as sinks for both transmutation products (eg. He) and defects (eg. interstitials, 

vacancies and clusters of such) and enhance the propensity for defect annihilation in irradiated 

materials [4, 16-35]. Absorption of defects by grain boundaries decreases the defect densities in 
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the grain matrices[24-26, 36, 37] and, therefore, a delay (increase in the associated ion dose) in 

radiation-induced microstructural alterations is expected.[38] To investigate whether such 

improvements are adequate for the extreme environments anticipated in advanced nuclear power 

systems, quantification of the performance of UF and NC materials as a function of irradiation 

conditions is a critical step.   

 Experimental studies comparing irradiation in NC materials and their coarse grain counter 

parts were performed previously on a few materials [24, 25, 39] but a clear understanding of the 

improvement in irradiation resistance of NC materials is still lacking. Other studies measuring 

defect densities in grain matrices as a function of grain size in the NC and UF regimes were also 

performed.[26, 36, 37, 40] However, in some cases, a few phenomena were observed which made 

the quantification of the performance of UF and NC materials more complex. In some cases, a 

decrease in defect density was observed as the grain size increased, which was unexpected.[17, 

25] A recent work by El-Atwani et al. on ion beam irradiated UF and NC iron showed defect 

coalescence in the UF grains.[40] Defect coalescence can lead to lower defect densities but larger 

defect area; possibly leading to more integrated damage in the grain matrices. In the grain-size 

regime bordering between UF and NC (grains over 100 nm diameter) of a sample where 

nanocrystalline and ultrafine grains coexist, scatter in the data was observed. The difference in 

performance of different grains was attributed to different sink efficiencies of different boundaries. 

Grain boundary sink efficiency (ratio of defects absorbed by a particular boundary to defects 

absorbed by a perfect boundary in which defects are never reemitted) [41] is a parameter that 

characterizes the ability of grain boundaries to absorb nearby defects and is a function of the 

macro-degrees of freedom  (manifested by the grain boundary misorientation angle and the grain 

boundary plane) and the micro-degrees freedom of a grain boundary.[35] Several studies have 
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confirmed the effect of the grain boundary character on defect absorption in irradiated 

nanocrystalline materials.[16, 17, 42] Therefore, the grain boundary character must be considered 

in fundamental studies aiming to quantify the performance of UF and NC materials under 

irradiation.  

 It is generally accepted that sink efficiency of a grain boundary can be experimentally 

characterized by the formation of a defect denuded zone: a defect-free region near a grain boundary 

in an irradiated material.[43, 44] Defect absorption by the grain boundaries results in the formation 

of a defect profile (defect densities increase as the distance from the grain boundary increases up 

to a bulk value) in the vicinity of the grain boundary. Such profile is influenced by bulk defect 

mobilities. The denuded zone width is then the distance from the grain boundary where the defect 

concentration remains under a critical value, typically smaller than necessary to nucleate larger 

scale defects observable in transmission electron microscopy (TEM).[44] An important 

implication of denuded zone formation reflected in literature is that the higher the sink efficiency 

of the grain boundary, the larger the denuded zone that will form. 

 Denuded zone formation, however, can be condition dependent and may not be observed 

at particular irradiation conditions regardless of the grain boundary type and character.[32, 45] 

Thus, several important questions arise: 1) Should every grain boundary have a denuded zone? 2) 

How do bulk defect (interstitials and vacancies) mobilities, extremely different in this material, 

affect denuded zone formation? 3) Is the denuded zone an unambiguous measure of sink 

efficiency? 4) Is the presence or absence of denuded zones a direct measure of enhanced radiation 

tolerance in nanostructured materials? 5) To what extent does sink efficiency reflect the role of 

grain boundaries in reducing irradiation damage? 
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 In this work, we performed heavy ion and low energy helium irradiation experiments on 

materials system (tungsten) which possesses very distinct defect (vacancy and interstitial) 

mobilities to answer the questions above at different irradiation conditions and damage regimes 

(displacement damage vs implanted damage). Heavy ion (Cu+) irradiations were performed on 

coarse grain tungsten, labelled as CGW with average grain size of few µm and UF/NC tungsten, 

labelled as NCW, where elongated nanocrystalline and ultrafine grains coexist and the average 

grain size (shortest distance between two boundaries) ranges from 80 to few hundreds of nm grades 

at RT and 1050 K using two different displacement per atom (dpa) values. Low energy helium (2 

and 4 keV) implantation was performed at RT, 773 K and 1223 K.  Dislocation loop denuded 

zones were then investigated with TEM over a large number of grain boundaries in the two 

irradiated grades. Damage in the NCW and CGW was quantified considering both defect density 

and area. Finally, kinetic Monte Carlo simulations are performed to gain further insight into the 

physical origin of the defect profiles obtained experimentally. The primary conclusions are: 1) 

Sink efficiency does not unambiguously describe the role of grain boundaries in reducing 

irradiation damage, 2) denuded zone formation is dependent on irradiation conditions and requires 

extra defect recombination at the grain boundaries and 3) Even when denuded zones do not form, 

grain boundaries can still act as defect storage and contribute to the irradiation tolerance of 

nanocrystalline materials.    

 

2. Experimental Methodology 

2.1. Sample preparation  

Two tungsten grades were investigated in this study: 1) a commercial tungsten grade provided 

by ESPI metals, USA and consists of fine-coarse grain sizes (grains that are larger than 1 µm) and 
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is labeled as CGW; and 2) a  NC (˂ 100 nm)[13] and 3) UF (100-500 nm)[12] tungsten grade 

(ultrafine  and nanocrystalline grains coexist) and is labelled as NCW. The NCW grade was 

prepared via orthogonal machining technique (preparation procedure is mentioned elsewhere).[46] 

Both grades are high purity (nominally 99.95 and 99.99 % for the NCW and the CGW 

respectively).  

TEM sample preparation of both grades was prepared via electropolishing a 100 µm thick 

disc after mechanical polishing both sides to mirror finish. Electropolishing was performed with 

0.5 % NaOH solution at RT. The preparation process was detailed before elsewhere. [4] The 

microstructure of the CGW has random distributions of low and high angle boundaries while the 

NCW grade has dominant low angle boundaries as determined previously by electron back 

scattered diffraction and used to study detailed loop and void damage under heavy ion irradiation 

[47]  

2.2. Irradiation 

Ex-situ heavy ion irradiation of the samples was performed in the Ion Beam Materials 

Laboratory (IBML) at Los Alamos National Laboratory (LANL) using the Tandem beam with 3 

MeV Cu+ ions at nominal incidence. The displacement per atom (dpa) rates were 0.0167 and 

0.000167 dpa/s. Irradiation was performed at two different temperatures (RT and 1050 K). The 

samples were irradiated to different dpa values ranging from 0.2 to 4 dpa. To determine the dpa 

and the dpa rate, the Kinchin-Peace model in the Stopping Range of Ions in Matter (SRIM) Monte 

Carlo computer code (version 2013) [48] was used to determine the damage event (which was 0.76 

vacancy/ion/Å)  in 100 nm sample thickness. 4 keV normal incidence helium ion irradiation at RT 

and 773 K were performed using the neutron irradiation material ion implantation experiment 

(NIMIIX), at Idaho National Laboratory, with an average ion dose of 3.46 x 1017 m-2.s-1, a total 
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dose of 2.14 x 1020 m-2, and a corresponding peak dose of 0.91 dpa. 2 keV helium irradiation was 

performed in-situ in the JEOL JEM-2000FX TEM at the Microscope and Ion Accelerator for 

Materials Investigations (MIAMI) facility at the University of Huddersfield [49]. The dose rate 

and the final dose were 1.73 x 1017 m-2.s-1 and 3.2 x 1020 m-2 respectively and the peak dpa was ~ 

1.1dpa. In all calculations, 40 eV was assumed to be the displacement threshold in tungsten. [50]. 

The ion distributions, dpa profiles (Figure S1) and dpa calculations are illustrated in the 

supplemental. 

2.3. Characterization and quantification 

The irradiated samples were characterized via TEM using an FEI-Technai-G2-F30 

transmission electron microscope with electron beam energies of 300 keV in the Electron 

Microscopy Laboratory (EML) at LANL.  Processing of images was performed using the Image J 

software.[51] Quantification of the irradiation was performed using 2 beam conditions with the g 

vector along (1-10) or (200). The quantification considered the overall damage (product of loop 

density and loop size). All dislocation loops (of both interstitial and vacancy type) were 

considered. When comparing the size of the loops, the gb values were the same for both samples.   

Grains used in quantification were taken from close regions in the sample (to minimize any 

discrepancy in the foil thickness).  

2.4. Simulations 

 To further understand the role of the defect properties on the defect denuded zone 

experimentally obtained, kinetic Monte Carlo simulations with saturable boundaries were 

performed. Whether grain boundaries are saturable or not is still the subject of debate in the 

literature; we assume saturable boundaries based on our previous studies of defect-boundary 

interactions [20, 34, 35]. Further, the model used here, based on saturable boundaries, is able to 
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explain our experimental observations, as discussed below. That said, the true behavior of defects 

at grain boundaries requires further study and direct experimental validation.  

The kinetic Monte Carlo (KMC) [52-54] algorithm solves the dynamic evolution of a 

Markovian process provided that the probabilities per unit time of the possible events are first 

order in time.  

This methodology has been extensively used to study of radiation damage by following the 

irradiation-induced defects as they are formed and diffuse in the system [55] (and references 

therein). Figure 1a shows the physical model that we simulate with KMC in this work. Vacancies 

(V) and self-interstitials (SI) are created at a given dose rate. They can diffuse on an underlying 

lattice with a rate calculated via harmonic transition state theory [56]] knowing the migration 

barrier and with a constant pre-factor equal to 1012 s-1. Vacancies and SIs can recombine if they 

are at a first nearest neighbor (1nn) distance. An interface is modeled in the system as a region in 

space where the equilibrium and diffusion properties of the defects are different from bulk. Figure 

1b shows a schematic of the different landscapes that describe the thermodynamics and kinetics of 

V and SI in the model. The primary goal of the model is to qualitatively assess how defect profiles 

change under different irradiation conditions or as the different properties are modified.  
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Figure 1. a) Schematic of the physical model to be solved using the KMC algorithm. b)  

Schematic landscapes for the thermodynamic and kinetic energetics for both Vs and SIs in 

bulk and at the grain boundary. 
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As mentioned, a critical parameter that has been traditionally used to assess the effect of an 

interface on defect profiles is the sink efficiency. The sink efficiency is defined as follows[57]: 

                                                        𝜂 =
𝐽𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒

𝛼

𝐽𝑃𝑒𝑟𝑓𝑒𝑐𝑡
𝛼                                                                     Eq. [1] 

where JInterface is the flux of defect  into the interface under consideration and JPerfect is the flux 

of defects into a perfect sink, where a perfect sink is one that maintains the equilibrium 

concentration of defects at its boundary. Because that equilibrium concentration of defects is 

negligible compared to the amount of irradiation-induced defects we have considered this 

equilibrium concentration to be zero. 

An energy landscape like that shown in Fig. 1b was assigned for Vs and SIs. The migration barrier 

in bulk was ∆𝐸𝑏𝑢𝑙𝑘
𝑉 = 1.667 eV and ∆𝐸𝑏𝑢𝑙𝑘

𝑆𝐼 = 0.054 eV for V and SIs, respectively.[58, 59] A 

dose rate of 10-4 dpa/s, corresponding to the higher-flux for the experimental conditions, was 

simulated at a temperature of 1050 K. An attractive binding energy of defects to the grain boundary 

of 𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔
𝑆𝐼 = 1.5 eV and 𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔

𝑉 = 1.0 eV for SIs and Vs was assumed. Vacancy mobility at the 

boundary was taken the same as in bulk although a migration barrier of ∆𝐸𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
𝑆𝐼 = 0.554 eV 

was employed for self-interstitials. These numbers do not represent any specific boundary but are 

taken as variable parameters, and along with the defect migration energies in bulk, were varied to 

mimic different irradiation conditions. 

Although the great disparity in migration barriers between defects makes the problem stiff, we 

were mostly able to extend our simulations up to steady state. Irradiation was mimicked by 

inserting Frenkel pairs in the sample at the prescribed dose rate. Thus, no cascade effects were 

considered in this study. Also, defect clustering was neglected. The main goal of the simulations 

was to understand general trends, not a quantitative description of the microstructure evolution, 
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i.e., we wanted to understand the main effect of the dissimilar defect properties in the defect 

concentration profile as an observable of interest linked to the defect denuded zone measured 

experimentally. 

3. Results 

Irradiation of the samples was performed at RT and 1050 K to examine the effect of 

temperature on denuded zone formation. As it was described above, SI and V mobilities are 

remarkably different. [58] [59] According to positron annihilation studies in tungsten, mono-

vacancies can migrate at temperatures over 523 K while vacancy clusters migrate at higher 

temperatures (over 773 K).[60] Therefore, the experimental conditions chosen in this work were 

designed to enable vacancy migration at one temperature and inhibit it at another temperature, 

while interstitial migration can occur at both temperatures.  

The morphology of the heavy ion irradiated samples for different doses at RT and 1050 K 

using a dose rate of 0.0167 dpa/s is shown in Figures 2 and 3. Even at low doses (approximately 

0.25 dpa), no denuded zones were observed in neither the NCW nor the CGW grades at either 

temperature. The dose rate was then reduced to 0.000167 dpa/s (about 100 times less than the 

initial dose rate), to investigate flux effects on the damage evolution. Figures 4 and 5 show the 

morphology of the irradiated samples at low dose rate using the same irradiation temperatures as 

in the initial (high dose rate) set of experiments. Although the damage is lower in this case, as 

defects have more time to interact and annihilate or reach the interfaces, the grain boundaries in 

both NCW and CGW do not exhibit any denuded zones. All figures were chosen to emphasize 

defect structures near the grain boundaries and are not intended to compare irradiation damage in 

the different samples (which is diffraction contrast dependent).  
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Figure 2: Bright-field TEM images of 3 MeV Cu+ irradiated CGW and NCW grades with a dose 

rate of 0.000167 dpa/s at 298 K showing no denuded zone formation. (a), (b) CGW grade for 0.25 

and 1 dpa respectively. (c), (d) NCW grade for 0.25 and 1 dpa respectively.  
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Figure 3: Bright-field TEM images of 3 MeV Cu+ irradiated CGW and NCW grades with a dose 

rate of 0.000167 dpa/s at 1050 K showing no denuded zone formation. (a), (b) CGW grade for 

0.25 and 1 dpa respectively. (c), (d) NCW grade for 0.25 and 1 dpa respectively.  
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Figure 4: Bright-field TEM images of 3 MeV Cu+ irradiated CGW and NCW grades with a dose 

rate of  0.0167 dpa/s at 298 K showing no denuded zone formation. (a),(b) CGW grade for 0.25 

and 1 dpa respectively. (c),(d) NCW grade for 0.25 and 1 dpa respectively.  
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Figure 5: Bright-field TEM images of 3 MeV Cu+ irradiated CGW and NCW grades with a dose 

rate of 0.0167 dpa/s at 1050 K showing no denuded zone formation. (a) CGW grade at 0.25 dpa 

(b) NCW grade at 0.25 dpa. 

 

Since no denuded zones are formed in any of the heavy ion irradiations, the effect of grain 

boundaries on defect absorption at both temperatures should be evaluated via damage 

quantification. Dislocation loop density alone is not sufficient to quantify damage. Rather, one 

needs to also account for the size of loops to obtain an integrated number of defects within the 

material. Therefore, the overall damage quantified in this work at 0.25 dpa (using the lower dpa 

rate of 0.000167 dpa/s) took into account both loop density and sizes (loop planer area). Both loop 

density and sizes are also dependent on the diffraction conditions (g.b contrast). To compare the 

damage in irradiated NCW vs CGW, we used two beam conditions with the assumption that both 

irradiated grades have similar types of loops. In the NCW, where grain sizes were about 150-200 

nm, tilting from one g vector to another is very challenging. Therefore, we compare the damage in 

NCW and CGW using different NCW grains with diffraction condition (g.b) that matched the 

quantified CGW grain. That is, rather than trying to tilt the sample to align the g vector, we simply 
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chose grains that were aligned as loaded with similar g vectors to the grains in the CGW samples. 

The result of this quantification is shown in Figure 6. The NCW showed less loop damage at RT 

but similar loop damage at 1050 K. However, the NCW showed less void damage at high 

temperature than the CGW [47] which can evolve from vacancy type loops.[61, 62] Therefore, if 

voids that are evolved from vacancy type loops are considered, the total loop damage in the NCW 

should be less than the CGW. Moreover, surface effects [63] (proximity to the surface), which 

leads to loop annihilation through interaction with the surface, is much larger in the CGW since 

the grain boundary to surface area ratio (calculated from TEM images) was 0.04 in the CGW grade 

compared to 0.46 in the NCW grade and more loops and interstitials can be annihilated by the 

surface during irradiation in the case of CGW.  

 

Figure 6: Dislocation loop (of both interstitial and vacancy type) damage quantification in the 3 

MeV Cu+ irradiated CGW and NCW at 0.25 dpa. [47] 

 

Implantation of helium can affect denuded zone formation. For example, Zhang et al.[64] 

observed denuded zone (for interstitial loops) in tungsten at 573 K in a dual beam irradiation  
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experiment where self ions and helium ions  were implanted in tungsten. In order to gain insight 

into the similarities and differences between irradiation conditions, we performed a second series 

of experiments in which we implanted helium in the NCW grade to examine the effect of helium 

implantation on denuded zone formation in tungsten. Three temperatures were chosen: 1) RT 

where vacancies do not migrate, 2) 773 K where vacancies can migrate but vacancy complexes 

and helium-vacancy complexes do not and 3) 1223 K where vacancies, vacancy clusters and 

helium-vacancy-rich complexes can migrate.[65] The morphology of the samples implanted with 

helium is shown in Figure 7. At RT, no denuded zones were observed. However, at 773 K and 

1223 K, denuded zones were indeed observed. While some grains showed denuded zone 

formation, others did not, suggesting an overall effect of the grain boundary character [43] or 

possible denuded zone collapse. Denuded zone formation for all of the experimental conditions is 

summarized in Table 1.   

 

Figure 7: Bright-field TEM images of helium ion (implanted damage) irradiated NCW grade. (a) 

4 keV irradiation at 298 K and final dose of 2.14 x 1020 m-2 showing no denuded zone formation. 

(b) 4 keV irradiation at 773 K and final dose of 2.14 x 1020 m-2 showing denuded zone formation 

(denuded grain boundaries pointed by arrows). (c) 2 keV irradiation at 1223 K and final dose of 

3.2 x 1020 m-2 showing denuded zone formation (denuded grain boundaries pointed by arrows). 

 

Table 1: Grain boundary denuded zone presence/absence at different irradiation conditions 

on tungsten 
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4. Discussion 

4.1. Sink efficiency 

The sink efficiency of a grain boundary is often correlated to the width of the denuded 

zone. Beyerlein et al.[43] derived the following equation at steady state using kinetic rate theory, 

under the assumption that defect recombination could be treated as a background annihilation rate 

(where we have expressed this for interstitials as we are interested in denuded zones of interstitial 

loops): 

                                    𝜆𝐷𝑍     √
𝐾𝑠𝑖

𝐷𝑖
= lnȠ𝑖 −  ln (1 − Δ𝑐𝑖

𝐾𝑠𝑖

𝐾0
).                                                Eq. [2]  

Here, 𝜆𝐷𝑍     is the width of the denuded zone, 𝐾𝑠𝑖 is the interstitial-sink reaction rate coefficient 

(including I-V recombination), 𝐾0 is the defect production rate, 𝐷𝑖  is the interstitial diffusivity, 

Δ𝑐𝑖 is the excess interstitial concentration at which loops are expected to form, and Ƞ𝑖 is the sink 

efficiency of interfaces and grain boundaries for interstitials, as defined in Eq. [1]. Ƞ𝑖 can range 

from 0 (no interstitial absorption/interaction) to 1 (perfect sink). Note that a more complete model 

that explicitly accounts for both interstitials and vacancies and thus I-V recombination gives 
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qualitatively different solutions [66]  That said, this simpler one-defect model describes the salient 

behavior of the system. 

As mentioned, it is typically assumed that denuded zones are a direct measure of the sink 

efficiency of a boundary. Certainly, Eq. 1 implies a direct relationship. However, it further shows 

that the denuded zone width also depends on the bulk recombination processes. In particular, one 

can imagine setting DZ=0 in Eq. 1 and solving for i: 

                                     Ƞ𝑖 = 1 − Δ𝑐𝑖
𝐾𝑠𝑖

𝐾0
                                                                    Eq.[3] 

This result implies that, even when there is no apparent denuded zone (i.e. =0), the sink efficiency 

of the interfaces can be non-zero (i.e. ≠0) and have an impact on the damage evolution. What 

this means, physically, is a bit vague. It could be that defect concentrations all the way to the 

interface are higher than the critical concentration so no denuded zone is apparent. Alternatively, 

the concentrations could be everywhere lower than the critical concentration. More important than 

this relationship, however, is the clear implication that interfaces may be acting as sinks and 

affecting defect populations even if no denuded zone forms. This is consistent with our 

experimental results which show that, while neither set of damaged samples (as opposed to 

implanted) exhibit denuded zones, the NCW samples contain less overall damage than the CGW 

samples, at least at low temperature. However, this argument is only suggestive. Further insight is 

gained from KMC simulations of the damage evolution in these materials. 
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4.2. Heavy ion irradiation (displacement damage) 

 Our KMC model was used to obtain deeper understanding on the defect profiles and the reason 

why no denuded zones were observed under the heavy ion irradiation conditions. We run 

simulations at 400 K and 1050 K and a dose rate of 10-4 dpa/s. Figures 8a and 8c show the defect 

concentration profiles at steady-state. We observe that both profiles are nearly flat. Even at 

elevated temperature, the disparity in defect mobilities allows for self-interstitials to explore the 

whole landscape before recombining with vacancies, which leads to the flat profile shown in the 

figure. Figures 8b and 8d show the recombination probability as a function of the position normal 

to the interface. We note that the probability is fairly uniform. At 1050 K there is a small bump at 

the interface denoting a slightly larger recombination tendency at that point. Without extra 

annihilation at the interface, there is no net flux of defects towards the interface, which would 

correlate to a negligible sink efficiency.  

 

 

Figure 8: Self-interstitial and vacancy concentration profiles at steady-state as given by the KMC 

model at a) 400 K and c) 1050 K. Recombination probability as a function of the position normal 

to the interface at b) 400 K and d) 1050 K. 
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4.3. Effect of vacancy migration and self-interstitial binding energy to the interface 

We hypothesize that the flat profiles shown above are a consequence of the disparity in mobilities 

of the single defects, which allows the SIs to explore the whole landscape before recombining with 

Vs. Thus, the recombination probability remains homogeneous in the system. To test this 

hypothesis we have run simulations in which the mobility of the vacancies is made equal to the 

mobility of self-interstitials in both bulk and grain boundary. The results are shown in Fig. 9a-c, 

where we see that the profiles now exhibit some spatial dependence with distance from the grain 

boundary. These non-flat profiles could lead to denuded zones. We see in Fig. 9c the recombination 

probability. In this case we observe that defects recombine preferentially at the interface, which 

leads to  

defect fluxes towards the sink. We have also tested the effect of the binding energy of the SIs to 

the interface on the concentration profiles. Increasing the binding energy increases the residence 

time of interstitials at the boundary, which in turn enhances the recombination probability at the 

sink. Figures 9b-d show the results of having a 2 eV binding energy for interstitials to be attracted 

to the interface. We notice that the SI profile is indeed non-flat, denoting a flux of defects towards 

the interface. This is clearly seen in the  

annihilation probability distribution (Fig. 9d) with a much larger recombination taking place at the 

interface. The reduced vacancy mobility makes it difficult to reach steady state in this case. That 

is the reason to see an asymmetric vacancy profile in Fig. 9b. 
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Figure 9: a) Self-interstitial and vacancy concentration profiles at steady-state as given by the 

KMC model for a) fast vacancies and b) 2.0 eV SI binding energy to the interface. Recombination 

probability as a function of the position normal to the interface for c) fast vacancies and d) 2.0 

eV SI binding energy to the interface. The simulations were performed at 1050 K. 
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4.4. Effect of helium implantation 

              Our experiments reveal that the implantation of He leads to dislocation-loop denuded 

zones near grain boundaries. We hypothesis here that main effect of He is to slow down self-

interstitials. Slowing down of self-interstitials by He has been observed in atomistic simulations 

using empirical potentials and density functional theory [67, 68] . These studies find that the self-

interstitial migration energy increases to up to ~ 1 eV as self-interstitials bind to interstitial He 

atoms. Accordingly, we have increased the self-interstitial migration barrier to 1.5 eV (to 

exacerbate the effect) in our simulations while leaving the rest of the parameters equal. Figure 10 

shows the results of these simulations, where we see the defect profiles (Fig. 10a) and the 

recombination probability (Fig. 10b). We observe that the defect concentration profiles show a 

curvature that leads to a net flux of defects toward the interface. As we see in Fig. 10b, the net flux 

of defects is induced by the extra recombination probability at the interface. Furthermore, the 

curved profiles are the basis for the formation of denuded zones as the clustering probability 

depends quadratically on the defect concentration. We note that, in this last case when self-

interstitial mobility is low, the concentration of self-interstitials is much larger than when their 

mobility is faster. We acknowledge then that the choice of threshold concentration will play an 

important role in determining whether a denuded zone will be formed or not. 
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Figure 10: a) Self-interstitial and vacancy concentration profiles at steady-state as given by the 

KMC model for slow interstitials. b) Recombination probability as a function of the position 

normal to the interface. The simulations were performed at 1050 K. 
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4.5. Implications of experimental observations and modeling results 

             The key summary of both modeling and experimental results is that the recombination 

probability of SIs and Vs has to be larger at the interface for denuded zones to form. In the case 

that the defect mobilities are significantly different, the fast specie might have time to explore the 

whole landscape before the slow specie reaches the sink. If that is the case, flat profiles develop 

and the sink efficiency of the interface is negligible. On the other hand, if the fast specie spends 

most time at the interface (if the defect-interface binding energy is large) and allows for the slow 

defect to reach it, recombination at the interface will be promoted and concentration profiles will 

develop, leading to denuded zones. For these effects to happen, the sink need be saturable, i.e., 

defects do not annihilate at the sink and there is a finite probability of reemission to the grain. If 

boundaries were able to annihilate defects, concentration profiles would develop and perfectly flat 

profiles could not be attained.  

It is also important to note that the sink efficiency (Eq. 1) does not represent a property of a grain 

boundary but of a particular diffusion equation.[69] The additive nature of the different defect 

fluxes involved in such diffusion equation leads to the fact that the ratio of the defect fluxes 

towards the actual boundary over the defect fluxes towards an idealized boundary depends also on 

the properties of the defects in bulk. That is, the same grain boundary embedded in grains with 

different conditions (orientation, defect mobilities, loop density, etc.) will result in different sink 

efficiencies. This can be readily seen from Eq. (1), where the sink efficiency can be obtained as a 

function of defect mobilities (Di) and the rate of defect annihilation (ksi). Furthermore, we 

demonstrate that saturable boundaries with zero sink efficiency might lead to a total decrease of 

defects in bulk at steady-state since they can act as storage for defects. The storage capacity will 

directly depend on the properties of defects at the boundary, such as the binding energy of defects 
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to the interface and the mobility of the defects inside the boundary. The higher the binding energy 

the more defects could be stored at the interface. 

The main hypothesis in the use of the sink efficiency to characterize the behavior of an interface 

under irradiation is that the boundary itself will be able to maintain a constant sink efficiency 

independently of the external conditions. That is, it will modify the properties of the defects within 

the interface such that the changes in fluxes due to any variation within the grain will be 

accompanied with changes inside to maintain the sink efficiency. However, atomistic simulations 

[70, 71] do not indicate that the changes in defect properties within a loaded boundary will result 

in a constant sink efficiency (they might not indicate that the boundary is saturable either). We 

have considered here that the properties of defects at the interface are more fundamental quantities 

than the sink efficiency such that we did not enforce such a value to be constant. On the other 

hand, we have seen that properties in bulk play a significant role on the defect profiles developed 

under irradiation. That is a strong indication that the definition of the sink efficiency is tight to a 

specific diffusion equation, in which all the terms play a role and not that much to a certain 

boundary, i.e., the sink efficiency should be taken as a boundary condition for the diffusion 

equation and cannot be directly linked to a certain boundary as a fixed property.  

Figure 11 shows the average concentration of SI in bulk (far from the interface) depending on the 

grain size. In general, with the model that we are using here, the SI concentration increases as grain 

sizes increase, for a given production rate. These results come from two effects, the enhanced 

recombination in small systems due to correlation effects and storage of defects at the interface. 

Therefore, we can conclude that the nanocrystalline systems will improve radiation tolerance even 

in specific situations in which the grain boundaries are not strong sinks for defects. 
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An important point to discuss are sessile loops that are formed directly from the collision cascades 

and their effect in the loop density profiles and on denuded zone formation. Setyawan et al.[72] 

have shown, through molecular dynamics simulations that vacancy loops of <100> type can form 

in the higher energy cascades.  Experimentally, Yi et al.[73] have seen only 10% of the loops are 

<100> loops at 1023 K with 2 MeV self-ion irradiation in tungsten. Yi et al. argued that the <100> 

loops are not stable at higher temperatures. For the Cu+ irradiated samples (this work), it was 

observed that at 0.25 dpa ~ 50 % of the loops are of <100> type which are deduced (based on loop 

size analysis) to be of <100> vacancy type . The <100> loops are relatively sessile loops compared 

to the glissile <111> loops. However, not all loops formed are of this type. If only <100> loops 

are formed in the vicinity of the grain boundaries directly from the cascade, while both <100> and 

<111> loops are formed in the grains interior a loop density profile would exist across the grain 

boundary to the grain matrix which is not the case in this work (eg. Figure 3d). Moreover, loops 

formed directly from the cascade are usually small, however, loops observed in near the grain 

boundaries in this work (eg. Figure 3) are relatively large indicating their growth via interstitial 

 

Figure 11: Average concentration of SI in bulk depending on grain size. The simulations were 

performed at 1050 K. 
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absorption. In addition self-ion irradiation on Iron was shown to lead to denuded zone formation 

despite having <100> loops dominate at high temperatures [74]  unlike the case in this work where 

denuded zones are not formed.  

5. Conclusions 

Performance of nanocrystalline materials to extreme irradiation environment is to be 

parameterized after understanding and quantifying the role of grain boundaries in limiting 

irradiation damage. While the grain boundary role was shown to depend on its overall character, its 

sink efficiency was often characterized by the formation of denuded zones in its vicinity. However, 

answers for several outstanding and puzzling questions regarding denuded zone formation, grain 

boundary sink efficiency and the correlation between both, are still lacking.  Performing an 

experimental (displacement and implanted irradiations at different conditions) and modeling 

(KMC) plan on a material system (nanocrystalline and coarse grain tungsten) with distinct defect 

(interstitial and vacancy) mobilities, novel insights on denuded zone formation and the sink 

efficiency of the grain boundary are reached and summarized as follows: 

 

- The relationship between denuded zone width and sink efficiency is not one to one. 

Most importantly, the sink efficiency is not an intrinsic property of a given grain 

boundary, but also depends on other factors not relating to the grain boundary itself, 

such as the defect recombination rates in the grain interior. The sink efficiency is 

defined as the ratio between the fluxes of defects toward the real boundary over the 

fluxes of defects to the ideal version of such boundary. The additive nature of the 

fluxes in the diffusion equation makes that ratio change if any of the bulk conditions 

change. That is, the same boundary inside different crystals with different sink 
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densities or different diffusivities (for example) will show different sink 

efficiencies. 

- Denuded zones will only form at grain boundaries if there is extra recombination 

at the grain boundary, whether intrinsic annihilation at the sink or enhanced I-V 

recombination due to excess defect concentrations. 

- The extent to which this enhanced I-V recombination occurs is critically dependent 

on the disparity between defect mobilities. The smaller the difference, the greater 

the recombination and the larger the potential denuded zone. This would mean that 

denuded zone formation would not occur when vacancy migration does not occur 

or when the vacancy and interstitial mobilities (temperature dependent) are very 

distinct.  

- If grain boundaries become saturated, the sink efficiency becomes zero and the 

defect profiles become flat, with no formation of denuded zones. 

- Even if this happens, even if grain boundaries have zero sink efficiency, they still 

modify the defect concentrations in the bulk through a storage effect, and either 

increasing the density of grain boundaries and/or the storage capacity of individual 

grain boundaries (through the binding energy) will increase this storage effect and 

reduce the total defect content in the grain interiors. 

Considering all the points above, a conclusion can be reached that sink efficiency does not describe 

unambiguously the role of grain boundaries in limiting irradiation damage in nanocrystalline 

materials.  The new insights summarized in this work should refine the understanding of grain 

boundary role in nanocyrstalline materials exposed to extreme irradiation conditions and the 

evaluation of their performance.  
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Figure Captions: 

Figure 1. a) Schematic of the physical model to be solved using the KMC algorithm. b)  

Schematic landscapes for the thermodynamic and kinetic energetics for both Vs and SIs in bulk 

and at the grain boundary. 

Figure 2: Bright-field TEM images of 3 MeV Cu+ irradiated CGW and NCW grades with a dose 

rate of 0.000167 dpa/s at 298 K showing no denuded zone formation. (a), (b) CGW grade for 0.25 

and 1 dpa respectively. (c), (d) NCW grade for 0.25 and 1 dpa respectively.  

Figure 3: Bright-field TEM images of 3 MeV Cu+ irradiated CGW and NCW grades with a dose 

rate of 0.000167 dpa/s at 1050 K showing no denuded zone formation. (a), (b) CGW grade for 

0.25 and 1 dpa respectively. (c), (d) NCW grade for 0.25 and 1 dpa respectively.  

Figure 4: Bright-field TEM images of 3 MeV Cu+ irradiated CGW and NCW grades with a dose 

rate of  0.0167 dpa/s at 298 K showing no denuded zone formation. (a),(b) CGW grade for 0.25 

and 1 dpa respectively. (c),(d) NCW grade for 0.25 and 1 dpa respectively.  

Figure 5: Bright-field TEM images of 3 MeV Cu+ irradiated CGW and NCW grades with a dose 

rate of 0.0167 dpa/s at 1050 K showing no denuded zone formation. (a) CGW grade at 0.25 dpa 

(b) NCW grade at 0.25 dpa. 

Figure 6: Dislocation loop (of both interstitial and vacancy type) damage quantification in the 3 

MeV Cu+ irradiated CGW and NCW at 0.25 dpa.  

Figure 7: Bright-field TEM images of helium ion (implanted damage) irradiated NCW grade. (a) 

4 keV irradiation at 298 K and final dose of 2.14 x 1020 m-2 showing no denuded zone formation. 

(b) 4 keV irradiation at 773 K and final dose of 2.14 x 1020 m-2 showing denuded zone formation 

(denuded grain boundaries pointed by arrows). (c) 2 keV irradiation at 1223 K and final dose of 

3.2 x 1020 m-2 showing denuded zone formation (denuded grain boundaries pointed by arrows). 

Figure 8: Self-interstitial and vacancy concentration profiles at steady-state as given by the KMC 

model at a) 400 K and c) 1050 K. Recombination probability as a function of the position normal 

to the interface at b) 400 K and d) 1050 K. 

Figure 9: a) Self-interstitial and vacancy concentration profiles at steady-state as given by the 

KMC model for a) fast vacancies and b) 2.0 eV SI binding energy to the interface. Recombination 

probability as a function of the position normal to the interface for c) fast vacancies and d) 2.0 eV 

SI binding energy to the interface. The simulations were performed at 1050 K. 

Figure 10: a) Self-interstitial and vacancy concentration profiles at steady-state as given by the 

KMC model for slow interstitials. b) Recombination probability as a function of the position 

normal to the interface. The simulations were performed at 1050 K. 

Figure 11: Average concentration of SI in bulk depending on grain size. The simulations were 

performed at 1050 K. 
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