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a b s t r a c t 

The opportunity to achieve radiation tolerance in crystalline materials hinges on understanding the struc- 

ture and response of grain boundary sinks to irradiation. A common descriptor of grain boundary effi- 

ciency as a defect sink is the denuded zone, which is a defect free zone adjacent to the grain boundary 

dictated by its ability to absorb radiation induced defects. This descriptor is often used at the mesoscale, 

which requires an averaging of absorption events. In this paper, we resolve the defect sink efficiency 

as a function of interfacial strain with respect to grain boundary character, and correlate high levels of 

grain boundary strain to an enhanced absorption efficiency. We also introduce a key relationship between 

localized strain in proximity with the grain boundary sink and the variation absorption efficiency asso- 

ciated with these regions, revealing the pitfalls of averaging absorption events along a grain boundary, 

and presenting a path forward toward improved models for denuded zones and localized grain boundary 

absorption phenomena. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

In recent years, much attention has been put toward the devel- 

pment of advanced materials possessing, enhanced radiation tol- 

rance and the capacity to heal damage, thereby markedly improv- 

ng the safety and sustainability of nuclear energy. One strategy to 

educing or removing radiation-induced damage is grain boundary 

GB) engineering, an approach in which materials are processed 

o obtain microstructures with specific GB character distributions. 

Bs act as sinks for radiation induced defects where the defects 

re absorbed and effectively eliminated [1–3] ; however, numerous 

tudies have demonstrated wide variations in sink behavior of dif- 

erent interfaces [4–7] . 

GB sink efficiency, η, is a parameter that characterizes the abil- 

ty of GBs to absorb nearby point defects and is defined as the 

atio of defects absorbed by a particular boundary to defects ab- 

orbed by a perfect boundary in which defects are not reemitted, 

= J measure /J perfect [ 4 , 8–11 ]. Sink efficiency can be explicitly quan-

ified through the characterization of point defect concentration 
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ear the GB [12] . It is also known to be a function of the degrees

f freedom of a GB, both macroscopic (including misorientation an- 

le and the GB plane) and microscopic, yet direct measurements of 

B character dependencies are not straightforward [13] . Currently, 

he most widely utilized experimentally quantifiable indicator of 

efect sink efficiency, has been the width of defect free areas adja- 

ent to interfaces known as defect denuded zones [ 9 , 14 ]. The cor-

elation between GB sink efficiency and defect denuded zone for- 

ation near the grain boundary can be quantified through the re- 

ationship between the efficiency, η, to denuded zone width, λD,Z , 

s illustrated in Beyerlein et al. [15] : 

i, v 

√ 

k s v ,i 
D v ,i 

= ln ηi, v − ln 

(
1 − �c v ,i 

k s v ,i 
k 0 

)
, (1) 

here λi,v is the denuded zone width, k sv,I is the coefficient of 

he defect-sink reaction rate, k 0 is the defect diffusivity within the 

rain, �c is the critical defect concentration for loop or void nu- 

leation. In Eq. (1) , η represents the sink efficiency describing the 

apability of the sink to absorb defect clusters as a GB is evolv- 

ng with point defect insertion; i and v indicating interstitial and 

acancy, respectively. In the present study, the ability of the indi- 

idual GBs to absorb defects, hereinafter is designated as “sink ef- 

ciency ( η)”. Denuded zones are consequential side effects of de- 

ect interactions with sinks. Experiments in Cu [16] , Au [17] , and 

iCr [18] have all shown that the denuded zone widths in mate- 

ials may vary significantly with GB character. Han et al. investi- 

https://doi.org/10.1016/j.actamat.2022.117624
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http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2022.117624&domain=pdf
mailto:mtaheri4@jhu.edu
https://doi.org/10.1016/j.actamat.2022.117624
jwen
Rectangle

jwen
Rectangle

jwen
Rectangle



J.E. Nathaniel II, P.K. Suri, E.M. Hopkins et al. Acta Materialia 226 (2022) 117624 

g

i

c

t  

v

G  

c

a  

t

�

b

s

n

o

2

d  

l

e

m

n

r

G

c

e

a

t

t

u

f

w

r

s

m

a

e

s

p

i  

i

G

l

t

p  

p

r

o

F

G

b

p

e

i

o  

l

m

c

a

m

c

l

l

p

l

e

C

r

t

t

t

a

a

G

G

d

f

N

d

t

v

t

p

r

t

f

w

o

b

t

t

a

r

t

b

o

t

t

r

i

s

m

c

e

q

5

r

m

c

s

c

p

f

a

h

d

M

a

a

1

s

e

s

2

t

e

ated the GB character dependence of void denuded zones (VDZs) 

n Cu foils irradiated with He ions using transmission electron mi- 

roscopy (TEM) and electron backscatter diffraction (EBSD); varia- 

ions in the widths of the VDZs as well as the size and density of

oids showed strong dependence on GB misorientation angles and 

B plane normals [ 9 , 19 ]. For �3 < 110 > tilt GBs, the VDZ width in-

reased with increasing GB plane inclination angle and VDZ widths 

t non- �3 GBs were larger than at �3 < 110 > tilt GBs. According

o Tschopp and McDowell [20] , increasing the inclination angle for 

3 tilt GBs results in an increase in symmetric incoherent twin 

oundary structural units, which in turn leads to more trapping 

ites for point defects, which deplete the vacancy concentration 

ear the GBs. 

Several studies have identified inconsistencies in the formation 

f defect denuded zones with respect to GB misorientation [21–

3] as well as changes in sink behavior with changes with ra- 

iation conditions [ 24 , 25 ]. Contrary to Han’s findings, in a simi-

ar study on He implanted nanocrystalline Fe thin films, El-Atwani 

t al. found that denuded zone formation had no correlation with 

isorientation angle [26] ; however, their results indicated that de- 

uded zone occurrence showed temperature dependence, and di- 

ectionality of sink efficiency was observed in some asymmetric 

Bs [21] . Furthermore, theories suggesting that GB defect content 

an alter sink efficiency have been hypothesized but have yet to be 

xperimentally validated due to technological limitations [27–31] . 

The efficiency of an interface in annihilating defects is char- 

cterized by its ability to readily absorb defects, which is one of 

he quintessential parameters in the rate theory models of radia- 

ion resistance [32–34] . The sink efficiency of a GB is dependent 

pon its structure and mechanisms of interaction with point de- 

ects; greater sink efficiency correlates with greater denuded zone 

idth, thus, slowing defect accumulation around a GB under ir- 

adiation. Balluffi and Granato derived an expression for the sink 

trength of tilt GBs (a supposition which may be applicable for 

any grain boundary types) under diffusion-controlled conditions: 

ssuming that point defects are trapped at the “hole” or jogs on 

dge misfit dislocations in the GBs, they conjectured that sink 

trength is inversely proportional to the average distance between 

oint defect trapping sites within the boundary and the character- 

stic distance of diffusion of defects to the boundary [ 35 , 36 ]. Us-

ng molecular dynamics to investigate the mobility of defects at 

Bs by examining vacancy migration in �5 tilt boundaries, Bal- 

uffi et al.’s results yielded practical activation energies for migra- 

ion and showed that the jump processes are highly structure de- 

endent features of GB diffusion [ 37 , 38 ]. By calculating the kinetic

roperties of point defects at special boundaries, Sørensen et al. 

ecognized that GB structure also determines whether vacancy 

r interstitial flux dominates GB interactions [39] . More recently, 

rolov et al. established that the introduction of defects within 

Bs changes the boundaries’ intrinsic structure and that “damaged 

oundaries” have significantly different properties than the initial 

ristine structures [ 29 , 30 ]. Complementary results from Uberuaga 

t al. revealed that damaged boundaries, modeled as GBs contain- 

ng an excess of defects, have interactions with defects in the bulk 

f the material differing from pristine GBs [ 24 , 27 ]. These findings

ed to understanding that the sink efficiencies of the interfaces of 

aterials under irradiation are dynamic and evolve with the defect 

oncentration within the GBs and depend on both boundary char- 

cter/structure and nonequilibrium conditions [ 31 , 40 ]. A compli- 

enting contemporary study found that nonequilibrium GB states 

an provide preferential sites for stress propagation, and in turn, 

ocalized stress fields favor dislocation transmission sites [41] . Such 

ocalized stress fields are artifacts from inherent dislocations and 

oint defects near the GB prior to defect absorption. Consequently, 

ocalized deviatoric stress is shown to be a dominating factor in 

lastic interactions between GBs and point defects through Monte 
2 
arlo simulation, enhancing interfacial sink strength through the 

eduction of defect migration barriers [38] . 

Molecular dynamics studies have also shown that GBs con- 

ain alternating regions of high tensile and compressive pressure 

hat influence defect migration. Samaras et al. [ 42 , 43 ], mentioned 

hat when the interstitial clusters approach interfaces within a few 

tomic layers, the clusters encounter the strong pressure gradients 

nd preferentially migrate to regions under tensile stress along the 

Bs. The clusters continue to undergo 3D translations within the 

B in order to maintain a migration path along low-pressure gra- 

ients until the defects are ultimately absorbed and settled into 

ree volume in the GB structure, thereby relieving the tensile stain. 

ovel model conjectures help to frame the understanding of GB 

ynamics, yet further insight into the mechanisms and ramifica- 

ions of defect absorption at GBs is in much need of experimental 

alidation. Of particular interest are the implications of GB struc- 

ure, strain, and defect concentration on sink efficiency: Are these 

arameters coupled or mutually exclusive? Do different interfaces 

eveal unique signatures? Does defect absorption exhibit a struc- 

ure dependent codependence, and if so, how does the propensity 

or GBs to continue to absorb defects evolve with irradiation and at 

hat scale, i.e. should sink efficiency be perceived as an aggregate 

r local descriptor? 

While the influence of localized strain on defect absorption has 

een demonstrated, a reliance on averaging denuded zone absorp- 

ion events to describe GB sink efficiency remains. High resolution 

echniques examining local regions of GB strain put forward more 

ccurate descriptors of grain boundary absorption phenomena in 

eal time. Several indirect methods have been applied to probe 

he structural state of GBs, including GB diffusion [44] , GB mo- 

ility [45] , and GB sliding resistance [46] , however, confirmation 

f modifications by direct experimental observations is elusive due 

o the quantitative precision and instrumental resolution required 

o document atomic scale changes. In this regard, in situ and high- 

esolution transmission electron microscopy (HRTEM) have become 

nfluential tools for defect morphology inspection and interfacial 

train mapping at the nanoscale made possible by the develop- 

ent of quantitative image analysis methods. 

In this study, we connect local defect geometries and interfa- 

ial strain to defect absorption to uncover the sources of GB sink 

fficiency. Geometric phase analysis (GPA), a standard method for 

uantitative-relative strain analysis on the nanometer scale [47–

2] , is used to characterize variances in GB sink proficiency as a 

esult of GB-defect interactions induced by heavy ion bombard- 

ent in Cu bicrystal samples. Inherent strain from localized dislo- 

ations in the interfacial structure of three distinct GBs was mea- 

ured and correlated with defect absorption data contrived using a 

ombination of in situ irradiation, HR-TEM techniques, and image 

rocessing. In calculating the defect cluster flux at different inter- 

aces under the same experimental conditions, disparities in defect 

bsorption rates amongst varying GB types imparts credence to the 

ypothesis that the observed diffusion behavior is consequence of 

istinct interface structural features which emanate elastic fields. 

oreover, defect absorption rates corresponded with trends in rel- 

tive strain measurements where, interestingly, the highest strain 

nd fastest absorption rate belonged to the low angle GB (LAGB) 

4 º, followed by the high angle GB (HAGB) 22 º with the median 

train and absorption rates, and the coherent twin (CTB) �3 GB 

xhibiting the lowest strain and slowest, yet most consistent, ab- 

orption rate. 

. Experimental procedure 

Bulk Cu bicrystals provided by collaborators at Los Alamos Na- 

ional Laboratory were wafered into 0.3 mm thick, 3.0 mm diam- 

ter discs via wire electrical discharge machining. The specimen 
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Fig. 1. SRIM results of Kr 2+ ion bombardment of Cu: (black) the average damage per 

incident Kr ion per nm (damage profile) within the sample thickness and (blue) the 

penetration depth of ions. 
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afers were then iteratively thinned by electrolytic polishing in a 

hosphoric acid solution until electron transparent areas approx- 

mately 20–40 nm thick were present. TEM characterization was 

sed to inspect the samples and locate GBs within the thin re- 

ions. Initial TEM was done at Drexel University using a JEOL 2100F 

EG; subsequent atomic resolution, energy-filtered imaging using 

he Argonne Chromatic Aberration-corrected (ACAT) FEI Titan 80–

00 ST microscope with a CEOS Cc/Cs corrector was completed at 

rgonne National Laboratory. To avoid ambiguities and accentuate 

he impact of GB character, the three samples used contained GBs 

f different types exhibiting distinct misorientations angles: a 14 °
 10 - 3 2 ] LAGB, a 22 ° [ −9 −4 3] HAGB, and a �3 60 ° [ −1 −1 1]

TB. GB angles were calculated by measuring the rotation angles 

etween spots in Fourier transform filtered images and confirmed 

sing automated crystal orientation mapping (ACOM). GB normal 

lanes were determined to be { −1 −1 0}, {1 1 0}, and {1 1 1}

or the LAGB, HAGB, and CTB, respectively given crystal coordinates 

nd GB trace [53] . For detailed analysis, refer to the Supplementary 

aterial (Figures S1-S3). 

GPA [ 47 , 54 , 55 ] was performed on the atomic resolution TEM

mages to produce relative strain maps of the GBs before irra- 

iation. Comprehensive relative strain analysis is based on lat- 

ice imaging taken with the aberration-corrected TEM to mini- 

ize imaging artifacts, e.g. delocalization of the image contrast 

t interfaces [ 56 , 57 ]. Initially proposed for the study of strained

etal multilayers [58] and nanocrystals [59] , GPA has been suc- 

essfully applied to a wide variety of systems such as thin films 

60] , nanowires [61] and bilayer materials [62] ; the accuracy of 

he technique has also been verified by the study of known dis- 

ocations in silicon [ 63 , 64 ]. GPA algorithms use Fast Fourier trans-

orms of atomic resolution images to quantify displacement and 

train fields in crystalline materials at nanoscale resolution. Strain 

n a region of interest (ROI) is measured relative to a reference area 

ith minimal deformation within the sample. Fourier transforms 

f atomic resolution micrographs are used to obtain information 

bout the lattice planes and calculate a geometrical phase image 

rom which deformation maps are produced. 

Irradiation experiments were conducted in situ at the IVEM at 

rgonne National Laboratory using the NEC implanter. Irradiation 

xperiments were video recorded under a multibeam imaging con- 

ition to obtain sufficient image contrast and optimize defect ob- 

ervation. Samples were irradiated with 1 MeV Kr 2 + ions at room 

emperature under vacuum to a total damage level of 0.5 dpa (a 

uence of ∼ 3.7 × 10 14 ions/cm 

2 ). Damaged boundaries are ex- 

ected to interact differently with defects than pristine boundaries, 

ence the low radiation dose was chosen to keep the GBs as pris- 

ine as possible while elucidating the initial stages of GB dam- 

ge. The irradiation damage conditions were determined using the 

uick Kinchin-Pease calculation in SRIM 2013 with a 40 eV dis- 

lacement threshold energy and 0 eV lattice binding energy for Cu. 

early all incident Kr ions were expected to have been transmit- 

ed through the film without any implantation or backscattering. 

he SRIM simulation projected that the damage profile progresses 

inearly with the peak damage occurring beyond the foil thickness 

see Fig. 1 ). 

Quantitative characterization of the defect evolution was con- 

ucted by analyzing the in situ video frames post irradiation. De- 

ect density was tracked with respect to damage dose/time in ROIs 

ext to the GBs to calculate a defect absorption rate. Still frame im- 

ges were extracted from the in situ videos in 60 second intervals 

orresponding to 0.01 dpa steps up to 0.1 dpa, then the sum of the 

rojected areas of the visible defects in a 200 nm by 50 nm area

djacent to the GB (see Fig. 2 a) was measured using the Photoshop 

election tool and ImageJ particle analysis protocol as outlined in 

65] . Defect densities were plotted as a function of dose/time, and 

efect absorption rates were calculated by measuring the initial 
3 
lope of the linear fit of the defect density trend until the defect 

ensity values began to decrease. 

Additionally, defect denuded zones were measured from micro- 

raphs collected of each of the three GBs studied at the terminal 

ose of 0.5 dpa. Denuded zone width was calculated by outlining 

nd measuring the defect free area along 150 nm adjacent to the 

Bs using the freehand polygon tool in ImageJ then dividing by the 

ength of the area (150 nm) (see Fig. 2 b). For each GB the same

nalysis was performed on five images and then averaged. 

. Results 

High-resolution micrographs of the three GBs of interest cap- 

ured before irradiation are shown in Fig. 3: ( Fig. 3 a) low angle

LAGB) 14 ° [ 10 - 3 2 ], ( Fig. 3 b) high angle (HAGB) 22 ° [ −9 −4 3],

nd ( Fig. 3 c) a coherent twin (CTB) �3 60 ° [ −1 −1 1]. GPA was

erformed on the micrographs to obtain deformation maps ex- 

ibited in Figs. 3 d-f, respectively. Line scan strain profiles were 

cquired 1–2 nm adjacent to each GB as indicated by the dot- 

ed white rectangles on each respective deformation map. Relative 

train measurements were normalized against a reference area se- 

ected in comparatively strain free areas away from the boundaries 

dentified by the faint yellow squares annotated “ref”. The strain 

easure profiles for each GB are displayed in Figs. 3 g-i, respec- 

ively, and the mean interfacial strain and standard deviation val- 

es are listed in Table 1 . The LAGB had the highest interfacial strain

t 0.71%, followed by the HAGB at 0.064%, and lastly the coherent 

3 GB at −0.07%; positive strain values correlate to a tensile stress 

nd negative values correlate to compressive. 

Fig. 4 depicts the defect densities as a function of time (dam- 

ge dose) up to 600 s (0.1 dpa) for the LABG, HAGB, and CTB sam-

les, respectively. Defect quantification methodology is described 

n Supplemental Material (Figure S4). The defect density values for 

ll three GBs showed an initial increase (but to different magni- 

udes) then modulated at different amplitudes. For the low angle 

ample, the defect density values had the most variance after ir- 

adiation going between 11 �10 22 m 

− 3 and 37 �10 22 m 

− 3 . The 

igh angle defect density values wavered between 4 �10 22 m 

− 3 

nd 23 �10 22 m 

− 3 , and the �3 defect density climbed fairly 

onsistently with values spanning from 4 �10 22 m 

− 3 to 18 �10 22 

 

− 3 . The defect absorption rates calculated from the linear trend- 
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Fig. 2. Depiction of quantitative defect analysis: (a) still image extracted from in situ irradiation video of the LAGB; yellow box identifies 50 nm x 200 nm area in which 

defect density was calculated. (b) TEM image of LAGB annotated with parameters used to measure defect denuded zone width. 

Fig. 3. Pre-irradiation high-resolution, bright field micrographs (with insets of Fourier transform) of (a) LAGB, (b) HAGB, and (c) CTB bound- 

aries. Deformation maps corresponding to (d) LABG, (e) HAGB, and (f) CTB produced via GPA of the corresponding micrographs. Extracted strain 

( εxy) profile acquired from the ROI (identified by the dotted white outlined boxes) adjacent to the (g) LAGB, (h) HAGB, and (i) CTB. 
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Table 1 

Interfacial strain and defect absorption rates at the GB. 

GB Type GB Misorientation GB Plane Interfacial Strain (%) - Mean Interfacial Strain(%) - StdDev Defect Absorption Rates ( −10 22 m 

-3 s -1 ) 

LAGB 14 ° [10 −3 2] { −1 1 0} 0.71 2.41 0.20 

HAGB 22 ° [ −9 −4 3] {1 1 0} 0.64 0.61 0.09 

CTB 60 ° [ −1 −1 1] �3 {1 1 1} −0.07 0.39 0.01 

Fig. 4. Defect density as a function of time for the (a) LAGB (14 º), (b) HAGB (22 º) GB, and (c) CTB �3 (60 º) GB; green dotted line represents the trendline from which the 

defect absorption rate was calculated. Error bars represent 10% spread around the data points. 

Fig. 5. Interfacial strain as a function of denuded zone width (and corresponding 

standard deviations) for the LAGB, HAGB, and coherent �3 GB. 
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ines were 0.20 �10 22 m 

− 3 s −1 , 0.09 �10 22 m 

− 3 s −1 , and 0.01 �10 22 

 

− 3 s −1 for the low angle, high angle, and �3 GBs, respectively, 

nd are listed in Table 1 . 

The calculated relative interfacial strain values measured for the 

hree GBs in the pristine state are presented as a function of de- 

uded zone widths in Fig. 5 . The LAGB had the largest denuded 

one at 14.1 ± 1.5 nm, followed by the HAGB at 7.9 ± 2.0 nm. The 

oherent �3 GB denuded zone was measured to be 5.1 ± 1.7 nm, 

hich is less than the mean distance between defects in the ad- 

acent grain, 12.7 ± 3.6 nm, as listed in Table S1. The observation 

hat the defect denuded zone width is smaller than the mean dis- 

ance between defects asserts the minimal effect of special bound- 

ries on denuded zone widths, and suggests the absence of a 

efinitive defect denuded zone. GB character in the LAGB and the 

AGB demonstrates a discernible effect on denuded zone width, 

s the mean distance between defects in the grains adjacent to 

he LAGB and the HAGB were 6.5 ± 3.7 nm and 3.7 ± 2.5 nm, 

espectively. The LAGB had the largest denuded zone width, high- 
5 
st interfacial strain, and largest standard deviation for the strains 

easured compared to the other two GBs. It is interesting to note 

hat upon visual inspection of the micrograph of the LAGB in Fig. 3 ,

islocation cores are clearly visible traversing the length of the GB 

nd extending toward the grain lattice. The large changes, nearly 

% variance, in the strain values for the LAGB evidently correspond 

ith the placement of the dislocation cores. The HAGB did not ex- 

ibit dislocation core structures along the GBs like the LAGB, nor 

id the coherent �3 GB, and the standard deviation of the mea- 

ured strains were four times less than the LAGB. 

. Discussion 

Observations pertaining to the HAGB and the CTB were consis- 

ent with previous works [ 9 , 18 ] where VDZ were minimal at spe-

ial boundaries, such as the �3 〈 1 1 0 〉 tilt GB, and increased with

he GB plane inclination angle and for non- �3/random HAGBs; 

evertheless, the most interesting result pertained to the LAGB. 

ontrary to instinctive predispositions of random HAGBs institut- 

ng the upper rate limit for defect absorption, a theoretical study 

y Szlufarska et al. [66] showed that the sink strength of low- 

ngle GBs can exceed that of high-angle GBs due to the effect 

f GB stress fields. One might expect LAGBs to be poor sinks for 

oint defects and clusters and that their presence would invari- 

bly exhibit a diminished ability to resist radiation damage com- 

ared to HAGBs due to tilt GBs with small misorientation angles 

 < 15 º) containing a lower dislocation density than GBs with larger 

ngles ( > 15 º); however, conversely the results from the study at 

and support Szlufarska et al.’s claims with the 14 º low-angle GB 

aving the largest divergences in strain, highest defect absorption 

ate, and largest defect denuded zone width of the three GBs stud- 

ed. 

Szlufarska et al. calculated sink strength as a function of misori- 

ntation angle for both interstitials and vacancies in fcc Cu. The GB 

ink strength for interstitials exhibited a maximum at a misorien- 

ation angle of ∼2 º and decreased sharply as the angle approached 

 º; interstitial sink strength also decreased and approached the 

alue of a continuous planar sink as the misorientation angle in- 

reased. For vacancies above a misorientation angle of around 4 º, 

he sink strength was constant, and the sink strength decreased 

hen angle was less than 4 º. The authors explained that vacancy- 
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Fig. 6. Relationship between grain boundary strain and interaction range (a) Lattice rotation map generated via geometric phase analysis (GPA) of the high-resolution filtered 

micrograph of 14 º LAGB shown in Fig. 3 a.; inset of magnified image of dislocation core structure of the GB area annotated by the white dashed rectangle. (b) Plot of localized 

strain variation of GB area annotated by red dashed trapezoid in Fig. 6 (a); yellow arrows indicate dislocation core spacings extending from GB. Schematic representations 

of a (c) LAGB and (d) a perfect planar sink, i.e. an idealized random HAGB, exhibiting the extent of the elastic interaction between defects and the GBs, where h is the 

dislocation separation distance and r is the characteristic length of elastic interaction field, i.e. the furthest distance away from GB plane where elastic interaction energy is 

equal to the thermal energy. On the LAGB, red and blue regions indicate positive and negative elastic interaction energy, respectively; opposite signs are above and below 

the dislocation glide plane. Contrarily, a perfect planar sink, formed when dislocation cores merge, is shrouded in purple indicating the cohesion of elastic interaction energy. 
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tress field interactions are much weaker in comparison, as in- 

erstitials have a relaxation volume six times that of a vacancy. 

he model predicted generally constant sink strength for vacan- 

ies consistent with existing experimental data where very little 

ariation was measured for the denuded zones of GBs with mis- 

rientations > ∼2 º, except in the case of special coherent �3 twin 

oundaries [67–69] . 

We assert that the higher defect absorption rate for the LAGB is 

onsequent of higher strain magnitude effectively attracting more 

oint defects compared to the HAGB and the CTB. Fig. 6 depicts 
6 
he relationship between interfacial strain and defect interaction. 

eferencing the lattice rotation map shown in Fig. 6 a (correspond- 

ng to the LAGB depicted in the high-resolution micrograph and 

elative strain map in Fig 3 a and d), dislocation core structures are 

learly visible along the GB (see Fig. 6 a inset). While local strain 

elds extending from each dislocation do not produce long range 

ffects, presumably the hydrostatic components of the stress im- 

osed interacts with the volumetric strain of point defects in the 

icinity of the GB produced in the damage cascades. This phe- 

omenon is not present in HAGBs because as tilt angles exceed 

jwen
Rectangle

jwen
Rectangle



J.E. Nathaniel II, P.K. Suri, E.M. Hopkins et al. Acta Materialia 226 (2022) 117624 

1

b

e

p

m

o

m

v

g

f

fi

s

t

w

o

s

c

h

b

w

t

a

g

i

t

s

i

e  

o

t

f

t

a

j  

d

w

m

r

t

c

s

i

n

d

l

t

h

t

s

t

[

c

t

d

a

[

l

u

t

b

N

t

a

i

s

t

s

c

s

f

w

t

p

w

f

c

c

f

u

t

S

s

t

a

t

s

b

c

i

f  

[

a

f

s

t

a

d

b

h

p

c

r

c

h

t

l

u

s

t

V

e

f

t

r

d

t

fi

s

o

m

h

i

t

5

f

a

5 º, dislocations begin to overlap, hence historically, HAGBs have 

een modeled as continuous planar sinks. A LAGB can be mod- 

led as a partition composed of parallel edge dislocations as de- 

icted schematically in Fig. 6 c; the stress field of a low-angle sym- 

etric tilt GB can be calculated by superimposing the stress fields 

f an array of parallel dislocations and is composed of both nor- 

al and shear components. It has been expressed analytically and 

ia molecular dynamics (represented schematically in Fig. 6 d) that 

enerally as GB misorientation angles increase, stress decreases, i.e. 

or HAGBs, dislocation density increases causing their local stress 

elds to cancel as GB angle increases, ultimately resulting in sink 

trength decreasing [ 66 , 70 ]. 

Twin GBs have been well studied and it is generally accepted 

hat coherent �3 GBs are very stable and have little interaction 

ith defects compared to random grain boundaries [ 16 , 18 ]. More- 

ver, in the current study, the �3 GB having the lowest strain and 

lowest defect absorption rate was anticipated. The fairly steady in- 

reasing defect density in the �3 sample is characteristic of the GB 

aving minimal interaction with irradiation-induced defects, not 

eing an effective sink, and the defects consistently building up 

ith continued bombardment. On the contrary, the defect densi- 

ies for the low-angle and high-angle GBs exhibit incessant fluctu- 

tions which can be interpreted as side effect of defects congre- 

ating, arranging, and being absorbed. We assert that the variabil- 

ty of the HAGB and LAGB’s defect densities with sustained irradia- 

ion correspond to defect absorption, accommodation, and the sub- 

equent structural modifications, which in turn instigate changes 

n sink efficiency comparable to the phenomena described by Bai 

t al. and Frolov et al. [ 27 , 29 , 30 ]. Results from a phase field model

f dislocation climb describing defect absorption at LAGBs show 

hat GB sink strength is not only determined by long-range de- 

ect diffusions (such as in the case of a perfect sink) but also 

he short-range reactions between defects and dislocations such 

s in the mechanisms related to vacancy absorption at dislocation 

ogs [71] . In a model study in Cu, Uberuaga et al. [31] found that

amaged GBs, modeled as boundaries with excess defect content, 

ould have stronger interactions with defects in the bulk of the 

aterial differing dramatically from pristine GBs. This led them to 

esolve that the sink efficiencies of interfaces are not static quanti- 

ies but evolve in a complex manner during irradiation, as the con- 

entration of defects within the GB will depend on both boundary 

tructure and irradiation conditions. These recent findings advocat- 

ng how structural adaptation and multiplicity affects the mecha- 

isms of the defect absorption explain the fluctuations in defect 

ensities and effectively perturbed absorption rates. 

In transparency, we recognize that “absorption rate” is a 

oaded term that embeds the possibility of adjacent recombina- 

ion/annihilation events, and that those events could be locally en- 

anced or exacerbated by intrinsic and extrinsic dislocations in 

he GB. Intrinsic dislocations are present in the LAGB equilibrium 

tructure prior to irradiation, resultant from the misfit of two lat- 

ices, inducing periodic arrays of dislocations, or dislocation cores 

72] . The LAGB exhibits more strain due to the extending dislo- 

ation cores hence more defects are attracted and congregate at 

he interface; however, though the LAGB may demonstrate stronger 

efect attraction and accumulation at the interface, subsequent 

nnihilation rather than full absorption may occur. Chen et al. 

73] recently established that capability of a GB to absorb Frank 

oops is dependent on the misorientation angle and local structural 

nits. Theoretically, a LAGB will have less free volume compared 

o a HAGB, therefore, there will be less space for the defects to 

e accommodated. In Szlufarska et al.’s model, the implicit Crank–

icolson scheme is incorporated to account for sink strength being 

ime-dependent. For both vacancy and an interstitial sink strength 

s a function of time, it was determined that the GB sink strength 

s initially very high (infinite at t = 0 s) then approaches steady- 
7 
tate values beyond 1.0 nanoseconds. Since the diffusivity of in- 

erstitials is orders of magnitude faster than that of vacancies, the 

teady state is reached much faster for interstitials than for va- 

ancies ( > 2 s). For LAGBs, in particular, the time-dependent sink 

trength of interstitials was consistently larger than that of the per- 

ect planar sink (i.e., a HAGB), whereas the vacancy sink strength 

as very similar to that of the perfect planar sink. This is credited 

o the relaxation volume of the interstitial being 22.44 Å 

3 com- 

ared to −3.80 Å 

3 for vacancies. These conclusions are also in line 

ith the absorption rate data as interstitials insistently seek the 

ree volume within the dislocation cores in the LAGB. The model 

ompetently describes the defect-sink relation but only up to a 

ertain point; with increasing time, the concentration of point de- 

ects approaches the steady-state solution in which the GB is sat- 

rated, however this does not account for structural reorganiza- 

ion or transformations as prescribed by Bai et al. and Frolov et al. 

tructural reconfigurations potentially allow for a sink strength “re- 

et” without altering the GB macroscopic character while permit- 

ing the interface to continue accommodating more defects. Foley 

nd Tucker [13] contend that under continuous damage accumula- 

ion, a grain boundary will evolve through many non-equilibrium 

tates until a steady “damaged” state is found that is higher in 

oth energy and free volume than the equilibrium state. The errati- 

ism (or the stability in the case of the CTB) of the defect densities 

s perceived as an artifact of defect coaction amid the respective 

ree volume in the GBs. It is also of interest to note Frolov et al.’s

30] detection of the temperature dependence of GB free volume 

nd structure, furthermore, accentuating how sink efficiency is ef- 

ected in addition to diffusion parameters. 

The affinities between interfacial strain and sink strength are 

patially articulated in Fig. 5 . The dislocation cores extending from 

he LAGB strongly affect def ect absorption, com pared to the HAGB 

nd CTB, as evidenced by the significant denuded zone width un- 

erlining a localized factor to defect-sink interactions. Compara- 

ly, experimental results suggest that non-equilibrium GBs may 

ave higher sink strengths than their equilibrium counterparts and 

rovide ample radiation toleration [ 6 , 74 , 75 ]. Non-equilibrium GBs 

haracteristically possess excess defect concentrations, disordered 

egions, steps, ledges, extrinsic defects, and more complex dislo- 

ation/disclination systems; these features correlate to relatively 

igher energy, strain, excess free volume, disordered atomic struc- 

ure, and energetically metastable states compared to their equi- 

ibrium analogs. Simulations have shown that the excess free vol- 

me contained by non-equilibrium GBs contribute to a decreased 

urvival rate of point defects produced in damage cascades in 

he vicinity of the GB [76] . In an in situ irradiation experiment, 

etterick et al. found that nanocrystalline Fe comprised of non- 

quilibrium GBs contained both a lower number density of de- 

ect clusters and a smaller average defect cluster size compared 

o an annealed, thermodynamically stabilized sample with equilib- 

ium GBs irradiated under the same conditions [77] . Similar to the 

istinguishable dislocations of the LAGB, stair configuration struc- 

ural units have been identified in twin GBs to accommodate mis- 

ts within 10 ° deviated from the perfect structure [78–81] . The re- 

olved stress associated with the complex, local dislocation content 

f LAGBs, deviated special boundaries, and non-equilibrium GBs 

anifest greater excess free volume compared to random HAGBs; 

owever, it remains to be systematically studied if these aberrant 

nterfaces encourage extensive defect-GB interactions that may po- 

entially enhance sink efficiency and radiation tolerance. 

. Conclusion 

The results from this work provide definitive evidence of inter- 

aces differing in macroscopic character displaying unique defect 

bsorption proclivities. The study resolved defect sink efficiency 
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s a function of interfacial strain associated with GB character, 

nd furthermore, showing that the proficiency for GBs to absorb 

efects is not necessarily static and can exhibit substantial vari- 

bility even at low irradiation doses. Interestingly, the LAGB (14 º
isorientation) possessed the largest relative strain and exhibited 

he fastest defect absorption rate and widest defect denuded zone, 

ompared to a random HAGB (22 º misorientation) and a coherent 

3 GB. The research combined quantitative microstructure analysis 

t high-resolution with defect absorption rate and denuded zone 

easurements. The discernable dislocation content of the LAGB 

anifested localized strain gradients which encouraged extensive 

B-defect interactions enhancing sink efficiency. 

These experimental results corroborate literature reporting mi- 

roscopic degrees of freedom crystallographic parameters – not 

ust GB plane and misorientation angle – and also play an im- 

ortant role in determining the sink efficiencies of GBs. This work 

rovides the first systematically acquired quantitative experimen- 

al evidence supporting the GB strain-interstitial accommodation 

odel presented by Samaras et al. [43] and Szlufarska et al.’s 

66] conjecture that LAGBs can be more efficient defect sinks com- 

ared to HAGBs. Though relations detailing the structure of distinc- 

ive GBs with atypical features (i.e. protruding dislocations, stair 

onfigurations, excessive extrinsic dislocation content) and their ef- 

ect on absorption are currently not available, The development 

f a model to describe absorption events in the instance of dis- 

ocation cores and variance in local strain may markedly propel 

fforts at designing advanced, more radiation tolerant materials 

ia GB engineering. Furthermore, more systematic studies of lo- 

al features such as GB structural units are required to understand 

nterface-defect interactions and absorption regarding GB character 

nd metastability. 
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