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Abstract

Though metallic U-Zr fuel has been used in nuclear reactors since the 1960s, many of its fundamental

and thermodynamic properties are still unknown. The α-U phase, which has a highly anisotropic crystal

structure and physical properties, is present in U-Zr fuel. The character and behavior of α-U grain boundaries

will strongly impact fuel thermophysical performance under irradiation. We study the interaction of point

defects with grain boundaries, diffusion along grain boundaries, and the predicted diffusional creep behavior

of α-U via molecular dynamics. We calculate the segregation energy of vacancies and interstitials to grain

boundaries and quantify the biased sink strength of the grain boundaries, and observe that this sink strength

is not strongly dependent on the grain boundary orientation. We also find that grain boundary diffusivity

is strongly dependent on the grain boundary energy and grain boundary orientation. The presence of point

defects within the grain boundary can induce diffusion in grain boundaries with low formation energies

and can enhance diffusion in high-energy grain boundaries. We also find that diffusional creep of α-U at

prototypical metallic fuel operation conditions is extremely high and could help explain observed metallic

fuel swelling behaviors.

1. Introduction

Uranium-zirconium alloys are being qualified as metallic nuclear fuels and have historically been used

in sodium-cooled fast reactors. Metallic fuel has demonstrated excellent safety performance in off-normal

reactor conditions and provides benefits to fuel fabrication and reprocessing over traditional oxide fuel [1].

Existing in the form of fuel pins (either solid or annular in cross-section), a radial thermal gradient occurs5

across the metallic fuel during operation. Due to this thermal gradient, constituent redistribution of U and

Zr occurs, causing chemical inhomogeneity [2]. In U–Zr metallic fuel with a solid cross-section, the dominant

microstructure of the outer periphery consists of an α-U phase matrix [3] with δ-phase UZr2 lamellae. In

the case of annular U-Zr fuel, α-U is the primary phase of the uranium-rich regions [4, 5]. α-U is the low-

temperature phase of uranium which is stable up to 935 K [6] and has a low-symmetry orthorhombic structure10

with four atoms in the unit cell [7]. The structure of α-U is made up of close-packed corrugated planes of

atoms that are parallel to the (010) plane with a corrugation direction of [001]. The physical properties of

α-U are highly anisotropic (for instance, anisotropic thermal expansion and anisotropic radiation growth),
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and this anisotropy is attributed to these corrugated planes [8]. Bonds between the corrugated planes are

weaker than the bonds in-plane, resulting in a 30% smaller elastic constant in the [010] direction compared15

to the two other directions [8]. The [010] direction also shows the lowest electrical resistivity and a negative

coefficient of thermal expansion. Due to its anisotropic structure, α-U also shows anisotropic point defect

strain fields and transport properties [9, 10, 11, 12, 13], causing complex bulk behaviors in polycrystalline

α-U.

One of the important sources of point defects in nuclear fuel is primary radiation damage caused by20

fission fragments. As fission fragments travel through the material, they cause atomic displacement cas-

cades, producing defects. As the displacement cascade process comes to an end, most (but not all) defects

recombine; however, the presence of surviving defects within the microstructure can alter the properties of

the material. For example, adding point defects (specifically vacancies at lower temperatures) reduces the

thermal conductivity of α-U[14]. As most practical materials show imperfections such as pre-existing de-25

fects, interstitial clusters, voids, and interfaces, these defects play an important role in assessing the dynamic

evolution of a material under irradiation. There are several specific irradiation phenomena in α-U that are

not well understood; one of them is grain boundary tearing. At higher temperatures (673 K to 773 K) [15],

jagged voids are formed along the grain boundaries (GBs) of α-U, which is known as α-tearing and is a key

phenomenon in U-Zr nuclear fuel. α-U shows rapid macroscopic swelling (more than 350% volume increase)30

when α-tearing takes place [8]. Anisotropic thermal and irradiation responses resulting in the weakening of

GBs are considered the most likely reasons for the α-tearing phenomenon [16, 17, 18].

Decades of experimental and computational studies show that GBs act as sinks for radiation-induced

defects [19, 20, 21, 22]. Depending on the irradiation conditions, GBs can either enhance or reduce the

radiation tolerance of the system [23]. Moreover, GBs can modify both defect generation and annihilation35

rates, depending on the irradiated material type [23, 24]. The presence of GBs in Fe and Cu results in

fewer surviving interstitials compared to single crystals [25, 26], whereas an insignificant effect is observed

on in-grain surviving defects due to radiation damage in cubic SiC nanocrystals[20]. Another important

consideration for defect interaction with GBs is the structure and orientation of the GBs [23, 27, 25]. Point

defect interactions with GBs can explain the formation of a denuded zone near GBs in different irradiated40

metallic systems such as Cu, Ni, and Fe [28, 29]. A recent molecular dynamics study on a Fe-Cr alloy shows

that a lower segregation energy of Cr compared to Fe interstitials may drive the depletion of Cr atoms at

the GB in ferritic/martensitic Fe–Cr alloys during irradiation [26].

Several studies on metals and oxides are available for interstitial, substitutional, and vacancy interactions

with GBs. Among nuclear fuel materials, most of the atomic studies found in the literature are regarding45

UO2. Xe atoms show preferential segregation in UO2 to random GBs rather than to tilt or twist GBs [30, 31].

Spherical nano-clusters of Xe are also more stable at GBs of UO2 than in the bulk [32]. Only one study on

defect interactions with GBs exists for non UO2 fuel, which studied U3Si2 [33]. That study observed that

symmetric tilt GBs act as a preferential site for the segregation of U point defects.
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The grain boundary self-diffusion of metallic systems is also a point of great importance to microstructural50

evolution. GB self-diffusion in polycrystalline materials refers to the displacement of atoms along the grain

boundary by overcoming the migration energy barrier within the GB area [34]. The grain boundary diffusion

rate of the material can be altered by adding defects such as other chemical species. For example, Cu

impurities reduce the diffusion rate of Al atoms at grain boundaries [35]. This change in diffusion rate

can alter the response of a material under thermal cycling or irradiation at low stress and strain rates, as55

thermally activated deformation mechanisms (such as creep) are highly rate-sensitive [36]. Grain boundary

self-diffusivity can be used to estimate diffusional (Coble) creep [37], which occurs at grain boundaries

and is dominant at low stresses and temperatures [38, 39, 40]. Because of the mass transport that occurs

during Coble creep, cracks and voids can potentially form, which can degrade the mechanical performance

of the material. Grain boundary sliding is another important GB deformation mechanism that helps to60

prevent crack formation at GBs and can also be correlated to GB self-diffusion [41]. For polycrystalline

materials at intermediate temperatures, grain boundary sliding is one of the prominent deformation processes

[42]. Intrinsic grain boundary sliding is usually accommodated by either point defect diffusion [42] or grain

boundary dislocation motion [43]. Quantification of the sliding rate requires the incorporation of grain

boundary self-diffusivity into the strain rate formula for either mechanism. In addition, GB diffusivity65

is also crucial for predicting grain growth, precipitation of secondary phases, and GB mobility [41, 42].

Atomistic methods are very efficient in calculating the GB self-diffusivity and GB formation energy[36].

Using molecular dynamics, aluminum GBs at 750 K show GB sliding, which is not only dependent on GB

orientation but also on the critical external stress [44].

Usually, GB self-diffusivity is higher than the bulk diffusivity of metals by approximately 4 to 8 orders70

of magnitude, as grain boundaries provide a short circuit path for diffusion [45]. However, the dominant

diffusion process within a material depends on the relative magnitude of the multiplication of either the

GB diffusivity and GB width or bulk diffusivity and the sink-source interactions [46]. Thus, the GB self-

diffusivity, the GB-point defect interaction length, and the point defect segregation energy are needed to

understand the radiation-induced microstructural evolution of nuclear materials such as α-U. Several ex-75

perimental methods have been developed to calculate the average GB self-diffusivity of a material. In a

study of thermal ratcheting in nanocrystalline α-U, the GB self-diffusivity was calculated by considering

the 40 % to 60% smaller activation energy for vacancy formation along GBs [36]. Moreover, slip-assisted or

diffusion-assisted GB sliding are the dominant plastic relaxation mechanisms in polycrystalline α-U between

the temperature range of 573 K and 823 K [36]. Using bi-crystals with different tilt angles to study the GB80

diffusivity has been shown to be a very effective method [47], but has not been applied to α-U. However,

variations on the GB shear plane, tilt angle, and grain boundary energy, must be included to improve the

quantification of diffusivity of an anisotropic material like α-U. Though several atomistic studies are available

on the point defect properties of α-U [48, 13, 49], to the authors’ knowledge no studies have been performed

on the planar defect transport or the interaction between planar and point defects.85
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The focus of the current study is to use classical molecular dynamics to explore the segregation of

point defects at GBs and to quantify GB self-diffusion as a function of temperature and GB type in α-U.

By determining the point defect formation, segregation, and diffusion through GBs, this work will aid in

understanding the radiation damage response of polycrystalline α-U.

2. Computational Details90

The U-Mo angular dependent potential (ADP) from Starikov [49] is used in the classical molecular

dynamics simulations utilizing the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)

[50]. This interatomic potential reasonably predicts a number of properties in α-U, γ-U, and γ-U-Mo alloys.

A Nosé-Hoover barostat is implemented for the anisotropic relaxation of the system in all directions with

a damping factor of 0.1 ps. For temperature control, either a Nosé-Hoover or a Langevin thermostat is95

utilized (depending on the calculated properties) with a relaxation time (or damping time) of 0.1 ps. When

the volume and energy of the system reach equilibrium (i.e., oscillating around a given value), the values of

observable parameters (energy and volume) are collected.

From previous work [9], the authors have determined the grain boundary energy (Egb) of a number of

symmetric tilt grain boundaries (STGB) in α-U at 500 K. We have classified STGBs into three categories:100

tilt axis 〈1 0 0〉, shear plane (0 0 1) (denoted as type A); tilt axis 〈0 0 1〉, shear plane (0 1 0) (denoted

as type B); and tilt axis 〈0 0 1〉, shear plane (1 0 0) (denoted as type C). The same nomenclature will be

utilized here when discussing STGBs in α-U. For the choice of which GBs to investigate, both a high-energy

and low-energy GB from each of the A, B, and C types are selected. The listed orientations are provided in

Table 1, where low-energy GBs are denoted by a 1 (e.g., A1), and high-energy GBs are denoted by a 2 (e.g.,105

C2).

Table 1: Selected STGBs of α-U.

ID Plane Type Energy

A1 (3 12 0) A low

A2 (12 3 0) A high

B1 (2 0 1) B low

B2 (1 0 4) B high

C1 (0 18 25) C low

C2 (0 9 10) C high

The following two subsections describe the computational details for the defect interaction study and the

GB self-diffusion analysis, respectively. The range of the temperature studied is 300 K to 600 K for point

defect interaction with GBs and 500 K to 750 K for GB self-diffusion.
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2.1. Point Defect Interactions with Grain Boundaries110

Grain boundaries are formed following the methodology from Mahbuba et al. [9]. The relaxed system

is then subdivided into segments parallel to the tilt plane, where the closer the segment is to the grain

boundary, the thinner it is. The maximum width of a segment is 10 Å (at the center of the grain) and the

minimum width of a segment is 3 Å. A point defect is randomly introduced in a given segment, the system

is relaxed for 50 ps, and the energies are averaged over the last 12.5 ps. A relatively short time period is115

chosen for the analysis of defect energies to avoid the diffusion of the defects out of the targeted segment. As

the formation energy of the random point defects is stochastic at non-zero temperatures, each defect type in

each segment is simulated forty-eight times by varying both the initial velocity distribution and the defect

positions to have a statistically significant result. The defect formation energy in bulk α-U (without grain

boundaries) is also determined for comparison, where a defect is inserted into the structure followed by a120

relaxation of 200 ps.

The formation energy (Ef) of a point defect is calculated as:

Ef(r)i/v = E(r)(n±1) −
[
n± 1

n

]
× En (1)

where Ef(r)i/v is the formation energy of a point defect at a distance r from the GB, i/v represents interstitial

and vacancy respectively, E(r)(n±1) is the potential energy of a system with a point defect at a distance

r from the GB, n is the number of atoms in the defect-free system, and En is the potential energy of a

defect-free system. Here, a + sign is used when an interstitial is considered (adding an atom) and a − sign125

is used when a vacancy is considered (subtracting an atom). Given that a segment has a fixed thickness,

r denotes the distance from the GB center to the center of the segments described earlier. The simulation

box length is chosen such that there is no interaction between the two grain boundaries, denoted by GB1

and GB2 in Figure 1. Thus, the Ef of the point defect at a fractional distance of 0.5 from the GB should be

equal to the Ef of that defect in pristine α-U.130

(a)

Figure 1: A snapshot of the simulation box which consists of two grain boundaries (GB1 and GB2) and an interstitial. GB1

and GB2 are the same grain boundary. The fractional distance is defined such that it is 0 at the GB1 core and 1 at the GB2

core.
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Utilizing these distance-dependent formation energies, the segregation energy (Es) and the interaction

length (lint) are calculated. Es is defined as:

Es(r)i/v = Ef(r)i/v − Ebulk
f,i/v (2)

where Ebulk
f is the formation energy of a point defect in the bulk α-U system and Ef (r)i/v is the formation

energy of a defect in a bi-crystal α-U system at a distance r from the GB. In this formulation, a positive Es

indicates an attraction of the point defect to the GB, while a negative Es indicates that it is thermodynam-135

ically unfavorable to form a point defect adjacent to the grain boundary. The lint is the length at which the

Es(r) becomes zero, indicating that there is no interaction between the defect and the GB.

2.2. Diffusion in Grain Boundaries

Self-diffusion along grain boundaries is calculated via MD simulations by relaxing a grain boundary in

an NPT ensemble as described in section 2.1. This relaxed structure is further evolved by keeping the140

volume fixed for 3 ns to 5.5 ns, depending on the temperature of interest, with higher temperatures using

shorter relaxation times. During these diffusion calculations, the Nosé-Hoover thermostat is implemented

to mitigate the impact of switching from an NPT to an NVT ensemble. Due to the implementation of the

Langevin thermostat, converting from an NPT to an NVT ensemble generates some residual stress within

the system which is avoided via the exclusive use of the Nosé-Hoover thermostat/barostat. The differences145

in thermostat/barostat should make no difference in the actual simulation behavior, but this distinction is

included here for completeness.

The mean squared displacement (MSD) of the atoms around the GB (considering a spatial bin centered at

the GB in the middle of the simulation box) is calculated as a function of time to obtain diffusion coefficients.

To obtain statistically significant results, six different simulations are performed at each temperature. The

number of atoms in the diffusivity simulations varies between 6,000 to 10,000 depending on the GB type.

The GB area varies between 700 - 1300 Å2. The GB spatial bin thickness (lsb) is related to the GB structure

(structural width of GB [51] obtained from the common neighbor analysis at the specific temperature) and

valued as 16 Å to 20 Å. The MSD is only recorded for atoms within a thickness of lsb related to the GB

structure and denoted by MSDsb. After the simulations, the GB MSD is modified via the inclusion of the

GB thickness (lGB) as in Equation (3) [52],

MSDGB =
lsb
δ
×MSDsb (3)

identifying the δ from the atomic trajectories showing the atoms move at least one nearest neighbor distance

(obtained from OVITO [53]) of the atoms within the spatial bin. The underlying assumption of this equation

is that the GB area and atomic volume remains same within the lsb and δ lengths. When the simulation is150

run for sufficient time (3 ns - 5.5 ns in this work), atoms within the structural width of the GB contribute

to the diffusion process [51], so that the constant atomic volume assumption is valid. To omit the ballistic
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time period of atom movement, the first 5 ps of the MSD are neglected. For some of the GBs, especially

those with a lower Egb, an additional interstitial needs to be inserted to yield diffusive behaviors. The effect

of the presence of additional point defects on grain boundary diffusion is also explored. In this case, either155

an interstitial or a vacancy is inserted within the GB interaction zone and the MSD is calculated.

The slope of the MSD versus time is incorporated into Einstein’s relationship (Equation (4)) to calculate

the diffusion coefficient at a specific temperature,

DGB =
MSDGB

2dt
(4)

where d is the dimensionality of the diffusion. The degree of dimensionality of diffusion is dependent upon the

specific GB of interest. Finally, diffusivity is plotted as a function of inverse temperature to fit an Arrhenius160

relationship.

Above 750 K, this interatomic potential predicts that grain boundaries begin to induce a phase transfor-

mation to the BCC phase. Analysis of the radial distribution function, in addition to structure analysis tools,

provided evidence of this phase transformation. Thus, our study is constrained to a maximum temperature

of 750 K.165

3. Results

3.1. Point Defect Interactions with Grain Boundaries

In this section, the interaction of an interstitial and a vacancy with six different grain boundaries of α-U

is described within a temperature range of 300 K to 600 K. Figures 2 and 3 represent the formation energies

of an interstitial and a vacancy plotted as a function of the fractional distance from a GB core at 500 K.170

Results for the other studied temperatures (300 K, 400 K, and 600 K) are shown in Figures A1 and A2 in

the appendix. The Ef in these figures are the average Ef of the point defect at that specific distance, and

the fractional distance from the GB is shown up to 0.6, which fully encompasses the extension into the bulk.

There is a common trend among the plots, in that each shows a smaller value of the Ef near the GB, followed

by an increase in the Ef until reaching a constant value at a sufficient distance from the GB. How much the175

Ef of a given point defect is decreased due to the presence of a GB at a specific temperature depends on the

GB type (orientation) and energy, as well as the defect type. For instance, the coherent twin GBs (A1 and

C1) have a negligible effect on the vacancy Ef (see Figure 3a, c), but reduce the interstitial Ef (see Figure 2

a,c). The higher energy grain boundaries (A2, B2, and C2) show strong interactions for both vacancies and

interstitials.180

Error bars in Figures 2 and 3 are twice the standard error of the mean. This is a propagated standard

error considering both the error from the total energy of the pristine GB and a GB with a point defect. A

system with GBs is not an equilibrium system but rather a metastable system, which is a possible reason

for the large error bars of the Ef . As the temperature increases, the magnitude of the error bars further

increases due to increased thermal fluctuations.185
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(a) (b) (c)

Figure 2: Average formation energy of an interstitial at 500 K as a function of fractional distance from (a) type A, (b) type B,

and (c) type C GB core. The red line shows the formation energy of an interstitial in pristine α-U. Error bars here show twice

the standard error.

(a) (b) (c)

Figure 3: Average formation energy of a vacancy at 500 K as a function of fractional distance from (a) type A, (b) type B,

and (c) type C GB core. The red line shows the formation energy of a vacancy in pristine α-U. The error bars show twice the

standard error.

3.1.1. Segregation Energies

In order to describe how a GB will act as a sink, both the magnitude of the Es calculated via Equation (2)

and the distance from the GB core where there is a non-zero Es are important. Since Ef reaches a minimum

value near the GB core, the highest Es is observed at the GB core. The highest Es of vacancies and

interstitials at different temperatures for the studied GBs are shown in Figure 4. The dashed line in the190

figure denotes high-energy GBs, the solid line low-energy GBs, the closed symbol is for an interstitial, and

the open symbol is for a vacancy. In the following, the highest Es (the value at the core) is referred to simply

as the Es.

The Es for interstitials is always larger than the Es of vacancies. For high-energy GBs (A2, B2, C2),

the interstitial Es is approximately twice that of vacancies, while for low-energy GBs, this ratio is even195

larger (approximately 6 times for B1 at 500 K). Physically, the Es dictates the tendency of segregation,

so an interstitial has a greater tendency to segregate in α-U STGBs than a vacancy. In other words, both
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(a) (b) (c)

Figure 4: The segregation energy of a point defect as a function of temperature in (a) type A, (b) type B, and (c) type C grain

boundaries of α-U. In the legend, A1 V denotes a vacancy within the A1 grain boundary and A1 I denotes an interstitial within

the A1 grain boundary. Solid lines are for low-energy grain boundaries and dashed lines are for high-energy grain boundaries.

Open symbols are for vacancies and closed symbols are for interstitials.

vacancies and interstitials will be attracted to the grain boundaries, but the grain boundaries are biased sinks

with a preference for interstitials. The general trend of the ratio of the interstitial to vacancy Es is that it is

larger at lower temperatures (300 K) and smaller at elevated temperatures (600 K). Thus, there is a stronger200

bias for interstitial segregation to grain boundaries at lower temperatures than at higher temperatures. The

maximum Es for a vacancy is observed for the A2 GB at 600 K (1.89 eV), whereas for an interstitial the C2

GB has the maximum value of 2.9 eV at 500 K. STGBs of tungsten also have a bias-absorption effect for

interstitials compared with vacancies at 300 K [25].

The Es is higher for high-energy GBs than for low-energy GBs at a given temperature; that is, high-205

energy GBs are stronger sinks for point defects than low-energy GBs. For instance, at 500 K the Es for

an interstitial is 7.7 times higher for an A2 GB than for an A1 GB. In the case of type C GBs, the high-

energy GB has a 6.2 times higher Es for an interstitial. Interestingly, most lower energy GBs do not show

segregation for vacancies, that is, they do not attract vacancies; as the only lower energy GB that shows

segregation for a vacancy is the B1 GB, a similar comparison for vacancies is only valid for type B GBs. For210

type B GBs, the high-energy GB shows a Es that is 1.5 times and 4.4 times higher than the low-energy GB

for an interstitial and a vacancy, respectively. There is no statistically significant interaction of vacancies

with either A1 or C1 GBs. According to GB segregation theory [41], when the Es decreases, the misfit

between the point defects and the GB core increases compared to the misfit between point defects and the

bulk crystal. As coherent twin boundaries have less atomic misfit, it is expected that the Es should be215
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lower, that is, it is less energetically favorable to fit an additional atom into a well-ordered grain boundary

with little free volume available. These results show that point defect segregation in GBs is more biased for

high-energy GBs than low-energy GBs, and indicate that very low formation energy GBs act as poor point

defect sinks. This result also supports the results available in the literature, that usually twins and coherent

boundaries are not effective sinks for point defects [38]. Furthermore, this shows that the segregation energy220

is more strongly dependent upon the Egb than on the temperature or even the defect type. Within the

studied temperature range, high-energy GBs have on average a 2.5 times higher Es for interstitials than the

low-energy GBs in α-U STGBs. For vacancies, the Es in high-energy GBs is approximately 3 times that of

the low-energy GBs.

To the authors’ knowledge, there are no prior results available for metallic U for comparison, but other225

metallic systems can be considered. For pure Cu, high-symmetry GBs at 300 K [23, 54] have a Egb between

0.31 J/m2 to 0.89 J/m2 and the segregation energy for interstitials and vacancies is calculated within the

range of 1.6 eV to 3 eV and 0.2 eV to 1.1 eV [23], respectively. At 300 K, the Egb of the studied GBs in

α-U is between 0.22 J/m2 to 0.86 J/m2 [9], while the segregation energy varies between 0.42 eV to 2.5 eV

for interstitials and 0 eV to 1.57 eV for vacancies. Thus, for GBs of similar energies, the Es of vacancies is230

similar for fcc Cu and α-U, but interstitials in α-U exhibit somewhat lower Es. For Nb, the Es of a vacancy

around four STGBs was calculated to be between 0.1 eV to 2.2 eV [55]. Moreover, a lower segregation energy

for low-energy GBs is observed for Nb. An MD study on Mo symmetric tilt GBs showed a higher Es for

interstitials than vacancies[56]. Another study examining defect segregation in U3Si2 was performed and can

be utilized for comparison to this work [33]. Uranium vacancies and interstitials show a lower Es in U3Si2235

(vacancies and interstitials both approximately 1.3 eV) than in α-U symmetric tilt GBs.

Segregation energies at all temperatures for all studied GBs are plotted with respect to the corresponding

Egb in Figure 5. Data for interstitials and vacancies can be separately fitted by a linear function. The Es

increases with Egb at a rate of 2.99 eV per J/m2 for interstitials and 2.92 eV per J/m2 for vacancies. Though

both of the point defect types have similar rates of increase, there is a threshold value in Egb for vacancy240

segregation which is about 0.4 J/m2. An MD study on α-Fe for both tilt and twist GBs showed a linear

relationship of point defect Es with Egb [57], essentially confirming the results here, albeit in a different

material and with different functional slopes.

The average segregation energy of the point defect at the GB core is calculated considering a weighted

average depending on GB energies. In this method, the probability of the presence of a GB depends on its

formation energy [58]. The weighted value of the formation energies of the GBs from the same type (for

example, in the case of type A GBs, only the formation energy of GB A1 and A2) are used to determine

the weighted-average properties such, as Es, interaction distance, etc. A similar approach is applied for the

type B and type C GBs. This method is noted as the “weighted average” method for the rest of the article

and uses the following equation:

EWA
s,x,y =

Egb,1

Egb,1 + Egb,2
× Es,1,y +

Egb,2

Egb,1 + Egb,2
× Es,2,y (5)
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Figure 5: Segregation energy of point defects at GBs in α-U at different studied temperatures plotted as a function of the

corresponding Egb.

where x denotes GB type and y denotes point defect type. The Egb for different types of GBs at different

temperatures is taken from Mahbuba et.al (2021) [9]. The results of this method are shown in Fig. 6 and245

indicate that there is no statistically significant difference in the grain boundary types when weighting by the

Egb. There is also no dependence on the temperature of the system. Thus, there is an average Egb-weighted

vacancy and interstitial segregation energy for α-U, which is found to be 0.52 eV and 0.91 eV, respectively.

It should be noted that these averaged values are only obtained from a small number of symmetric tilt GBs,

and thus may not be representative of a true microstructural average encompassing a wide array of GBs.250

Non-symmetric tilt GBs are expected to have higher energies than the GBs studied here, and their individual

Es should follow the trends in Figure 5. It is anticipated that the inclusion of such GBs will not affect this

weighted average. Thus, this is a reasonable approximation given the trends of segregation energies with

respect to orientation that have been observed in this work.
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(a) (b)

Figure 6: (a) Weighted average segregation energy in α-U with (a) interstitial and (b) vacancy plotted over temperature. Error

bars in these figures are the propagated standard error.

3.1.2. Interaction Lengths255

A parameter related to the Es is the lint of a point defect with the GB. This length is the distance

at which the Es becomes zero, which dictates up to what distance there is a tendency for point defects

to segregate into the GB. As the studied system has symmetries along the tilt axis, the lint reported here

should be doubled when used in larger length-scale modeling. In Figure 7, the interaction length is plotted

as a function of temperature. One general trend observed for all GB types is that an interstitial exhibits a260

larger lint from the GB core than a vacancy, with a ratio of up to 2.4 times greater for the high-energy GBs

(A2, B2, and C2). Among the studied GBs, the maximum lint of 23 Å is observed for the B1 GB at 600 K

(considering all temperatures). Type A GBs have relatively smaller interaction lengths than type C and B.

Comparing these results with pure Cu high-symmetry GBs at 300 K [23, 54], similar behavior is observed,

where the lint for an interstitial and a vacancy is calculated within the range of 9.2 - 30.2 Å and 2 - 8 Å [23],265

respectively. In the current work, the lint varies from 6.1 - 21.0 Å and 11.5 - 15.1 Å for an interstitial and

a vacancy, respectively, at 300 K. These comparisons show that vacancies in α-U have a larger lint than Cu

GBs, while the lint for interstitials is similar to that of Cu. The low-temperature phase of Fe (α-Fe) has a

minimum lint length of 7 Å for vacancies and 8 Å for interstitials [57], indicating a minimally longer lint for

interstitials than in α-U. Similar to the Es, the lint in U3Si2 of a vacancy and an interstitial is smaller than270

in α-U GBs (only 5 Å in U3Si2). [59], indicating less interaction of defects with GBs in U3Si2.

The low-energy A1 and C1 GBs only show an interaction with interstitials, not with vacancies. The

lint of an interstitial for these two GBs is one order of magnitude lower than the other GBs. For the A1

GB, the lint ranges between 2.9 - 7.7 Å, and the lint varies between 6.1 - 9.0 Å for the C1 GB. The other

low-energy GB considered in the current work, B1, interacts with both vacancies and interstitials. There275
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(a) (b) (c)

Figure 7: Interaction length of a point defect as a function of temperature due to the presence of (a) type A, (b) type B,

and (c) type C grain boundaries of α-U. In the legend, A1 V means the interaction length between a vacancy and the A1

grain boundary, and A1 I means the interaction length between an interstitial and the A1 grain boundary. Solid lines are for

low-energy grain boundaries and dashed lines are for high-energy grain boundaries. Open symbols are for vacancies and closed

symbols are for interstitials.

are mixed trends regarding the lint as a function of temperature. The B1 GB tends to see an increase in lint

with temperature, while the lint for A1 and C2 tend to decrease with temperature. Overall, the change in

both Es and lint of point defects with temperature is likely statistically insignificant. Finally, high-energy

GBs have on average a 1.5 times longer lint for interstitials than the low-energy GBs in α-U.

Using the same weighted averaging technique considered for Es of point defects, the weighted average280

lint of a vacancy and an interstitial is determined, and the data is plotted in figure Figure 8. Once again

there is no discernible difference in the lint as a function of temperature. However, there does appear to

be a minor difference between GB types. Shorter interaction lengths are observed for Type A GBs with

interstitials, while longer ILs are observed for Type B GBs with vacancies. However, the differences in the

lint of different GB types are not statistically significant, and thus we report a single energy-weighted value285

of the lint for interstitials and vacancies of 7.8 Å and 5 Å, respectively. As stated previously, when using the

average interaction length of α-U GBs at larger length scales, the values reported here should be doubled.

After doubling, the lint for interstitials and vacancies are 15.6 Å and 10 Å, respectively, slightly smaller than

the lsb (related to the GB structure as mentioned in 2.2).
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(a) (b)

Figure 8: Weighted average lint of GBs in α-U with (a) interstitial and (b) vacancy plotted over the temperature.

3.2. Diffusion along Grain Boundaries290

Diffusion requires both energy (from lattice vibrations) and a pathway to the target site. Transport

of point defects along GBs is a point of interest for radiation damage analysis and stress relaxation. In

this section, the self-diffusion of α-U atoms along the six studied GBs is reported. It should be noted that

self-diffusion of α-U along low-energy GBs is not observed within the studied temperature range without the

introduction of a point defect. This is due to the relatively clean structure of the GB, where lattice positions295

are maintained. After introducing an additional point defect within the GB interaction zone of the respective

GBs, self-diffusion along GBs is observed. Thus, in the following discussions the A1, B1, and C1 GBs each

only have two data sets of diffusion (one with a vacancy and another with an interstitial). This is not required

for high-energy GBs where the local structure displays sufficient atomic distortion/displacement to allow for

inherent diffusion without the addition of a point defect. Thus, the A2, B2, and C2 GBs each have three300

data sets (only GB, with a vacancy, and with an interstitial). In the following sections, GB self-diffusion in

the presence of a vacancy and an interstitial is represented by GB+V and GB+I, respectively.

3.2.1. Low-Energy Grain Boundaries

The diffusivity along low-energy GBs is shown in Figure 9 with an accompanying Arrhenius fit. Included

error bars represent one standard error of the mean. The three low-energy GBs exhibit higher self-diffusivity305

in the presence of an interstitial compared to an added vacancy. The self-diffusion of GB+V and GB+I of

A1 and B1 GBs tend to converge as the temperature increases, while self-diffusivity for the lowest formation

energy GB considered in the current work, C1, maintains an approximately constant ratio (2.2 to 2.5)

between the two defect cases. One reason for this might be the type of diffusion path. For GB+V diffusion

of A1, B1, and C1 GBs, two-dimensional diffusion was observed. This means that diffusion occurs all along310

14



the grain boundary plane. A similar diffusion pathway is followed for the GB+I of A1 and B1 GBs, but not

the C1 GB. In contrast, the C1 GB demonstrates a ring diffusion mechanism for an interstitial where the

rings are aligned parallel to the 〈0 0 1〉 tilt axis and on the (100) shear plane. These rings may hinder faster

GB+I diffusion at lower temperatures. For the GB+V case, the A1 GB shows the lowest diffusivity, while

the B1 has the highest diffusivity below 600 K and C1 has the highest above 600 K. For the GB+I case, B1315

always possesses a higher diffusivity than the other low-energy GBs.

(a) (b) (c)

Figure 9: Arrhenius plots of α-U diffusion through (a) A1, (b) B1, and (c) C1 grain boundaries. GB+V means diffusion with an

added vacancy and GB+I means diffusion with an added interstitial. Straight lines here represent the fitted Arrhenius equation

and the error bars represent one standard error. Fitted values are tabulated in the Appendix (A1 and A2).

3.2.2. High-Energy Grain Boundaries

The diffusion coefficients for the high-energy GBs are shown in Figure 10. Diffusion in the high-energy

grain boundaries displays a unique behavior compared to that of the low-energy grain boundaries. Pipe

diffusion (1-D diffusion) is observed in the A2 and C2 GBs, where the pipes are oriented normal to the320

shear plane. Thus, for the A2 GB, the pipe axis is parallel to the [001] direction and for the C2 GB it

is parallel to the [100] direction. Pipe diffusion is not observed for the B2 GB, which has the shear plane

normal to the [010] direction. From experimental studies, the self-diffusion of α-U atoms in the [100] and

[001] directions is about 20 times higher than that of the [010] direction at 900 K [60]. One of the reasons

for the slow diffusivity in the [010] direction is the stacking of the corrugated planes in the [010] direction.325

Thus, it appears that some of the anisotropic characteristics of the bulk self-diffusion in α-U may transfer to

the study of grain boundary diffusion. A recent MD study [48] on point defect diffusivity through bulk α-U

shows that for interstitials, [100] is the slowest diffusion direction, whereas for vacancies, it is [010] direction.

As the high-energy GBs contain more disorder and thus void space, this pipe diffusion behavior might be

occurring due to the presence of vacancies within the GB core.330

An additional diffusion path is formed along the tilt axis on the shear plane of the C2 GB to accommodate

the pipe diffusion. Atoms at the GB follow this additional diffusion path and then diffuse via the pipe

directions. As a result, the C2 GB shows the highest diffusivity among the high-energy GBs. At temperatures

below 500 K, the C2 GB diffusion is 5.5 times higher than the A2 GB and 8.4 times higher than the B2
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(a) (b) (c)

Figure 10: Arrhenius plot of α-U diffusion through high-energy grain boundaries (a) A2, (b) B2, and (c) C2. In the legend,

GB+V denotes diffusion with an added vacancy, GB+I denotes diffusion with an added interstitial, and no additional label

means diffusion through an as-constructed GB. Straight lines here represent the fitted Arrhenius equation. Here, the error bars

represent one standard error.

GB. This ratio decreases with increasing temperature, but diffusion in the C2 GB remains the most rapid.335

α-U atoms diffuse slowest through the A2 GB among the three high-energy GBs considered in the current

work. The C2 GB possesses the highest formation energy, so it has a more distorted structure which leads

to it having the highest diffusivity. Typically, high-energy GBs provide an easier pathway for diffusion. For

example, the Ag diffusion rate through a high-energy SiC GB is higher than via low-energy GBs [61].

By inserting an interstitial within the GB interaction zone (GB+I), self-diffusion increases by, on average,340

1.5 times. On the other hand, with the insertion of a vacancy, the diffusivity increases by an average of 1.45

times for temperatures greater than 600 K. The differences are considered statistically insignificant in all but

the B2 case, which shows significant enhancement with the insertion of either defect at low temperatures.

The C2 GB remains the fastest diffusion path, including the GB+I and GB+V conditions.

3.2.3. Weighted Average Diffusivities345

Considering the equal probability of the three GB self-diffusion conditions (GB, GB+I, and GB+V),

high-energy GBs show a higher average diffusivity compared to low-energy GBs. Figure 11 (a) portrays this

feature. Furthermore, the weighted average technique is implemented based on the formation energies of

the respective GBs (see Equation (5)) to obtain the self-diffusivity of the specific GB type. The resulting

GB diffusivity equations are shown in Equations (6) to (8). By using this method, type C has the highest350

diffusivity over the entire temperature range, followed by type B, and finally type A. These results are shown

in Figure 11 (b).

DGB,A = 7.05× 10−10 exp

(
−0.272

kBT

)
(6)

DGB,B = 7.92× 10−10 exp

(
−0.248

kBT

)
(7)
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DGB,C = 1.44× 10−10 exp

(
−0.124

kBT

)
(8)

(a) (b)

Figure 11: Considering the equal probability of three GB self-diffusion conditions (GB, GB+V, GB+I) of all GBs studied,

Arrhenius plot of (a) GB self-diffusivity of all GBs studied and (b) Arrhenius plot of weighted averaged diffusivity of the same

type of GBs of α-U based on their formation energy.

The GB self-diffusion results are compared with interstitial, vacancy, and self-diffusion in bulk α-U in

Figure 12 [48]. GB self-diffusion for all six studied GBs is 107 to 1013 times faster than the self-diffusion

of the bulk system. The difference in GB diffusion to self-diffusion decreases with increasing temperature,355

which is expected. Assuming that the system is comprised mainly of low-energy GBs, we would expect that

the GB diffusion would be approximately 7×107 times the bulk diffusion at 750 K, which is considered a

reasonable temperature for the region of the fuel slug which contains α-U [62]. High-energy GBs (A2, B2,

and C2) have about 50% higher diffusivity than the low-energy GBs. If we consider an equal probability

of all GB types studied in this work, then the GB diffusion would be approximately 8×1011 times the bulk360

diffusion at 750 K. Regardless, GB diffusion is significantly faster than bulk diffusion and must be considered

at reactor-relevant temperatures.

Both the migration energy (Em) and the pre-exponential factor of the Arrhenius relation are the param-

eters of interest and can be determined from the diffusion coefficients displayed in the prior section. The

determined Em are displayed in Figure 13 and are also tabulated in the Appendix in Table A1 for all studied365

GBs and defect conditions. Similarly, pre-exponential constants are tabulated in the Appendix in Table A2

for all studied GBs and defect conditions. From Figure 13, grain boundaries with added vacancies (GB+V)

typically display higher Em than other studied systems (GB or GB+I). The highest Em was observed for the

A1 GB, with a value of 0.626 ± 0.006 eV. Systems with added interstitials are generally equal to or lower

in Em than the systems with an added vacancy or no vacancy defects. The minimum Em was observed for370

the C2 GB, with a value of 0.09 ± 0.02 eV. There is not a clear trend in Em when comparing high-energy
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(a) (b) (c)

Figure 12: Diffusion through (a) type A, (b) type B, and (c) type C grain boundaries of α-U as a function of the reciprocal

temperature. In the legend, A2 (GB+V) denotes self-diffusion through the A2 grain boundary in the presence of a vacancy.

Similarly, A2 (GB+I) denotes self-diffusion through the A2 grain boundary in the presence of an interstitial, and A2 (only GB)

denotes self-diffusion through a pristine A2 grain boundary. Red lines denote the diffusivity of vacancies and interstitials in

bulk α-U. The black line shows the bulk self-diffusivity of α-U atoms.

to low-energy GBs.

Figure 13: Migration energy for grain boundary diffusion in the A1, A2, B1, B2, C1, and C2 grain boundaries in α-U for three

separate defect conditions. GB: no added defects, GB+I: added interstitial, GB+V: added vacancy. Error bars represent the

maximum and minimum migration energy. Red and green horizontal lines represent migration energy for a vacancy and an

interstitial through bulk α-U [48], respectively.

Prior molecular dynamics [48] and density functional theory [63] studies have found that the Em for bulk

interstitial diffusion is in the range of 0.2 - 0.4 eV, and the Em for bulk vacancy diffusion is in the range

of 0.3 - 0.4 eV, with specific directions exhibiting higher Em. Figure 13 shows that the magnitude of the375

Em for GB diffusion varies from 0.1 eV to 0.6 eV, which is in line with these prior computational studies

on Em of point defects in the bulk, albeit with a slightly lower minimum value. Comparing the pre-factor

for point defect diffusion to GB self-diffusion [48], the pre-factor obtained in this work is two to three orders

of magnitude lower than for point defect diffusion. Thus, the difference in the formation energy of a defect

species in the bulk versus at a grain boundary is the predominant factor in the accelerated GB diffusion380
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compared to the bulk.

3.3. Comparing to Other Systems

The results for migration energies in Figure 13 also generally compare well to prior studies on Cu. The

Em of Cu diffusivity through symmetric tilt GBs is reported as 0.83 eV [64]. In an article by Suzuki [65]

utilizing kinetic Monte Carlo (kMC), the Em of the diffusivity either parallel or perpendicular to the GBs385

of Cu is reported between 0.51 eV to 2.1 eV [65]. In another molecular dynamics simulation work on the

Cu-Nb alloy system, the Em for Cu is calculated as 0.71 eV and the Em for Nb is reported as 0.91 eV[66]. A

separate MD study on a set of STGBs in Nb showed the Em of the GB self-diffusivity is on the order of 2 eV

[55]. The migration energy for GB self-diffusion of nanocrystalline α-Fe [67] is calculated as 0.101 eV using

MD. Thus, the findings are comparable for Em comparisons between different pure metals and α-U GBs.390

The compensation law, or Meyer-Neldel rule (MNR), is a fundamental property in many thermally

activated processes that follow the Arrhenius law. This law represents a linear relationship between the log-

arithmic of the pre-exponential factor and the Em. In the case of interfacial diffusion of pure metallic systems

via MD simulations, the compensation law is observed to be valid for Ag, Au, Pd, and Ni high-symmetry

surfaces [68], as well as for Ni GB self-diffusion [69]. For the studied GBs of α-U, as the Em increases, the395

GB self-diffusion pre-exponential constant also increases logarithmically, as shown in see Figure 14. Thus,

we predict that for STGBs of α-U, GBs with a larger Em for diffusion compensate for the difficulties in

diffusion by increasing the pre-exponential factor (e.g., the attempt frequency). No experimental evidence

of the compensation law in α-U GB self-diffusion has been reported to the authors’ knowledge.

(a)

Figure 14: Natural logarithm of the pre-exponential factor versus migration energy (Meyer-Neldel rule) for grain boundary

self-diffusion of α-U.

There is no experimental or computational data available for a comparison of the GB diffusion in the400
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α-U system, and only limited data is available for comparison in other related systems. If we extrapolate

the diffusivity data available in the literature for intermetallic U3Si2 fuel to a lower temperature range (750

K to 500 K), it is observed that diffusion through α-U GBs is several orders of magnitude higher than the

diffusion through U3Si2 GBs. Conversely, GB diffusion of nanocrystalline α-Fe based on molecular dynamics

calculation shows higher diffusivity [67] compared to the current work. The self-diffusivity of Cu high-energy405

symmetric tilt GBs utilizing kMC atomistic simulations are in a similar order of magnitude as the α-U GBs

[65]. Compared with other pure metals in Figure 15, including silver, lead, tin, zinc, and cadmium, α-U

GBs show the lowest diffusivity [70]. Grain boundary diffusivity data for these metals are available from

experimental studies as a function of GB width (δ) and temperature. In Figure 15, the Arrhenius relationship

is shown between GB width (δ) times diffusivity (DGB) as a function of the inverse of the temperature. Fitting410

parameters for the Arrhenius relationship between δDGB and the inverse of temperature for α-U are listed in

Table A3. Another molecular dynamics study on a nanocrystalline Cu-Nb alloy found its GB self-diffusivity

to be several orders lower in magnitude [66] than that of α-U GBs. Considering that GB diffusion in α-U

is lower or higher than these reported pure metals and U3Si2, and significantly faster than lattice diffusion,

the predicted results presented here are reasonable. Experimental efforts to provide additional data for415

comparison are necessary for further validation.

(a) (b)

Figure 15: (a) The Arrhenius relationship between the GB width (δ) multiplied by diffusivity vs. the inverse temperature for

Sn, Cd, Pb, Zn, Ag, α-Fe, and Co GBs ([70]) experimental results along with kMC-based results for Cu and Nb GBs [66].

These values are compared with the average GB self-diffusivity of α-U as a function of GB width (δ) and temperature;(b) The

Arrhenius relationship between the GB self diffusivity vs. the inverse temperature for Cu
∑

5(210), Cu
∑

13(341) [65], U atom

in U3Si2 [71], Au GBs [70], along with α-U type A and type C GBs. Data from the literature are extrapolated to the studied

temperature range.

20



3.4. Coble creep

Diffusional creep along GBs, i.e., Coble creep [39], is calculated for the six studied GBs utilizing the

methodology of Cooper [52] in which the Coble creep rate of a Σ530 tilt grain boundary of U3Si2 was studied

using molecular dynamics. To calculate the Coble creep rate (ε̇Coble,x,y) for an arbitrary stress (σ) and grain420

size (d), the GB diffusivity (DGB) and GB width (δ) are utilized and Equation (9) is applied.

ε̇Coble,x,y =
42|Ωx|π(D)GB,yδ

kBTd3
σ (9)

For the studied GBs and temperatures, the GB width is observed (see section 2.2) to be in the range between

1.5 nm to 2.0 nm. Thus, in the Coble creep equation, it is considered as 1.6 nm. x denotes either an interstitial

or a vacancy and y denotes the GB (type A, type B, type C). The weighted average GB diffusivity for each

type of GB is considered in the Coble creep calculation. The defect volume for vacancy and interstitial is425

taken as the temperature-averaged value from Wang et al. [48]. The defect volume considered in the current

work is 8.33×10−30 m3and 13.67×10−30 m3 for interstitial and vacancy, respectively. The creep rate is fitted

using Equation (10) [52].

ε̇Coble,x,y =
σ

Td3
Acr,x,y × exp

(
−Ecr,x,y

kBT

)
(10)

The pre-factor Acr,x,y and the creep activation energy Ecr,x,y for different GB types in Equation (10) are

listed in the appendix in Table A4. The creep rate for a given GB is given as a summation of the contribution430

from the vacancy and interstitial. The Coble creep rate in polycrystalline α-U is nearly isotropic [36]. By

taking the average creep rate from each type of GB, an estimate of the Coble creep rate of α-U is made.

Thus, the proposed Coble creep rate equation for α-U is:

ε̇Coble =
σ

Td3
3.269× 10−22 exp

(
−0.221

kBT

)
(11)

For the operating conditions of metallic fuel [72] with a temperature ranging between 500 K to 750 K,

gas/plenum pressure of 5 MPa, and average grain size of 0.55 µm (according to the TEM analysis of the435

irradiated sample C from Di Lemma [73]), the Coble creep rate of α-U is calculated to be 8.06 × 10−2 s−1

to 2.22 × 10−1 s−1. The typical grain size in metallic UZr fuel is 10-20 µm [74]; for this grain size under

similar pressure, the Coble creep of α-U is estimated as 1.34 × 10−5 s−1 to 1.68 × 10−6 s−1. Similar pressure,

temperature, and grain size are considered to compare Coble creep results with other uranium-based systems.

The diffusional creep rate of α-U GBs is significantly higher than that of U3Si2 (approximately 105 time at440

750 K). For U3Si2, the Coble creep rate is limited by the Si defects, but in our study, there are no extrinsic

species to be considered. Moreover, in U3Si2 [71] the GB width is considered to be 1 nm, and the studied

temperature range is 1200 K to 1600 K. In order to compare results, the data must be extrapolated to lower

temperatures by assuming that the diffusion parameters will remain the same at lower temperatures, which

may not be the case. Although both materials are uranium-based and a similar methodology is utilized,445
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because of the alloying of U with Si, the Coble creep rate is drastically decreased. Other historic experimental

data [75] from compression tests on α-U creep show a steady-state creep rate in the order of 10−2 and 10−6,

but the creep mechanism is not Coble creep, as the normal stress exponent is between 4 to 6, implying

dislocation climb. Comparing the activation energy for the diffusional creep rate of α-U with polycrystalline

UO2 [76], α-U has approximately an order of magnitude lower activation energy (0.221 eV) than UO2 (3.86450

eV [76]). The activation energy for GB diffusional creep of polycrystalline Pd is calculated as 0.61 eV [77],

which is in the similar order of magnitude of α-U. In the case of UO2, the Coble creep rate is limited by the

diffusion of U atoms. Under a stress of 5 MPa and with a grain size of 15 µm, the diffusional creep rate of

α-U and U3Si2 is approximately 1011 and 105 higher, respectively, than UO2 at 750 K.

4. Conclusion455

The interaction of interstitials and vacancies with six symmetric tilt grain boundaries in α-U and self-

diffusion along those grain boundaries have been explored utilizing molecular dynamics simulations. α-U

GBs are classified based on the shear plane orientation: type A, type B, and type C, with two GBs from

each of the types considered in the current study. We find that GBs of α-U are biased sinks for interstitials

compared to vacancies. The segregation energies of both point defect types follow an increasing linear trend460

with the Egb, in that segregation is preferable at higher energy grain boundaries. Two low-energy GBs

show no interaction with vacancies. Both the interaction length and the segregation energy are effectively

temperature-independent over the studied temperature range. The self-diffusivity of GBs was calculated as

a function of temperature, including systems with an added defect. High-energy GBs show approximately

four times faster diffusivity compared to low-energy GBs, and the presence of point defects at the GB slightly465

enhances the diffusivity for high-energy GBs. The GB diffusivity of α-U is lower than that of other pure

metals while it is higher than that of U3Si2, which is the only other metallic U compound for which there is

data against which to compare. Finally, the results from the self-diffusivity were used to calculate the Coble

creep equation for α-U for the first time.

This study provided the first investigation of point defect interactions with grain boundaries and is the first470

study of grain boundary diffusion in metallic pure U. Results from this study can be implemented in kinetic

Monte Carlo, rate-theory, and phase-field modeling methodologies to develop and improve mechanistic fuel

performance modeling of metallic-fueled advanced nuclear reactors, and further elucidate the fundamental

irradiation response behavior of α-U.
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6. Appendix

The formation energy of an interstitial as a function of distance from a GB is shown in Figure A1 for all485

six types of grain boundaries at 300, 400, and 600 K.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure A1: Average formation energy of an interstitial at different temperatures as a function of fractional distance from type

A ((a) 300 K, (d) 400 K, (g) 600 K), type B ((b) 300 K, (e) 400 K, (h) 600 K), and type C ((c) 300 K, (f) 400 K, (i) 600 K)

grain boundaries. The red line shows the formation energy of an interstitial in pristine, bulk α-U. The error bars here show

twice the standard error.
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The formation energy of a vacancy as a function of distance from a GB is shown in Figure A2 for all six

types of grain boundaries at 300, 400, and 600 K.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure A2: Average formation energy (Ef) of a vacancy at different temperatures as a function of fractional distance from

type A ((a) 300 K, (d) 400 K, (g) 600 K), type B ((b) 300 K, (e) 400 K, (h) 600 K), and type C ((c) 300 K, (f) 400 K, (i) 600

K) grain boundaries. The red line shows the formation energy of vacancy at pristine, bulk α-U. The error bars show twice the

standard error.
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The migration energies along and the pre-exponential constant determined from diffusion along the grain

boundaries for all six grain boundaries in defect-free and defected conditions are shown in Table A1 and490

Table A2, respectively.

Table A1: Calculated migration energy of the Arrhenius fit of self-diffusion of the six studied GBs of α-U, each for three different

conditions. Condition GB indicates that only the GB was simulated, GB+V denotes the GB with the presence of a vacancy,

and GB+I denotes the GB with the presence of an interstitial. Migration energies listed here are plotted in Figure 13.

Grain boundary Migration energy (eV) for different for different diffusion conditions

GB GB+V GB+I

A1 0.62 0.147

A2 0.258 0.432 0.253

B1 0.61 0.184

B2 0.421 0.321 0.276

C1 0.348 0.353

C2 0.159 0.214 0.117

Table A2: Calculated pre-exponential constants of the Arrhenius fits of self-diffusion for the six studied GBs of α-U, each for

three different conditions. Condition GB denotes only the GB, GB+V denotes the GB with the presence of a vacancy, and

GB+I denotes the GB with the presence of an interstitial.

Grain boundary Pre-exponent constant (m3/s) for different diffusion conditions

GB GB+V GB+I

A1 1.6E-8 5.51E-11

A2 1E-9 2.6E-8 1.2E-9

B1 1.04E-7 4E-10

B2 2.6E-8 8E-9 2E-9

C1 6E-10 2E-9

C2 4E-10 1.6E-9 2E-10

The Arrhenius fitting parameters for the grain boundary width times the grain boundary diffusion coef-

ficient, δDGB, of three types of GBs in α-U are shown in Table A3.

Table A3: Fitting parameters for Arrhenius relationship between δDGB and inverse of temperature for three types of α-U

GBs.

Grain boundary Migration energy (eV) Pre-factor (m3s−1)

A 0.302 2.77 × 10−8

B 0.357 6.61 × 10−8

C 0.213 1.77 × 10−8
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The Arrhenius fitting parameters for Coble creep for the three types of GBs in α-U are shown in Table A4.

Table A4: Calculated activation energy of Coble creep and pre-factor as per Equation (10) of the three types of GBs of α-U.

Weighted average self-diffusion through each of the three types of grain boundaries is considered here.

Grain boundary Creep activation energy (eV) Pre-factor (s−1/(Pa
m3 ))

A 0.272 2.69 × 10−22

B 0.248 2.84 × 10−22

C 0.124 5.16 × 10−23

495

27



References

[1] G. Hofman, L. Walters, T. Bauer, Metallic fast reactor fuels, Progress in Nuclear Energy 31 (1997) 83.

[2] W. Williams, D. Wachs, M. Okuniewski, S. van den Berghe, Assessment of swelling and constituent

redistribution in uranium-zirconium fuel using phenomena identification and ranking tables (pirt), An-

nals of Nuclear Energy 136 (2020) 107016. doi:https://doi.org/10.1016/j.anucene.2019.107016.500

URL https://www.sciencedirect.com/science/article/pii/S0306454919305183

[3] J. Rest, Kinetics of fission-gas-bubble-nucleated void swelling of the alpha-uranium phase of irradiated

u-zr and u-pu-zr fuel, Journal of Nuclear Materials 207 (1993) 192 – 204. doi:https://doi.org/10.

1016/0022-3115(93)90261-V.

URL http://www.sciencedirect.com/science/article/pii/002231159390261V505

[4] T. Yao, L. Capriotti, J. M. Harp, X. Liu, Y. Wang, F. Teng, D. J. Murray, A. J. Winston, J. Gan, M. T.

Benson, L. He, α-u and ω-uzr2 in neutron irradiated u-10zr annular metallic fuel, Journal of Nuclear

Materials 542 (2020) 152536. doi:https://doi.org/10.1016/j.jnucmat.2020.152536.

URL https://www.sciencedirect.com/science/article/pii/S0022311520311442

[5] J. Thomas, X. Liu, L. He, D. Murray, F. Teng, B. Kombaiah, A. Winston, M. A. Okuniewski,510

Transmission electron microscopy investigation of phase transformation and fuel constituent redis-

tribution in neutron irradiated u-10wt.%zr fuel, Journal of Nuclear Materials 581 (2023) 154443.

doi:https://doi.org/10.1016/j.jnucmat.2023.154443.

URL https://www.sciencedirect.com/science/article/pii/S0022311523002118

[6] G. Hofman, S. Hayes, M. Petri, Temperature gradient driving constituent redistribution in U-Zr alloys,515

J. Nucl. Mater. 227 (1996) 277.

[7] B. Beeler, C. Deo, M. Baskes, M. Okuniewski, First principles calculations of the structure and elastic

constants of α, β and γ uranium, Journal of Nuclear Materials 433 (1) (2013) 143 – 151. doi:https:

//doi.org/10.1016/j.jnucmat.2012.09.019.

URL http://www.sciencedirect.com/science/article/pii/S0022311512004965520

[8] A. Seshadri, A. M. Jokisaari, C. Sun, A review of irradiation damage and effects in alpha;-uranium,

Materials 15 (12) (2022). doi:10.3390/ma15124106.

URL https://www.mdpi.com/1996-1944/15/12/4106

[9] K. Mahbuba, B. Beeler, A. Jokisaari, Evaluation of the anisotropic grain boundaries and surfaces of

α-u via molecular dynamics, Journal of Nuclear Materials 554 (2021) 153072. doi:https://doi.org/525

10.1016/j.jnucmat.2021.153072.

URL https://www.sciencedirect.com/science/article/pii/S0022311521002956

28

https://www.sciencedirect.com/science/article/pii/S0306454919305183
https://www.sciencedirect.com/science/article/pii/S0306454919305183
https://www.sciencedirect.com/science/article/pii/S0306454919305183
https://doi.org/https://doi.org/10.1016/j.anucene.2019.107016
https://www.sciencedirect.com/science/article/pii/S0306454919305183
http://www.sciencedirect.com/science/article/pii/002231159390261V
http://www.sciencedirect.com/science/article/pii/002231159390261V
http://www.sciencedirect.com/science/article/pii/002231159390261V
https://doi.org/https://doi.org/10.1016/0022-3115(93)90261-V
https://doi.org/https://doi.org/10.1016/0022-3115(93)90261-V
https://doi.org/https://doi.org/10.1016/0022-3115(93)90261-V
http://www.sciencedirect.com/science/article/pii/002231159390261V
https://www.sciencedirect.com/science/article/pii/S0022311520311442
https://doi.org/https://doi.org/10.1016/j.jnucmat.2020.152536
https://www.sciencedirect.com/science/article/pii/S0022311520311442
https://www.sciencedirect.com/science/article/pii/S0022311523002118
https://www.sciencedirect.com/science/article/pii/S0022311523002118
https://www.sciencedirect.com/science/article/pii/S0022311523002118
https://doi.org/https://doi.org/10.1016/j.jnucmat.2023.154443
https://www.sciencedirect.com/science/article/pii/S0022311523002118
http://www.sciencedirect.com/science/article/pii/S0022311512004965
http://www.sciencedirect.com/science/article/pii/S0022311512004965
http://www.sciencedirect.com/science/article/pii/S0022311512004965
https://doi.org/https://doi.org/10.1016/j.jnucmat.2012.09.019
https://doi.org/https://doi.org/10.1016/j.jnucmat.2012.09.019
https://doi.org/https://doi.org/10.1016/j.jnucmat.2012.09.019
http://www.sciencedirect.com/science/article/pii/S0022311512004965
https://www.mdpi.com/1996-1944/15/12/4106
https://doi.org/10.3390/ma15124106
https://www.mdpi.com/1996-1944/15/12/4106
https://www.sciencedirect.com/science/article/pii/S0022311521002956
https://www.sciencedirect.com/science/article/pii/S0022311521002956
https://www.sciencedirect.com/science/article/pii/S0022311521002956
https://doi.org/https://doi.org/10.1016/j.jnucmat.2021.153072
https://doi.org/https://doi.org/10.1016/j.jnucmat.2021.153072
https://doi.org/https://doi.org/10.1016/j.jnucmat.2021.153072
https://www.sciencedirect.com/science/article/pii/S0022311521002956


[10] G.-Y. Huang, B. D. Wirth, First-principles study of diffusion of interstitial and vacancy in α u–zr,

Journal of Physics: Condensed Matter 23 (20) (2011) 205402. doi:10.1088/0953-8984/23/20/205402.

URL https://doi.org/10.1088/0953-8984/23/20/205402530

[11] B. Beeler, B. Good, S. Rashkeev, C. Deo, M. Baskes, M. Okuniewski, First principles calculations for

defects in u, J. Phys.: Cond. Mat. 22 (2010) 505703.

[12] E. Henley, H. Kouts, Advances in Nuclear Science and Technology: Volume 1, no. v. 1, Elsevier Science,

2014.

URL https://books.google.com/books?id=9DuoBQAAQBAJ535

[13] B. Beeler, K. Mahbuba, Y. Wang, A. Jokisaari, Determination of thermal expansion, defect forma-

tion energy, and defect-induced strain of alpha-u via ab initio molecular dynamics, FRONTIERS IN

MATERIALS (Jun 2021). doi:10.3389/fmats.2021.661387.

[14] J. Peng, W. R. Deskins, L. Malakkal, A. El-Azab, Thermal conductivity of α-u with point defects,

Journal of Applied Physics 130 (18) (2021) 185101. arXiv:https://doi.org/10.1063/5.0064259,540

doi:10.1063/5.0064259.

URL https://doi.org/10.1063/5.0064259

[15] C. L. Angerman, J. G. R. Caskey, Swelling of uranium by mechanical cavitation, Journal of Nuclear

Materials 13, No. 2 (1964) 182 – 196.

[16] T. K. B. R. D. Leggett, B. Mastel, Irradiation behaviour of high purity uranium, hanford Laboratories,545

HW- 79559 (November 1963).

[17] A. A. Rezwan, A. M. Jokisaari, M. R. Tonks, Modeling brittle fracture due to anisotropic thermal

expansion in polycrystalline materials, Computational Materials Science 194 (2021) 110407. doi:https:

//doi.org/10.1016/j.commatsci.2021.110407.

URL https://www.sciencedirect.com/science/article/pii/S0927025621001324550

[18] A. Jokisaari, Irradiation-induced internal stresses in polycrystalline α-uranium: a mesoscale mechanical

approach, Computational Materials Science 176 (2020) 109545. doi:https://doi.org/10.1016/j.

commatsci.2020.109545.

URL http://www.sciencedirect.com/science/article/pii/S0927025620300367

[19] Primary radiation damage: A review of current understanding and models, Journal of Nuclear Materials555

512 (2018) 450–479. doi:https://doi.org/10.1016/j.jnucmat.2018.10.027.

URL https://www.sciencedirect.com/science/article/pii/S002231151831016X

[20] N. Swaminathan, P. J. Kamenski, D. Morgan, I. Szlufarska, Effects of grain size and grain boundaries

on defect production in nanocrystalline 3c–sic, Acta Materialia 58 (8) (2010) 2843–2853. doi:https:

29

https://doi.org/10.1088/0953-8984/23/20/205402
https://doi.org/10.1088/0953-8984/23/20/205402
https://doi.org/10.1088/0953-8984/23/20/205402
https://books.google.com/books?id=9DuoBQAAQBAJ
https://books.google.com/books?id=9DuoBQAAQBAJ
https://doi.org/10.3389/fmats.2021.661387
https://doi.org/10.1063/5.0064259
http://arxiv.org/abs/https://doi.org/10.1063/5.0064259
https://doi.org/10.1063/5.0064259
https://doi.org/10.1063/5.0064259
https://www.sciencedirect.com/science/article/pii/S0927025621001324
https://www.sciencedirect.com/science/article/pii/S0927025621001324
https://www.sciencedirect.com/science/article/pii/S0927025621001324
https://doi.org/https://doi.org/10.1016/j.commatsci.2021.110407
https://doi.org/https://doi.org/10.1016/j.commatsci.2021.110407
https://doi.org/https://doi.org/10.1016/j.commatsci.2021.110407
https://www.sciencedirect.com/science/article/pii/S0927025621001324
http://www.sciencedirect.com/science/article/pii/S0927025620300367
http://www.sciencedirect.com/science/article/pii/S0927025620300367
http://www.sciencedirect.com/science/article/pii/S0927025620300367
https://doi.org/https://doi.org/10.1016/j.commatsci.2020.109545
https://doi.org/https://doi.org/10.1016/j.commatsci.2020.109545
https://doi.org/https://doi.org/10.1016/j.commatsci.2020.109545
http://www.sciencedirect.com/science/article/pii/S0927025620300367
https://www.sciencedirect.com/science/article/pii/S002231151831016X
https://doi.org/https://doi.org/10.1016/j.jnucmat.2018.10.027
https://www.sciencedirect.com/science/article/pii/S002231151831016X
https://www.sciencedirect.com/science/article/pii/S1359645410000236
https://www.sciencedirect.com/science/article/pii/S1359645410000236
https://www.sciencedirect.com/science/article/pii/S1359645410000236
https://doi.org/https://doi.org/10.1016/j.actamat.2010.01.009
https://doi.org/https://doi.org/10.1016/j.actamat.2010.01.009
https://doi.org/https://doi.org/10.1016/j.actamat.2010.01.009


//doi.org/10.1016/j.actamat.2010.01.009.560

URL https://www.sciencedirect.com/science/article/pii/S1359645410000236

[21] E. Zarkadoula, R. E. Stoller, Primary radiation damage formation in solids (4 2020).

URL https://www.osti.gov/biblio/1616821

[22] R. E. Stoller, Primary Radiation Damage Formation, Elsevier Ltd., Amsterdam, Netherlands and Oak

Ridge National Laboratory, USA, 2012.565

URL https://digital.library.unt.edu/ark:/67531/metadc832805/:\protect\unhbox\voidb@x\

protect\penalty\@M\accessedMay27,2023

[23] X.-M. Bai, L. J. Vernon, R. G. Hoagland, A. F. Voter, M. Nastasi, B. P. Uberuaga, Role of atomic

structure on grain boundary-defect interactions in cu, Phys. Rev. B 85 (2012) 214103. doi:10.1103/

PhysRevB.85.214103.570

URL https://link.aps.org/doi/10.1103/PhysRevB.85.214103

[24] C. Jiang, N. Swaminathan, J. Deng, D. Morgan, I. Szlufarska, Effect of grain boundary stresses on

sink strength, Materials Research Letters 2 (2) (2014) 100–106. arXiv:https://doi.org/10.1080/

21663831.2013.871588, doi:10.1080/21663831.2013.871588.

URL https://doi.org/10.1080/21663831.2013.871588575

[25] H. Li, Y. Qin, Y. Yang, M. Yao, X. Wang, H. Xu, S. R. Phillpot, The evolution of interaction between

grain boundary and irradiation-induced point defects: Symmetric tilt gb in tungsten, Journal of Nuclear

Materials 500 (2018) 42–49. doi:https://doi.org/10.1016/j.jnucmat.2017.12.013.

URL https://www.sciencedirect.com/science/article/pii/S0022311517308991

[26] J. Zhang, H. He, W. Liu, L. Kang, D. Yun, P. Chen, Effects of grain boundaries on the radiation-induced580

defects evolution in bcc fe–cr alloy: A molecular dynamics study, Nuclear Materials and Energy 22

(2020) 100726. doi:https://doi.org/10.1016/j.nme.2020.100726.

URL https://www.sciencedirect.com/science/article/pii/S2352179120300028

[27] B. P. Uberuaga, X.-M. Bai, P. P. Dholabhai, N. Moore, D. M. Duffy, Point defect–grain boundary

interactions in MgO: an atomistic study, Journal of Physics: Condensed Matter 25 (35) (2013) 355001.585

doi:10.1088/0953-8984/25/35/355001.

URL https://doi.org/10.1088/0953-8984/25/35/355001

[28] B. P. Uberuaga, L. J. Vernon, E. Martinez, E. Martinez, A. F. Voter, The relationship between grain

boundary structure, defect mobility, and grain boundary sink efficiency, Scientific Reports 5 (1) (2015)

881–885. doi:10.1038/srep09095.590

URL https://doi.org/10.1038/srep09095

30

https://doi.org/https://doi.org/10.1016/j.actamat.2010.01.009
https://doi.org/https://doi.org/10.1016/j.actamat.2010.01.009
https://www.sciencedirect.com/science/article/pii/S1359645410000236
https://www.osti.gov/biblio/1616821
https://www.osti.gov/biblio/1616821
https://digital.library.unt.edu/ark:/67531/metadc832805/:\protect \unhbox \voidb@x \protect \penalty \@M \ accessed May 27, 2023
https://digital.library.unt.edu/ark:/67531/metadc832805/:\protect \unhbox \voidb@x \protect \penalty \@M \ accessed May 27, 2023
https://digital.library.unt.edu/ark:/67531/metadc832805/:\protect \unhbox \voidb@x \protect \penalty \@M \ accessed May 27, 2023
https://digital.library.unt.edu/ark:/67531/metadc832805/:\protect \unhbox \voidb@x \protect \penalty \@M \ accessed May 27, 2023
https://link.aps.org/doi/10.1103/PhysRevB.85.214103
https://link.aps.org/doi/10.1103/PhysRevB.85.214103
https://link.aps.org/doi/10.1103/PhysRevB.85.214103
https://doi.org/10.1103/PhysRevB.85.214103
https://doi.org/10.1103/PhysRevB.85.214103
https://doi.org/10.1103/PhysRevB.85.214103
https://link.aps.org/doi/10.1103/PhysRevB.85.214103
https://doi.org/10.1080/21663831.2013.871588
https://doi.org/10.1080/21663831.2013.871588
https://doi.org/10.1080/21663831.2013.871588
http://arxiv.org/abs/https://doi.org/10.1080/21663831.2013.871588
http://arxiv.org/abs/https://doi.org/10.1080/21663831.2013.871588
http://arxiv.org/abs/https://doi.org/10.1080/21663831.2013.871588
https://doi.org/10.1080/21663831.2013.871588
https://doi.org/10.1080/21663831.2013.871588
https://www.sciencedirect.com/science/article/pii/S0022311517308991
https://www.sciencedirect.com/science/article/pii/S0022311517308991
https://www.sciencedirect.com/science/article/pii/S0022311517308991
https://doi.org/https://doi.org/10.1016/j.jnucmat.2017.12.013
https://www.sciencedirect.com/science/article/pii/S0022311517308991
https://www.sciencedirect.com/science/article/pii/S2352179120300028
https://www.sciencedirect.com/science/article/pii/S2352179120300028
https://www.sciencedirect.com/science/article/pii/S2352179120300028
https://doi.org/https://doi.org/10.1016/j.nme.2020.100726
https://www.sciencedirect.com/science/article/pii/S2352179120300028
https://doi.org/10.1088/0953-8984/25/35/355001
https://doi.org/10.1088/0953-8984/25/35/355001
https://doi.org/10.1088/0953-8984/25/35/355001
https://doi.org/10.1088/0953-8984/25/35/355001
https://doi.org/10.1088/0953-8984/25/35/355001
https://doi.org/10.1038/srep09095
https://doi.org/10.1038/srep09095
https://doi.org/10.1038/srep09095
https://doi.org/10.1038/srep09095
https://doi.org/10.1038/srep09095


[29] W. Liu, Y. Ji, P. Tan, H. Zang, C. He, D. Yun, C. Zhang, Z. Yang, Irradiation induced microstructure

evolution in nanostructured materials: A review, Materials 9 (2) (2016). doi:10.3390/ma9020105.

URL https://www.mdpi.com/1996-1944/9/2/105

[30] P. V. Nerikar, D. C. Parfitt, L. A. Casillas Trujillo, D. A. Andersson, C. Unal, S. B. Sinnott, R. W.595

Grimes, B. P. Uberuaga, C. R. Stanek, Segregation of xenon to dislocations and grain boundaries in

uranium dioxide, Phys. Rev. B 84 (2011) 174105. doi:10.1103/PhysRevB.84.174105.

URL https://link.aps.org/doi/10.1103/PhysRevB.84.174105

[31] Y. Xia, Z. Wang, L. Wang, Y. Chen, Z. Liu, Q. Wang, L. Wu, H. Deng, Molecular dynamics simulations

of xe behaviors at the grain boundary in uo2, Metals 12 (5) (2022). doi:10.3390/met12050763.600

URL https://www.mdpi.com/2075-4701/12/5/763

[32] A. Chartier, L. Van Brutzel, M. Freyss, Atomistic study of stability of xenon nanoclusters in uranium

oxide, Phys. Rev. B 81 (2010) 174111. doi:10.1103/PhysRevB.81.174111.

URL https://link.aps.org/doi/10.1103/PhysRevB.81.174111

[33] B. Beeler, M. Baskes, D. Andersson, M. Cooper, Y. Zhang, A modified embedded-atom method inter-605

atomic potential for uranium-silicide, J. Nucl. Mater. 495 (2017) 267.

[34] A. Lipnitskii, I. Nelasov, Y. R. Kolobov, Self-diffusion parameters of grain boundaries and triple junc-

tions in nanocrystalline materials, in: Grain Boundary Diffusion, Stresses and Segregation, Vol. 309

of Defect and Diffusion Forum, Trans Tech Publications Ltd, 2011, pp. 45–50. doi:10.4028/www.

scientific.net/DDF.309-310.45.610

[35] R. Balluffi, A. Sutton, Why should we be interested in the atomic structure of interfaces?, in: Inter-

granular and Interphase Boundaries in Materials II, Vol. 207 of Materials Science Forum, Trans Tech

Publications Ltd, 1996, pp. 1–12. doi:10.4028/www.scientific.net/MSF.207-209.1.

[36] C. A. Calhoun, Thermomechanical response of polycrystalline α-uranium, Ph.D. thesis.

[37] G. McFadden, W. Boettinger, Y. Mishin, Effect of vacancy creation and annihilation on grain boundary615

motion, Acta Materialia 185 (2020) 66–79. doi:https://doi.org/10.1016/j.actamat.2019.11.044.

URL https://www.sciencedirect.com/science/article/pii/S1359645419307839

[38] F. R. N. Nabarro, Creep at very low rates, Metallurgical and Materials Transactions A 33 (2) (2002)

213–218. doi:10.1007/s11661-002-0083-8.

URL https://doi.org/10.1007/s11661-002-0083-8620

[39] R. L. Coble, A model for boundary diffusion controlled creep in polycrystalline materials, Journal

of Applied Physics 34 (6) (1963) 1679–1682. arXiv:https://doi.org/10.1063/1.1702656, doi:10.

1063/1.1702656.

URL https://doi.org/10.1063/1.1702656

31

https://www.mdpi.com/1996-1944/9/2/105
https://www.mdpi.com/1996-1944/9/2/105
https://www.mdpi.com/1996-1944/9/2/105
https://doi.org/10.3390/ma9020105
https://www.mdpi.com/1996-1944/9/2/105
https://link.aps.org/doi/10.1103/PhysRevB.84.174105
https://link.aps.org/doi/10.1103/PhysRevB.84.174105
https://link.aps.org/doi/10.1103/PhysRevB.84.174105
https://doi.org/10.1103/PhysRevB.84.174105
https://link.aps.org/doi/10.1103/PhysRevB.84.174105
https://www.mdpi.com/2075-4701/12/5/763
https://www.mdpi.com/2075-4701/12/5/763
https://www.mdpi.com/2075-4701/12/5/763
https://doi.org/10.3390/met12050763
https://www.mdpi.com/2075-4701/12/5/763
https://link.aps.org/doi/10.1103/PhysRevB.81.174111
https://link.aps.org/doi/10.1103/PhysRevB.81.174111
https://link.aps.org/doi/10.1103/PhysRevB.81.174111
https://doi.org/10.1103/PhysRevB.81.174111
https://link.aps.org/doi/10.1103/PhysRevB.81.174111
https://doi.org/10.4028/www.scientific.net/DDF.309-310.45
https://doi.org/10.4028/www.scientific.net/DDF.309-310.45
https://doi.org/10.4028/www.scientific.net/DDF.309-310.45
https://doi.org/10.4028/www.scientific.net/MSF.207-209.1
https://www.sciencedirect.com/science/article/pii/S1359645419307839
https://www.sciencedirect.com/science/article/pii/S1359645419307839
https://www.sciencedirect.com/science/article/pii/S1359645419307839
https://doi.org/https://doi.org/10.1016/j.actamat.2019.11.044
https://www.sciencedirect.com/science/article/pii/S1359645419307839
https://doi.org/10.1007/s11661-002-0083-8
https://doi.org/10.1007/s11661-002-0083-8
https://doi.org/10.1007/s11661-002-0083-8
https://doi.org/10.1063/1.1702656
http://arxiv.org/abs/https://doi.org/10.1063/1.1702656
https://doi.org/10.1063/1.1702656
https://doi.org/10.1063/1.1702656
https://doi.org/10.1063/1.1702656
https://doi.org/10.1063/1.1702656


[40] T. G. Langdon, Grain boundary sliding as a deformation mechanism during creep, The Philosophical625

Magazine: A Journal of Theoretical Experimental and Applied Physics 22 (178) (1970) 689–700. arXiv:

https://doi.org/10.1080/14786437008220939, doi:10.1080/14786437008220939.

URL https://doi.org/10.1080/14786437008220939

[41] Y. Mishin, C. Herzig, Grain boundary diffusion: recent progress and future research, Materials Science

and Engineering: A 260 (1) (1999) 55–71. doi:https://doi.org/10.1016/S0921-5093(98)00978-2.630

URL https://www.sciencedirect.com/science/article/pii/S0921509398009782

[42] R. Raj, M. F. Ashby, On grain boundary sliding and diffusional creep, Metallurgical Transactions 2 (4)

(1971) 1113–1127. doi:10.1007/BF02664244.

URL https://doi.org/10.1007/BF02664244

[43] R. Gates, A modification of the grain boundary sliding rate due to a consideration of the movement635

of three sets of dislocations, Scripta Metallurgica 8 (1) (1974) 55–58. doi:https://doi.org/10.1016/

0036-9748(74)90439-6.

URL https://www.sciencedirect.com/science/article/pii/0036974874904396

[44] Y. Qi, P. E. Krajewski, Molecular dynamics simulations of grain boundary sliding: The effect of stress

and boundary misorientation, Acta Materialia 55 (5) (2007) 1555–1563. doi:https://doi.org/10.640

1016/j.actamat.2006.10.016.

URL https://www.sciencedirect.com/science/article/pii/S1359645406007415

[45] C. Herzig, Y. Mishin, Grain Boundary Diffusion in Metals, Springer Berlin Heidelberg, Berlin, Heidel-

berg, 2005, pp. 337–366. doi:10.1007/3-540-30970-5_8.

URL https://doi.org/10.1007/3-540-30970-5_8645

[46] J. P. Hirth, The influence of grain boundaries on mechanical properties, Metallurgical Transactions

3 (12) (1972) 3047–3067. doi:10.1007/BF02661312.

URL https://doi.org/10.1007/BF02661312

[47] n. H. K. Marquardt, E. Petrishcheva, E. Gardés, R. Wirth, R. Abart, W. Heinrich, Grain boundary and

volume diffusion experiments in yttrium aluminium garnet bicrystals at 1,723 k: A miniaturized study,650

Contributions to Mineralogy and Petrology 162 (2011). doi:10.1007/s00410-011-0622-7.

URL http://dx.doi.org/10.1007/s00410-011-0622-7

[48] Y. Wang, B. Beeler, A. Jokisaari, An atomistic study of fundamental bulk and defect properties in α-

uranium, Journal of Nuclear Materials 576 (2023) 154289. doi:https://doi.org/10.1016/j.jnucmat.

2023.154289.655

URL https://www.sciencedirect.com/science/article/pii/S0022311523000594

32

https://doi.org/10.1080/14786437008220939
http://arxiv.org/abs/https://doi.org/10.1080/14786437008220939
http://arxiv.org/abs/https://doi.org/10.1080/14786437008220939
http://arxiv.org/abs/https://doi.org/10.1080/14786437008220939
https://doi.org/10.1080/14786437008220939
https://doi.org/10.1080/14786437008220939
https://www.sciencedirect.com/science/article/pii/S0921509398009782
https://doi.org/https://doi.org/10.1016/S0921-5093(98)00978-2
https://www.sciencedirect.com/science/article/pii/S0921509398009782
https://doi.org/10.1007/BF02664244
https://doi.org/10.1007/BF02664244
https://doi.org/10.1007/BF02664244
https://www.sciencedirect.com/science/article/pii/0036974874904396
https://www.sciencedirect.com/science/article/pii/0036974874904396
https://www.sciencedirect.com/science/article/pii/0036974874904396
https://doi.org/https://doi.org/10.1016/0036-9748(74)90439-6
https://doi.org/https://doi.org/10.1016/0036-9748(74)90439-6
https://doi.org/https://doi.org/10.1016/0036-9748(74)90439-6
https://www.sciencedirect.com/science/article/pii/0036974874904396
https://www.sciencedirect.com/science/article/pii/S1359645406007415
https://www.sciencedirect.com/science/article/pii/S1359645406007415
https://www.sciencedirect.com/science/article/pii/S1359645406007415
https://doi.org/https://doi.org/10.1016/j.actamat.2006.10.016
https://doi.org/https://doi.org/10.1016/j.actamat.2006.10.016
https://doi.org/https://doi.org/10.1016/j.actamat.2006.10.016
https://www.sciencedirect.com/science/article/pii/S1359645406007415
https://doi.org/10.1007/3-540-30970-5_8
https://doi.org/10.1007/3-540-30970-5_8
https://doi.org/10.1007/3-540-30970-5_8
https://doi.org/10.1007/BF02661312
https://doi.org/10.1007/BF02661312
https://doi.org/10.1007/BF02661312
http://dx.doi.org/10.1007/s00410-011-0622-7
http://dx.doi.org/10.1007/s00410-011-0622-7
http://dx.doi.org/10.1007/s00410-011-0622-7
https://doi.org/10.1007/s00410-011-0622-7
http://dx.doi.org/10.1007/s00410-011-0622-7
https://www.sciencedirect.com/science/article/pii/S0022311523000594
https://www.sciencedirect.com/science/article/pii/S0022311523000594
https://www.sciencedirect.com/science/article/pii/S0022311523000594
https://doi.org/https://doi.org/10.1016/j.jnucmat.2023.154289
https://doi.org/https://doi.org/10.1016/j.jnucmat.2023.154289
https://doi.org/https://doi.org/10.1016/j.jnucmat.2023.154289
https://www.sciencedirect.com/science/article/pii/S0022311523000594


[49] S. Starikov, L. Kolotova, A. Kuksin, D. Smirnova, V. Tseplyaev, Atomistic simulation of cubic and

tetragonal phases of u-mo alloy: Structure and thermodynamic properties, Journal of Nuclear Materials

499 (2018) 451 – 463. doi:https://doi.org/10.1016/j.jnucmat.2017.11.047.

URL http://www.sciencedirect.com/science/article/pii/S0022311517312229660

[50] S. Plimpton, Fast parallel algorithms for short-range molecular dynamics, J. Comp. Phys. 117 (1995)

1–19.

[51] P. Keblinski, D. Wolf, S. Phillpot, H. Gleiter, Self-diffusion in high-angle fcc metal grain boundaries by

molecular dynamics simulation, Philosophical Magazine A 79 (11) (1999) 2735–2761.

[52] M. Cooper, K. Gamble, L. Capolungo, C. Matthews, D. Andersson, B. Beeler, C. Stanek, K. Metzger,665

Irradiation-enhanced diffusion and diffusion-limited creep in u3si2, Journal of Nuclear Materials 555

(2021) 153129. doi:https://doi.org/10.1016/j.jnucmat.2021.153129.

URL https://www.sciencedirect.com/science/article/pii/S0022311521003524

[53] A. Stukowski, Visualization and analysis of atomis simulation data with ovito - the open visulaization

tool, Modeling and Simulation of Materials Science and Engineering 18 (2010) 015012.670

[54] X.-M. Bai, A. F. Voter, R. G. Hoagland, M. Nastasi, B. P. Uberuaga, Efficient annealing of radiation

damage near grain boundaries via interstitial emission, Science 327 (5973) (2010) 1631–1634. arXiv:

https://www.science.org/doi/pdf/10.1126/science.1183723, doi:10.1126/science.1183723.

URL https://www.science.org/doi/abs/10.1126/science.1183723

[55] V. V. Popov, M. E. Stupak, M. G. Urazaliev, Atomistic simulation of grain boundaries in niobium:675

Structure, energy, point defects and grain-boundary self-diffusion, Journal of Phase Equilibria and

Diffusion 43 (2022) 401–408. doi:10.1007/s11669-022-00981-6.

URL https://doi.org/10.1007/s11669-022-00981-6

[56] I. I. Novoselov, A. Y. Kuksin, A. V. Yanilkin, Diffusion coefficients of vacancies and interstitials along

tilt grain boundaries in molybdenum, Physics of the Solid State 56 (2014) 1025–1032. doi:10.1134/680

S1063783414050217.

URL https://doi.org/10.1134/S1063783414050217

[57] M. A. Tschopp, K. Solanki, F. Gao, X. Sun, M. A. Khaleel, M. Horstemeyer, Probing grain boundary

sink strength at the nanoscale: Energetics and length scales of vacancy and interstitial absorption by

grain boundaries in α-fe, Physical Review B 85 (6) (2012) 064108.685

[58] N. R. Williams, M. Molinari, S. C. Parker, M. T. Storr, Atomistic investigation of the structure and

transport properties of tilt grain boundaries of uo2, Journal of Nuclear Materials 458 (2015) 45–55.

doi:https://doi.org/10.1016/j.jnucmat.2014.11.120.

URL https://www.sciencedirect.com/science/article/pii/S0022311514009271

33

http://www.sciencedirect.com/science/article/pii/S0022311517312229
http://www.sciencedirect.com/science/article/pii/S0022311517312229
http://www.sciencedirect.com/science/article/pii/S0022311517312229
https://doi.org/https://doi.org/10.1016/j.jnucmat.2017.11.047
http://www.sciencedirect.com/science/article/pii/S0022311517312229
https://www.sciencedirect.com/science/article/pii/S0022311521003524
https://doi.org/https://doi.org/10.1016/j.jnucmat.2021.153129
https://www.sciencedirect.com/science/article/pii/S0022311521003524
https://www.science.org/doi/abs/10.1126/science.1183723
https://www.science.org/doi/abs/10.1126/science.1183723
https://www.science.org/doi/abs/10.1126/science.1183723
http://arxiv.org/abs/https://www.science.org/doi/pdf/10.1126/science.1183723
http://arxiv.org/abs/https://www.science.org/doi/pdf/10.1126/science.1183723
http://arxiv.org/abs/https://www.science.org/doi/pdf/10.1126/science.1183723
https://doi.org/10.1126/science.1183723
https://www.science.org/doi/abs/10.1126/science.1183723
https://doi.org/10.1007/s11669-022-00981-6
https://doi.org/10.1007/s11669-022-00981-6
https://doi.org/10.1007/s11669-022-00981-6
https://doi.org/10.1007/s11669-022-00981-6
https://doi.org/10.1007/s11669-022-00981-6
https://doi.org/10.1134/S1063783414050217
https://doi.org/10.1134/S1063783414050217
https://doi.org/10.1134/S1063783414050217
https://doi.org/10.1134/S1063783414050217
https://doi.org/10.1134/S1063783414050217
https://doi.org/10.1134/S1063783414050217
https://doi.org/10.1134/S1063783414050217
https://www.sciencedirect.com/science/article/pii/S0022311514009271
https://www.sciencedirect.com/science/article/pii/S0022311514009271
https://www.sciencedirect.com/science/article/pii/S0022311514009271
https://doi.org/https://doi.org/10.1016/j.jnucmat.2014.11.120
https://www.sciencedirect.com/science/article/pii/S0022311514009271


[59] B. Beeler, M. Baskes, D. Andersson, M. W. Cooper, Y. Zhang, Molecular dynamics investigation of690

grain boundaries and surfaces in U3Si2, Journal of Nuclear Materials 514 (2019) 290 – 298. doi:https:

//doi.org/10.1016/j.jnucmat.2018.12.008.

URL http://www.sciencedirect.com/science/article/pii/S0022311518312285

[60] S. J. Rothman, J. J. Hines, J. Gray, A. L. Harkness, Anisotropy of self-diffusion in alpha uranium,

Journal of Applied Physics 33 (6) (1962) 2113–2116. arXiv:https://doi.org/10.1063/1.1728906,695

doi:10.1063/1.1728906.

URL https://doi.org/10.1063/1.1728906

[61] H. Ko, J. Deng, I. Szlufarska, D. Morgan, Ag diffusion in sic high-energy grain boundaries: Kinetic

monte carlo study with first-principle calculations, Computational Materials Science 121 (2016) 248–

257. doi:https://doi.org/10.1016/j.commatsci.2016.04.027.700

URL https://www.sciencedirect.com/science/article/pii/S0927025616301860

[62] Y. S. Kim, S. Hayes, G. Hofman, A. Yacout, Modeling of constituent redistribution in u–pu–zr metallic

fuel, Journal of Nuclear Materials 359 (1) (2006) 17–28. doi:https://doi.org/10.1016/j.jnucmat.

2006.07.013.

URL https://www.sciencedirect.com/science/article/pii/S0022311506004120705

[63] G.-Y. Huang, B. Wirth, First-principles study of diffusion of interstitial and vacancy in alpha u-zr, J.

Phys.: Cond. Mat. 23 (2011) 205402.

[64] R. K. Koju, Y. Mishin, Relationship between grain boundary segregation and grain boundary diffusion

in cu-ag alloys, Phys. Rev. Materials 4 (2020) 073403. doi:10.1103/PhysRevMaterials.4.073403.

URL https://link.aps.org/doi/10.1103/PhysRevMaterials.4.073403710

[65] A. Suzuki, Y. Mishin, Atomistic modeling of point defects and diffusion in copper grain boundaries,

Interface Science 17 (2003) 131–148. doi:10.1023/A:1021599310093.

URL https://doi.org/10.1023/A:1021599310093

[66] A. G. Lipnitskii, I. V. Nelasov, E. V. Golosov, Y. R. Kolobov, D. N. Maradudin, A molecular-

dynamics simulation of grain-boundary diffusion of niobium and experimental investigation of its715

recrystallization in a niobium-copper system, Russian Physics Journal 56 (2013) 330–337. doi:

10.1007/s11182-013-0036-2.

URL https://doi.org/10.1007/s11182-013-0036-2

[67] R. Mohammadzadeh, M. Mohammadzadeh, Grain boundary and lattice diffusion in nanocrystal α-iron:

An atomistic simulation study, Physica A: Statistical Mechanics and its Applications 482 (2017) 56–64.720

doi:https://doi.org/10.1016/j.physa.2017.04.070.

URL https://www.sciencedirect.com/science/article/pii/S0378437117303801

34

http://www.sciencedirect.com/science/article/pii/S0022311518312285
http://www.sciencedirect.com/science/article/pii/S0022311518312285
http://www.sciencedirect.com/science/article/pii/S0022311518312285
https://doi.org/https://doi.org/10.1016/j.jnucmat.2018.12.008
https://doi.org/https://doi.org/10.1016/j.jnucmat.2018.12.008
https://doi.org/https://doi.org/10.1016/j.jnucmat.2018.12.008
http://www.sciencedirect.com/science/article/pii/S0022311518312285
https://doi.org/10.1063/1.1728906
http://arxiv.org/abs/https://doi.org/10.1063/1.1728906
https://doi.org/10.1063/1.1728906
https://doi.org/10.1063/1.1728906
https://www.sciencedirect.com/science/article/pii/S0927025616301860
https://www.sciencedirect.com/science/article/pii/S0927025616301860
https://www.sciencedirect.com/science/article/pii/S0927025616301860
https://doi.org/https://doi.org/10.1016/j.commatsci.2016.04.027
https://www.sciencedirect.com/science/article/pii/S0927025616301860
https://www.sciencedirect.com/science/article/pii/S0022311506004120
https://www.sciencedirect.com/science/article/pii/S0022311506004120
https://www.sciencedirect.com/science/article/pii/S0022311506004120
https://doi.org/https://doi.org/10.1016/j.jnucmat.2006.07.013
https://doi.org/https://doi.org/10.1016/j.jnucmat.2006.07.013
https://doi.org/https://doi.org/10.1016/j.jnucmat.2006.07.013
https://www.sciencedirect.com/science/article/pii/S0022311506004120
https://link.aps.org/doi/10.1103/PhysRevMaterials.4.073403
https://link.aps.org/doi/10.1103/PhysRevMaterials.4.073403
https://link.aps.org/doi/10.1103/PhysRevMaterials.4.073403
https://doi.org/10.1103/PhysRevMaterials.4.073403
https://link.aps.org/doi/10.1103/PhysRevMaterials.4.073403
https://doi.org/10.1023/A:1021599310093
https://doi.org/10.1023/A:1021599310093
https://doi.org/10.1023/A:1021599310093
https://doi.org/10.1007/s11182-013-0036-2
https://doi.org/10.1007/s11182-013-0036-2
https://doi.org/10.1007/s11182-013-0036-2
https://doi.org/10.1007/s11182-013-0036-2
https://doi.org/10.1007/s11182-013-0036-2
https://doi.org/10.1007/s11182-013-0036-2
https://doi.org/10.1007/s11182-013-0036-2
https://doi.org/10.1007/s11182-013-0036-2
https://doi.org/10.1007/s11182-013-0036-2
https://www.sciencedirect.com/science/article/pii/S0378437117303801
https://www.sciencedirect.com/science/article/pii/S0378437117303801
https://www.sciencedirect.com/science/article/pii/S0378437117303801
https://doi.org/https://doi.org/10.1016/j.physa.2017.04.070
https://www.sciencedirect.com/science/article/pii/S0378437117303801


[68] G. Boisvert, L. Lewis, A. Yelon, Many-body nature of the meyer-neldel compensation law for diffusion.,

Physical review letters 75 (3) (1995) 469–472. doi:10.1103/PhysRevLett.75.469.

[69] M. I. Mendelev, H. Zhang, D. J. Srolovitz, Grain boundary self-diffusion in ni: Effect of boundary725

inclination, Journal of Materials Research 20 (2005) 1146–1153. doi:10.1557/JMR.2005.0177.

URL https://doi.org/10.1557/JMR.2005.0177

[70] J. Pelleg, On the relation between diffusion coefficients and grain boundary energy, The Philosophical

Magazine: A Journal of Theoretical Experimental and Applied Physics 14 (129) (1966) 595–601. arXiv:

https://doi.org/10.1080/14786436608211954, doi:10.1080/14786436608211954.730

URL https://doi.org/10.1080/14786436608211954

[71] M. Cooper, K. Gamble, L. Capolungo, C. Matthews, D. Andersson, B. Beeler, C. Stanek, K. Metzger,

Irradiation-enhanced diffusion and diffusion-limited creep in u3si2, Journal of Nuclear Materials 555

(2021) 153129. doi:https://doi.org/10.1016/j.jnucmat.2021.153129.

URL https://www.sciencedirect.com/science/article/pii/S0022311521003524735

[72] J. Guo, H. Lai, W. Zhou, J. Wei, Fission gas behaviors and relevant phenomena in different nuclear

fuels: A review of models and experiments, Frontiers in Energy Research 10 (2022). doi:10.3389/

fenrg.2022.766865.

URL https://www.frontiersin.org/articles/10.3389/fenrg.2022.766865

[73] F. G. Di Lemma, X. Liu, T. V. Holschuh, C. P. Folsom, D. J. Murray, F. Teng, C. B. Jensen, Investigation740

of the microstructure evolution of alpha uranium after in pile transient, Journal of Nuclear Materials

542 (2020) 152467. doi:https://doi.org/10.1016/j.jnucmat.2020.152467.

URL https://www.sciencedirect.com/science/article/pii/S0022311520310758

[74] D. E. Janney, Metallic fuels handbook, part 1 and part 2 (8 2018). doi:10.2172/1469797.

URL https://www.osti.gov/biblio/1469797745

[75] S. Robinson, O. Sherby, P. Armstrong, Elevated temperature plastic flow of high purity uranium in

the alpha, beta and gamma phases, Journal of Nuclear Materials 46 (3) (1973) 293–302. doi:https:

//doi.org/10.1016/0022-3115(73)90044-5.

URL https://www.sciencedirect.com/science/article/pii/0022311573900445

[76] T. G. Desai, P. C. Millett, D. Wolf, Molecular dynamics study of diffusional creep in nanocrystalline uo2,750

Acta Materialia 56 (16) (2008) 4489–4497. doi:https://doi.org/10.1016/j.actamat.2008.02.052.

URL https://www.sciencedirect.com/science/article/pii/S1359645408003637

[77] V. Yamakov, D. Wolf, S. Phillpot, H. Gleiter, Grain-boundary diffusion creep in nanocrystalline

palladium by molecular-dynamics simulation, Acta Materialia 50 (1) (2002) 61–73. doi:https:

35

https://doi.org/10.1103/PhysRevLett.75.469
https://doi.org/10.1557/JMR.2005.0177
https://doi.org/10.1557/JMR.2005.0177
https://doi.org/10.1557/JMR.2005.0177
https://doi.org/10.1557/JMR.2005.0177
https://doi.org/10.1557/JMR.2005.0177
https://doi.org/10.1080/14786436608211954
http://arxiv.org/abs/https://doi.org/10.1080/14786436608211954
http://arxiv.org/abs/https://doi.org/10.1080/14786436608211954
http://arxiv.org/abs/https://doi.org/10.1080/14786436608211954
https://doi.org/10.1080/14786436608211954
https://doi.org/10.1080/14786436608211954
https://www.sciencedirect.com/science/article/pii/S0022311521003524
https://doi.org/https://doi.org/10.1016/j.jnucmat.2021.153129
https://www.sciencedirect.com/science/article/pii/S0022311521003524
https://www.frontiersin.org/articles/10.3389/fenrg.2022.766865
https://www.frontiersin.org/articles/10.3389/fenrg.2022.766865
https://www.frontiersin.org/articles/10.3389/fenrg.2022.766865
https://doi.org/10.3389/fenrg.2022.766865
https://doi.org/10.3389/fenrg.2022.766865
https://doi.org/10.3389/fenrg.2022.766865
https://www.frontiersin.org/articles/10.3389/fenrg.2022.766865
https://www.sciencedirect.com/science/article/pii/S0022311520310758
https://www.sciencedirect.com/science/article/pii/S0022311520310758
https://www.sciencedirect.com/science/article/pii/S0022311520310758
https://doi.org/https://doi.org/10.1016/j.jnucmat.2020.152467
https://www.sciencedirect.com/science/article/pii/S0022311520310758
https://www.osti.gov/biblio/1469797
https://doi.org/10.2172/1469797
https://www.osti.gov/biblio/1469797
https://www.sciencedirect.com/science/article/pii/0022311573900445
https://www.sciencedirect.com/science/article/pii/0022311573900445
https://www.sciencedirect.com/science/article/pii/0022311573900445
https://doi.org/https://doi.org/10.1016/0022-3115(73)90044-5
https://doi.org/https://doi.org/10.1016/0022-3115(73)90044-5
https://doi.org/https://doi.org/10.1016/0022-3115(73)90044-5
https://www.sciencedirect.com/science/article/pii/0022311573900445
https://www.sciencedirect.com/science/article/pii/S1359645408003637
https://doi.org/https://doi.org/10.1016/j.actamat.2008.02.052
https://www.sciencedirect.com/science/article/pii/S1359645408003637
https://www.sciencedirect.com/science/article/pii/S1359645401003299
https://www.sciencedirect.com/science/article/pii/S1359645401003299
https://www.sciencedirect.com/science/article/pii/S1359645401003299
https://doi.org/https://doi.org/10.1016/S1359-6454(01)00329-9
https://doi.org/https://doi.org/10.1016/S1359-6454(01)00329-9
https://doi.org/https://doi.org/10.1016/S1359-6454(01)00329-9


//doi.org/10.1016/S1359-6454(01)00329-9.755

URL https://www.sciencedirect.com/science/article/pii/S1359645401003299

36

https://doi.org/https://doi.org/10.1016/S1359-6454(01)00329-9
https://doi.org/https://doi.org/10.1016/S1359-6454(01)00329-9
https://www.sciencedirect.com/science/article/pii/S1359645401003299

