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Abstract

:

The present work reports the formation of an interstitial dislocation loop with a lower primary knock-on atom (PKA) energy in alpha-iron under strain conditions by the use of molecular dynamics simulation. The study was conducted using a PKA energy of 1~10 keV and hydro-static strain from −1.4 to 1.6%. The application of 1.6% hydrostatic strain results in the formation of ½<111> dislocation loop with a low PKA of 3 keV. This result was associated with a threshold displacement energy decrement when moving from compression to tension strain, which resulted in more Frenkel pairs initiated at peak time. Furthermore, many of the initiated defects were energetically favorable by 2 eV in the form of the interstitial dislocation loop rather than a mono defect.
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1. Introduction


Due to their remarkable physical properties, iron-based materials (ferritic phase) have been used for several applications [1] and are considered to be the main structural materials for use in next-generation nuclear reactors [2], where materials are exposed to several sources of radiation damage. Iron-based materials have been subjected to several studies about the radiation damage [3,4,5,6,7,8,9] considering a varying range of effects, such as temperature [10,11,12,13,14], application of strain, and impurity atoms additions [15].



The main sources of radiation coming from the energetic protons, neutrons, electrons, and ions that are likely to transfer energy to the primary knock-on atom (PKA) and thus initiates collision cascade events. One of the consequences of the collision cascade event is the produced defects that may accumulate to form voids, dislocations, and other clusters, causing rapid material deterioration [15,16]. Among the produced dislocation defects is the interstitial dislocation loop [16,17], which was observed at relatively high irradiation energies using transmission electron microscopy [18,19,20]. Experimentally, interstitial dislocation loops can be classified into two types: <100> and ½<111> Burgers vector, and ½<111> loops are commonly known to be dynamically stable [20].



Although it has been suggested that the highly mobile interstitial dislocation loops [21] may be generated directly from collision cascade events [18], we speculate that there is no direct observation for the formation probability of the interstitial dislocation loop processed under strain effect, either from experiments or from molecular dynamics (MD) simulations.



Several strain sources (local strains), such as void swelling induced by irradiation and solute segregation, are exerted on the structural materials inside fission reactors. Due to the volumetric expansion in one direction, the void-metal interactions could introduce strains as high as 5% [22,23]. The local strains could affect the number, type and shape of the defects created, thereby affecting the material characteristics. Of irradiated α-Fe, the number of survived vacancies or self-interstitial atoms (SIAs) can be referred to as Frenkel pairs (FPs). The minimum energy required to form an FP by the collision of atoms is defined as the threshold displacement energy (TDE). To evaluate the created FPs from compression to tension strain, it is necessary to accurately calculate the TDE. In MD, the TDE is usually defined as the average value of Ed,i, which is known as the threshold displacement energy for a structure in a specific direction, i, over a sufficient number of displacement directions. The average value is called Ed,avg. For theoretical quantification of the radiation damage, the Ed,avg is commonly used as a primary value for the Norgett–Robinson–Torrens (NRT) model [24]. Theoretically, the number of FPs generated under a cascade event is affected by Ed,avg, thus Ed,avg must be evaluated properly.



Using an atomistic model, we provide an insight into the probability of interstitial dislocation loop formation under strain, justifying the relationship between Ed,avg value, and the number of FP’s generated at relatively low PKA energies. We first evaluated the average free and strained TDE (as an indicator for the energy needed to form the FP’s). The four different deposition energies of PKA (namely, 1, 3, 6, and 10 keV) were then examined, and six strain magnitudes (i.e., −1.4, −0.8, −0.2, 0.4, 1.0, and 1.6%) were hydrostatically applied. We further studied the peak number and the number of survived FPs as well as the efficiency of the defect production during collision cascades.




2. Methods


2.1. Threshold Displacement Energy Calculation


The TDE for free-strain structure entails the average value of Ed,i over a set of i directions, i.e., Ed.avg; likewise, the average strained TDE is defined as    E  d , a v g   s t r a i n e d    . To evaluate Ed.avg accurately, we followed the recommended settings, which were reported in our previous work [25].



The classical MD is performed using the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [26]. The interatomic interactions were applied using the embedded atom method (EAM) developed by Derlet et al. [27] and revised for recoil simulations by Björkas et al. [28] (DB).



The MD 8 × 8 × 12 supercells of the α-Fe are composed of 1536 atoms with periodic boundary conditions. First, each initial structure was optimized by the conjugate gradient energy minimization, which relaxes the position of ions to a low-energy configuration. After the energy minimization, the structures were equilibrated at a temperature of 30 K and pressure of 0 Pa. The system was subsequently subjected to hydrostatic or uniaxial strains from −1.4% to 1.6% with intervals of 0.6% (Figure 1), resulting in six different deformed structures for each strain type.



For each deformed structure, the uniaxial strain was applied along the [100] direction of the simulation cell. The structure was deformed in the x-direction at a deformation rate of 0.002 ps-1 up to the target strain under the NVT ensemble. The lateral borders are fixed in such a way that the lengths of the cells along the y-and z-direction remain unchanged for the side borders. Under hydrostatic conditions, the strains are applied to each side of the structures along the [100], [010], and [001] directions with the same amount of strain for each direction.



Recoil MD simulations were performed under the NVE ensemble, and for every single collision event, the simulations ran for 5 ps. The adaptive time step for the integration of Newton’s equations of motion was used. To evaluate the defect formation, we used the VORONOI package [29], as implemented in the LAMMPS code.



All collision events were activated by depositing energy onto a specifically centered atom picked up from each strained structure, where the atom is known as PKA. When introduced, the deposited energy of the collision event was converted to corresponding PKA velocity components (Vx, Vy, and Vz). Initially, the PKA deposition energy of the initiated cascade event started at 5 eV and then increased incrementally by 1 eV until defects were formed. Once a defect was detected, this energy was considered as the minimum strained Ed,i, i.e.,    E  d , i   s t r a i n e d    . A systematic averaging of four    E  d , i   s t r a i n e d     of different simulation timings (0, 50, 100, and 150 fs) was applied. This averaging was conducted to overcome the deviation of the    E  d , i   s t r a i n e d     calculation that would be raised from the thermal vibration effect at 30 K [30]. For the evaluation of the directional effect, the (Ed,avg) of the 210 irreducible crystal directions (ICD) were evaluated for free-strained structure. The method for ICD directions preparation was reported previously [25,30]; however, the    E  d , a v g   s t r a i n e d     evaluation is conducted over 300 quasi-uniform directions.




2.2. The Collision Cascades Evaluation under Strain


Similar calculation settings of 30 K and 0 Pa were applied, and the systems with 30 × 30 × 30, 45 × 45 × 45, 55 × 55 × 55, and 60 × 60 × 60 supercells, containing 54,000, 182,250, 332,750, and 432,000 α-Fe atoms, respectively, were constructed. The considered systems were confirmed to be sufficient to distribute the temperature of the system after the start of the collision event by 1, 3, 6, and 10 keV over <111>, <110>, <100>, and <321> collision directions and the average temperature was less than 200 K after the end of the simulation, while the displacement cascade was not in contact with the cell boundaries. Subsequently, the hydrostatic strain ranging between −1.4% and +1.6%, with an increasing step of 0.6%, resulted in six different structures. For every single collision event, the displacement evolution runs up to 20 ps in the canonical NVT ensemble, which was associated with the need for a longer time for higher PKA energies to reach stabilization compared to the lower PKA energies that could be stabilized in a shorter time. We confirmed that these settings are sufficient for the visualization and stabilization of the three main ballistics phases. The standard error of the mean (SEM) calculated as SEM =    d   x  0.5      , where d is the standard deviation of the average number of FPs values over four independent simulations of different collision event timings and x is the number of independent simulations. The dislocation extraction algorithm (DXA) of the Open Visualization Tool (OVITO) [31] was used to identify the probability of interstitial dislocation formation and to establish their types, lengths, and numbers from the created FP’s. It is to be noted that the electronic stopping was not considered in our MD simulation.




2.3. Calculation of Point Defects and Dislocation Formation Energies


The formation energies of seven single SIA defects (which did not interact with each other) were compared with the formation energy of the interstitial dislocation loop consists of 7-SIAs. For the dislocation loop, we extracted a pilot interstitial dislocation loop that formed at 10 keV after the end of the cascade simulation and then it was inserted into an intact structure. Subsequently, the strain was applied hydrostatically, and the dislocation loop formation energy was calculated.



The formation energy of defects (Ef) can be calculated as follows:


   E f  =  E  d f   −  E  p e r f        N  d f      N  p e r f     .  



(1)




where Edf and Eperf are the energy of the system with defects, and the energy of the intact structure without defects, respectively. The number of system atoms, including those with defects, is referred to as Ndf, and those of intact structures without defects are referred to as Nperf.





3. Results and Discussion


We aim to evaluate the interstitial dislocation loop formation under strain effects. The evaluation was conducted based on the number of FP’s formation under strain, and this can be directly linked with the changes of Ed under strain.



3.1. Evaluation and Validation of Free Strained Ed as Compared with DFT, MD and Theoretical Model Results


To validate the current MD-EAM potential model with density-functional theory (DFT) results, the formation and migration energies of vacancies and self-interstitials in various configurations are evaluated and compared with the DFT results from the literature (see Figure S1). The Ed,avg by DFT calculation is 32 eV [32], while with the current EAM MD potential, the value is 38.6 ± 2 eV. Thus, both results are comparably reasonable considering the MD error of calculation settings for Ed,avg. Although Ed<100>,MD and Ed<110>,MD are comparable with DFT results (Table S1 and Figure S2), the largest discrepancy between DFT and our EAM-MD was found for the close-packed <111> direction. The large discrepancy between DFT and MD of <111> would be related to the “focused collision sequence”. It is worthy to note that the reentry of atoms to the supercell image hardly affects the simulation result for displacement at the 30 K recoil simulation with non-cubic supercell (8 × 8 × 12) in which the Ed<111> = 43 eV. For cubic supercell, the 8 × 8 × 8 shows the low value (Ed<111> = 18.5 eV) even with a small number of system atoms compared with 16 × 16 × 16 that has Ed<111> = 36.25 eV (Table S2 and Figure S3). Nevertheless, the evaluated Ed,avg with non-cubic supercell converged faster, and the atom’s reentrant effect was not noticed for most of the 210 ICD directions (Figure S3). Therefore, the 8 × 8 × 12 system for Ed,avg evaluation was reasonable (Ed,avg = 38.6 eV ± 2 eV) when compared to DFT results (32 eV), even though the 8 × 8 × 8 systems resulted in smaller Ed,<111> value.



In comparison with other MD studies, Ed,min<100> of α-Fe ranges from 13 to 29 eV, which is comparable with our calculations [33]. We found that the current MD Ed,avg was around 3 eV lower than the previously reported value (Ed,avg 41.8 eV) [34]. This difference is due to the value of ΔEstep, which was used in both cases, where it is 1 eV in our study, while it was 5 eV in another study [34], which induces an error by 2 eV approximately. Although the value of Ed,avg obtained in the present work was slightly different from that of the ASTM standard (40 eV) [35], the used EAM potential model can still probably describe the interatomic interactions of recoils in contrast to other EAM potentials. For consistency, the entire calculations used the same EAM potential model.



In addition, experimentally, the current MD-study of Ed,min is only confirmed for <100> direction as Ed,min<100>,MD = 20 eV, and Ed,min<100>,EXP = 17 eV, but not for other directions due to the technical limitation in setting the <111> and <110> directions precisely [36].



This limitation is also expressed with the current MD-EAM potential model and the <100> direction of Ed,i has the most stable and the slowest deviation changes with angles up to 25° (Figure S4).



Furthermore, theoretically, using the Jan and Seeger equation, the Ed,avg is 23 eV [32,37]; however, the re-calculated Ed,avg for 210 ICD directions is 23.7 eV. The disadvantage of See- ger’s equation is the limitation of the evaluated Ed,i, which is dependent on the values of; Ed,<100> = 17 eV, Ed,<110> = 30 eV, and Ed,<111> = 20 eV, which were obtained experimentally [36]. From a technical standpoint, the values of Ed,<110> and Ed,<111> were not as accurate as of that Ed,<100>. Hence, the relation proposed by Jan and Seeger seems to be ineffective for estimating Ed,avg when compared with our MD results (see Figure S5). Thus, we presented an accurate method to evaluate Ed,avg, which is an important value to estimate the number of FPs formation under cascade events.




3.2. Evaluation of the Strain Effect on Ed,avg Value


The uniaxial and hydrostatic strained Ed,avg   (  E  d , a v g   s t r a i n e d    ) are shown in Figure 2a. The    E  d , a v g   s t r a i n e d     increases by moving from tension to compression for both uniaxial and hydrostatic strains, which is in harmony with the results reported in our previous work of bcc materials (W,Mo) [38] and in line with the results reported in Beeler’s work for Fe, which was hydrostatically strained by +2% [39]. The hydrostatic strain increases or decreases Ed,avg considerably in comparison with the uniaxial strain. As presented in Figure 2b, the uniaxial strain shows a minimal effect on changes the    E  d , a v g   s t r a i n e d     compared with the hydrostatic strain given that the amplitude of the strain is fixed. The proportional correlation between strain and defects is the correlation between defects and volume changes induced by strain [40], and such confirmation is shown in Figure 2b despite the strain type.



The displacement-direction and strain response correlation are shown in terms of threshold displacement energy change rate (TCR (%) =      E  d , i   s t r a i n e d   −  E  d , i  0     E  d , i  0      ×   100   ), where (   E  d , i  0   ) is the free strained Ed,i. TCR of 1.6% and −1.4% were obtained. The TCRs results in over 300 directions are shown in Figure S6. However, the general tendency is that TCRs become negative for tensile strain while becoming positive for compressive strain in most directions.



For a small strain on a solid, Hook’s law is applicable, and there are only three independent elastic constants, namely, C11, C12, and C44, for a cubic crystal. Furthermore, the bulk modulus B and tetragonal shear constant C’ are related to C11 and C12, i.e., B = 1/3(C11 + 2C12), C’ = ½(C11 − C12). The applied EAM interatomic potential shows a correct description of the elastic moduli of Fe. The values are 2.84 Å, 173.1 GPa, 121.9 GPa, and 52.5 GPa for lattice constant, B, C44, and C’, respectively [27]. The elastic stiffness constants described by the EAM potential are nicely confirmed with the DFT results [41], which in terms agrees well with the experiments values [42].




3.3. Strain Effect on Collision Cascade Event and FP Formation


The standard number of atomic displacements at free strain can also be theoretically estimated by NRT [24], which is expressed as follows:


  NRT   displacement   =     0.8  E  d e     2  E d     



(2)







Here, Ede is the nuclear deposition energy, which is estimated to be substituted with the deposition collision energy carried by PKA for cascades. Furthermore, Ed was set to be ~39 eV according to our calculations in Section 3.1 and Section 3.2. Under compressed strains, the peak number of FPs occurred earlier, while under tensile strains, the peaks reached a great height and extended for a longer time (Figure 3). The peak time is one of the main ballistic phase specifications, and it is defined as the period between the initiations of the events until the maximum number of FPs formation is reached. However, most of the defects return to their original lattice locations during recombination time. The strain effects lead to different volume changes affecting the size of the displacement cascade that affect the number of created FPs [43].



During the cascade event, if the atomic recoil energy is lower than the Ed value, then the FPs will be recombined, and energy will be dissipated over the entire volume of atoms [16]. In contrast, the FP will be generated if the transferred recoil energy is ≥Ed. Because Ed tended to decrease from compression to tension, as described in Section 3.2, more FPs are generated with the tensile strain (Figure 3). Furthermore, if the tensile-strained structure is subjected to high PKA energy, the collided atoms rapidly move far away from the parent atoms, which reduces the chances of FPs recombination and results in a higher number of FPs. In comparison, once the structure is compressed, Ed increases, and atoms get closer to one another; hence the transferred energy equally distributes over a larger number of atoms, and more collisions occur without defect generation.




3.4. Effects of Strain on the Formation of Interstitial Dislocation Loop


The peak number of FPs under strain for various energies of PKA is plotted in Figure 4a. For simplicity, the average was taken for every four different PKA directions and four different timings at the center of the simulation cell; hence, each point of Figure 4 was averaged over 16 different individual simulations. The peak number of FPs increased when the tensile strain was applied. The SEM of each point is denoted by the error bars shown in Figure 4.



The number of survived FPs after equilibration time is paramount for estimating radiation damage effects. In Figure 4b, the number of survived FPs increased when the increasing tensile strain was applied, while the number of survived FPs decreased with compression strain. The number of survived FPs also increased for higher PKA energies. The number of survived FPs is comparable with the previous MD results conducted for iron at free strain conditions for 1 and 10 keV of PKA energies [11].



The nature of the cascade event and defect distribution after radiation damage is complex [44] and cannot be firmly explained for strain conditions because of the chaotic nature of the collision event. Hence, the prediction of the cascade evolution can be largely different due to its stochastic nature. Indeed, the 16 different sets of the simulation for each energy at a specific strain are averaged to minimize such complex nature. From these different simulation results, the chaos was naturally evident. At 10 keV with 4.8% of tensile strain, the unpredictable evolution of the primary damage has happened, as clearly shown in Figure 4a,b reveals that the defect generation significantly increased in nonlinear shape. Based on a deep analysis of the possible causes behind this sharp increase, we found that this was due to the interstitial dislocation loop formation at peak time. During the peak time, the interstitial dislocation loop formed as a result of interstitial accumulation in a more stable form than mono interstitial defects. Thus, the number of survived FPs reported in Figure 4a includes the number of FPs incorporated into interstitial dislocation loops.



Using the DXA algorithm of the OVITO code [31], we observed that several interstitial dislocation loops occurred at relatively low energies and high strains. The number of interstitial dislocation loops and lengths changed by the collision direction, timings, strain, and energy change. The interstitial dislocation loops are presented in Figure 4c, where the dislocation lines show that no embedded atoms interfere with the cluster point defects, and it is evident that the defects generated were of two types: mono-defects (vacancy/interstitials) and interstitial dislocation loops.



The dislocation occurrence probability among the 16 simulation sets is summarized in Table 1, and we found that only one type of interstitial dislocation loop was formed, which was ½<111>. The probability of ½<111> dislocation loops occurrence is 43% at 6 and 10 keV, while it is 0% at 1 keV. The formation energy of seven atoms length interstitial dislocation loop was compared to that of a seven-single SIA, wherein interstitial dislocation loop formation energy decreased by approximately 2 eV but increased at larger tensile strains (Figure 5). The 7-time formation energy of the <110> SIA dumbbell (single isolated <110>) (Figure S7) was also compared with the interstitial dislocation formation and showed a similar trend for energy formation behavior with Figure 5.



Herein, we confirm that the energy cutoff of interstitial loop observation is de- creased due to strain effects. Hence, we introduce the probability of ½<111> dislocation formation even at lower energies and lower atomic masses of PKA under high tensile strain values. Obviously, an increase in the PKA recoil energy under local tensile strains can augment the probability of the nucleation of several interstitial loops and different dislocation types.



Recently, C15 interstitial clusters were theoretically shown to be stable at small size in Fe bcc [41,42,43]; although a close investigation for C15 clusters was performed, the stability of this cluster could not be observed by the DD-BN EAM potential used in our study. However, C15 clusters exist with a low fraction (1–6%) at relatively high PKA energy [45], and ½<111> dislocation loops were also one of the stable clusters form. While of the current work, ½<111> dislocation loops were only observed at high tensile strain; hence, considering the formation of small size C15 cluster would not significantly affect our main conclusions. However, C15 clusters could be observed if another potential model of well-defined C15 clusters is used, and further info could be obtained.




3.5. Additional Analysis: Defect Production Efficiency under Strain


The defect production efficiency is defined as the ratio between the numbers of the theoretically evaluated FPs to those evaluated by MD. The defect production efficiency is defined as NFP/NNRT, as shown in Figure 6a, while Figure 6b is the deformed NRT dis- placements (i.e., the estimated number of FPs by the NRT theoretical model and the value of the Ed,j (∆V) -substituted form    E  d , a v g   s t r a i n e d     in Figure 2b). Figure 6a shows the defect production efficiency for strained conditions as a function of PKA energy; defect production efficiency showed similar trends for all strain conditions at 1 and 3 keV; this relation was disturbed at larger PKA energies (especially for 10 keV). In general, the defect production efficiency decreases as PKA increases (from 1~6 keV). However, for 10 keV and under larger tensile strains, the efficiency relation starts to increase. This is because the dislocation loop formation generates further defects, as clarified in Section 3.4 thereby, the efficiency increased again. This shows the sensitivity and complexity nature of the collision events and defect formation and confirms the inconsistency between the theoretical linear relation of the NRT model and the experimental results. Accordingly, the need for the NRT model development was recently suggested by Norland [46].





4. Conclusions


Application of strain reduces the PKA energy required to form an interstitial dislocation loop. Under high tensile strain, the ½<111> interstitial dislocation loop is formed at PKA energies as low as 3 keV. The reason behind this formation at lower PKA energies is due to the decrement of Ed when moving from compression to tension. Hence, more interstitials are likely to accumulate from the FPs at peak time. From the accumulated FPs, the formation energy of the interstitial dislocation loop becomes more stable with a 2 eV reduction compared with the mono interstitial formation energy under tensile strain. In addition, the formation energy of the interstitial dislocation loop, and    E  d , a v g   s t r a i n e d     can be directly used for theoretical models, such as evaluating defect formation by use of the NRT model, which can also be useful for multiscale modeling work.
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Figure 1. Description of uniaxial and hydrostatic strain applications. The integrated table shows the variations in cell constants and volumes of free strained values (x0, y0, z0, V0) with a Δ of strain for each strain type. 
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Figure 2. (a) Uniaxial and a hydrostatic correlation between    E  d , a v g   s t r a i n e d     and strain changes in α-Fe. (b) Correlation between uniaxial and hydrostatic strain changes for    E  d , a v g   s t r a i n e d     as volume change. Every single point is the average value of over 300 quasi-uniform directions. 
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Figure 3. The evolution of as Frenkel pairs (FPs) created during the displacement cascade of 10 keV as volume change. Each point is the average of overall direction and timing, i.e., 16 different samples. A similar thermal spike trend for all given PKA energies was noticed; hence the typical behavior of damage evolution over time was shown with 10 keV. 
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Figure 4. (a) The peak number of FP under strain conditions for primary knock-on atom (PKA) energies (1, 3, 6, and 10) keV as a function of hydrostatic strain (b) number of survived FP after 20 ps, the black–box shows the ½<111> dislocation formation for <110> displacement collision direction at 10 keV. The error bar denotes the SEM over the selected samples (c) Analysis of the ½<111> dislocation configuration and defect formation. 
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Figure 5. The formation energy of 7 self-interstitial atoms (SIAs) defects as a function of compression and tensile strain is denoted in black. The formation energy of ½<111> dislocation loop with 7 SIAs is denoted in blue. The energy difference between 7 SIAs defects and ½<111> dislocation loop is denoted in green. 
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Figure 6. (a) The defect production efficiency, which is defined as the ratio between the molecular dynamics (MD) and the Norgett–Robinson–Torrens (NRT) result for defect calculations. (b) Number of surviving Frenkel pairs for various PKA energies versus applied and hydrostatic strain from NRT model applications VNRT = 0.8 × Epka/2 Edj(∆V) [36]. 
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Table 1. Dislocation occurrence probability (i.e., how many times dislocation appeared among the 16 different simulation sets). The only formed dislocation was ½<111> type.
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	PKA Energy (keV)
	Probability Occurrence of ½<111> Dislocation Loops among the 16 Sets at 4.8% of Volume Change





	1
	0



	3
	1/16



	6
	7/16



	10
	7/16
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