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Abstract 

Irradiation-induced dislocation loops are important defects that affect zirconium alloys 

used in the manufacture of major structural components of nuclear reactors. In this thesis 

atomistic simulations and theoretical modellings are performed to analyze and explain 

experimental observations made by other authors. The formation and growth of different 

types of dislocation loops are believed to be responsible for different stages of irradiation 

damage, and it is necessary to understand their formation and development. However, the 

fundamental mechanisms behind them are still not fully elucidated. Therefore, the aim of 

this thesis is to investigate formation and growth mechanisms of different types of 

dislocation loops under various complex irradiation environments. 

The background and importance of dislocation loops are introduced in Chapter 1, and a 

literature review is given in Chapter 2. In Chapter 3, we use both a model of dislocation 

energy and MD simulations to explore the habit planes of 𝑎-type dislocation loops, while 

cascade simulations are produced to investigate the effect of irradiation on those loops. In 

Chapter 4, cascade simulations with different PKA energies were performed to interact 

with pre-existing 𝑎-type loops; 𝑐-component interstitial loops were only observed under 

the condition of high-energy PKAs. The role of Ni segregation on the stability of 

dislocation loops in the Zr-Ni binary system is elucidated by employing molecular 

dynamics/Monte Carlo simulations in Chapter 5. In Chapter 6, the formation mechanisms 

of 𝑎-type and 𝑐-component dislocation loops in α-Zr were investigated by a combination 

of a fully constrained analytical model and molecular dynamics simulations. In Chapter 

7, the effect of existing microstructural elements on primary damage production in α-Zr –
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and vice-versa—is assessed by molecular dynamics simulations. For better replicating in-

reactor alloys, the influence of iron segregation to the dislocation loops is assessed. The 

main conclusions of this thesis are described in Chapter 8, and some interesting future 

work is also discussed. 
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Chapter 1. Introduction 

1.1. Important structural materials in nuclear reactors: zirconium alloys 

Nuclear energy is an important energy source that provides more than 50% of the power 

in Ontario, and 16% of the power in Canada. With the benefits of reliable energy supply, 

environmentally friendliness (due to negligible CO2 emission) and significant potential 

economic benefit [1, 2], Canada has developed its own line of nuclear power reactors. In 

2016, Ontario Power Generation announced a $12.8 billion refurbishment of four 

Darlington nuclear reactors [3], which will ensure that nuclear energy continues to be 

Ontario’s largest source of power for a significant time. 

Zirconium and its alloys are employed in all thermal reactors, as fuel-cladding and 

structural materials. Figure 1-1 is adapted from [4], which illustrates major components 

of fuel channels in a CANDU reactor. Zr alloys have a low capture cross-section to 

thermal neutrons and good corrosion resistance [5]. The components made of Zr alloys in 

nuclear reactor are highly critical to safe operation and require unusual mechanical and 

thermodynamic properties due to the extreme conditions during irradiation. For example, 

water in the core of a Pressurized Water Reactor reaches about 325 ºC, thus about 150 

times atmospheric pressure must be maintained to avoid the water boiling [6]. These 

conditions result in materials degradation through creep [7], swelling [8], crack formation 

[9], accelerated growth [10] and many other forms of failure that can be observed in a 

macroscopic scale. Here, swelling should be distinguished from irradiation growth; the 

former one does not conserve volume and does not occur in Zr alloys. 
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Figure 1-1. Schematic diagram of a CANDU fuel channel, and this figure is adapted from [4]. 

Irradiation-induced degradation of materials at a macroscopic scale has roots in 

microscale defects, which depend on the type and level of irradiation. The type of 

irradiation can be identified by the source of irradiation: neutrons, protons, heavy ions 

and electrons. It should be noted that electron irradiation only causes displacement 

damage but no cascades, but the other 3 types of irradiation induce cascades and thus 

have thermal spikes after the collision between the high-energy particles and lattice atoms 

[11]. More details about advantages and disadvantages of different type of irradiation in 

studying neutron irradiation can be found in [12]. For all types of irradiation, there are 

primary knock-on atoms (PKA) that are displaced from their lattice sites with some 

kinetic energy. These PKAs could induce point defects and small clusters of vacancies 

and self-interstitial atoms (SIA) which act to dissipate the PKAs’ energy. As irradiation 

damage continuously increases, these point defects and small clusters could form vacancy 

loops by accumulation of vacancies/vacancy clusters, and interstitial loops by 
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accumulation of SIAs/SIA clusters. The result can also be a perfect lattice by 

recombination of an equal number of vacancies and SIAs. 

The most stable phase of Zr alloys during typical irradiation conditions is usually a-Zr, 

which has an hexagonal close-packed (HCP) structure (see Figure 1-2). Irradiation-

induced dislocation loops in a-Zr can be identified by measuring the loop’s Burgers 

vector which represents the magnitude and direction of the lattice distortion resulting 

from a dislocation [13]. There are three different dislocation loops based on their Burgers 

vector in Figure 1-2: a-type dislocation loops with Burgers vector that are parallel to a-

direction; c-type dislocation loops with Burgers vector that are parallel to c-direction; c-

component dislocation loops with Burgers vector that a has c-direction component. 

 

Figure 1-2. HCP structure unit cell. 

1.2. Material path to failure: appearance of c-loops 

It is understandable that materials will eventually fail after long-term service under 

extreme conditions. In fact, delaying this failure is the motivation driving many scientists 

to develop better materials with improved thermodynamic and mechanical properties. 

Thus, it is crucial to understand the possible sources that lead to materials’ failure. It is 
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generally accepted in Zr and its alloys that 𝑎-type loops appear at low irradiation fluences 

whereas 𝑐-component loops, of relatively larger size than the a-loops, appear at higher 

irradiation dose [14], where the critical dose for c-loop formation depends on fluences, 

temperature and alloy content. It is also observed that 𝑐-component loops are associated 

with and likely largely responsible for accelerated irradiation growth as well as 

contributing to irradiation creep and the degradation of mechanical properties [15]. 

Therefore, finding and understanding the formation conditions and growth mechanisms 

of 𝑐-component loops can help us design strategies to postpone irradiation growth. While 

𝑐-component loop growth has been much discussed in the literature [16-18], the reason 

and mechanisms behind the incubation period for their first appearance is unknown. 

1.3. Computational technique to study irradiation-induced defects: Molecular 

dynamics 

Experimental irradiation usually requires long-time sample preparation, and presents 

difficulties in handling irradiated materials for microstructure analysis. Materials 

modelling has been developed to cover materials phenomena and processes at multiple 

scales. Figure 1-3 illustrates most of the popular computational techniques to model 

atomistic, microstructural and continuum processes. It is interesting to note that there is 

no technique that can cover all scales, which means that each technique has its speciality 

and is appropriate to address particular problems. In addition, there are overlapping areas 

between different techniques in Figure 1-3, which indicates that it is possible to compare 

results from different modeling methods under certain conditions. 
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Figure 1-3. Computational techniques for a variety of length and time scales, and this figure is 

adapted from [19].  

The formation and growth mechanisms of irradiation-induced defects are extremely 

important in understanding materials degradation during irradiation, and such defects 

formation may only take a few ps to a few ns. In particular, important defects such as 

dislocation loops are the major subject of our study. According to experimental 

observations [20-24], the size of dislocation loops ranges from several nm to hundreds of 

nm. Considering both time and length scales in Figure 1-3, molecular dynamics (MD) is 

selected in this study. MD is a deterministic approach that utilizes a reliable interatomic 

potential, and well-defined initial geometric and kinetic conditions. As an important 

atomistic simulation technique, MD has been widely employed in various scientific fields 

such as biochemistry and biophysics [25] and metallic physics [26-29]. The applications 

of MD make it possible to link theoretical physics and real experimental observations. 

The interatomic potential is very important in MD simulations. One of the simplest forms 

to describe the interatomic potential is the “hard-sphere” model [30], where the energy 
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between two atoms becomes infinite when their distance gets smaller than the diameter of 

the spheres. This model can be used to provide a fundamental understanding of the 

atomistic structure of liquid, however, it is not realistic to describe long-range attraction 

between atoms. Another popular model that defines both long-range attraction as well as 

short-range repulsion between atoms is the Lennard-Jones (LJ) potential [31, 32]. Both 

the “hard-sphere” model and the LJ potential belong to the same type of pair potentials, 

which means that the overall potential energy is assumed as a summation of interactions 

between pairs of atoms. The disadvantage of this type of potential is very obvious due to 

the factor that one atom is not simply interacting with another single atom, but with a 

number of neighboring atoms. In addition to the pair potentials, the many-body potential 

energy has been developed to represent localized covalent bonds [33]. Nevertheless, 

electrons in metals are much more diffuse and shared by more atoms, which leads to a 

different local environment from the uniform bulk, thus the many-body potential model 

may not be suitable for the interatomic potential in metals. Daw and Baskes [34, 35] have 

proposed the embedded-atom method (EAM) that provides a more realistic description of 

the metal cohesion, and this type of potential is used in our study. In principle, there are 

two contributions in this model [36]: the total energy (𝐸5) of an atom i refers to the 

embedding energy (𝐹6) that comes from neighboring atoms, and a pair interactions (the 

second part of Eq.	1.1). 

𝐸5 = 𝐹6 DE𝜌7G𝑟58I
895

J+ 1 2M E𝜙:7G𝑟58I
895

, 1.1 
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where 𝑟58 is the distance between atoms i and j, and 𝜌7  is the contribution to the electron 

charge density from atom j of type 𝛽 at the location of atom i, and 𝜙:7  is a pair-wise 

potential function. The electron density of each atom can be expressed as a sum of the 

density contributed by the atom plus the electron density from all the neighbouring 

atoms, and the pair interaction is purely repulsive. Thus, the total energy is the 

summation of the energies of 𝐸5 for all the atoms in the system. 

LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator) [37] is used in 

the present study to perform all MD simulations due to its popularity, broad-acceptance 

and extensive bench-marking and testing. 

1.4. The objectives of this thesis 

Irradiation-induced dislocation loops in a-Zr are the major defects to study in this thesis. 

Formation of 𝑐-component loops is a complex problem, which may depend on many 

different factors such as temperature, irradiation damage, dislocation and grain boundary 

density, alloying segregation and precipitation, etc. These factors can be individually 

investigated by using atomistic simulations, and results compared to experimental 

observation where available. In general, the following 5 questions have been investigated 

in this thesis. 

1. What is the relationship between 𝑎-type and 𝑐-component dislocation loops? 

2. Could 𝑎-type loops transform into 𝑐-component loops after collision cascades? 

3. Is it possible to develop an analytical model to describe the formation energy of 

dislocation loops? 
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4. How are collision cascades affected if they occur in the vicinity of extended defects 

such as dislocation loops and grain boundaries? 

5. What is the effect of alloying on the stability of irradiation induced dislocation loops? 

1.5. A brief description of the following chapters 

A literature review will be given in Chapter 2, and there are five Chapters that are related 

to the five questions described above. As these are in manuscript format, Chapters 3-7 are 

either published articles or are in preparation for submission to peer-reviewed journals. 

All the important conclusions are summarized in the final Chapter 8, where some future 

work is also discussed. Here, some highlights of Chapters 3-7 are briefly described: 

Chapter 3: we use both a model of dislocation energy and MD simulations to explore the 

habit planes of 𝑎-type dislocation loops, while cascade simulations are produced to 

investigate the effect of irradiation on those loops. 

Chapter 4: cascade simulations with different PKA energies were performed to interact 

with pre-existing 𝑎-type loops, and 𝑐-component interstitial loops were observed under 

the condition of high-energy PKAs. 

Chapter 5: the role of Ni segregation on the stability of dislocation loops in the Zr-Ni 

binary system is elucidated by employing Molecular Dynamics/Monte Carlo simulations. 

Chapter 6: The formation mechanisms of 𝑎-type and 𝑐-component dislocation loops in α-

Zr were determined by a combination of a fully constrained analytical model and MD 

simulations.  
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Chapter 7: the cascade sink preference of various extended defects is studied statistically 

using collision cascade simulations, and loop growth analysis was carried out, comparing 

𝑎-type and 𝑐-component vacancy loops at different temperatures. 
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Chapter 2. Literature review 

2.1. Formation and growth of 𝒂-type dislocation in a-Zr and its alloys 

2.1.1. Experimental work 

Back in 1966 Gulden et al. [1] observed 𝑎-type loops with 1/3〈112>0〉 Burgers vector in 

Krypton ion irradiated and annealed Zr, and they found most loops located on prism 

planes. However, they claimed that those loops are interstitial type, which is interesting to 

keep in mind when comparing other studies. A few years later, Kelly et al. [2] also 

observed 𝑎-type loops in neutron irradiated Zr, but two thirds of the loops were vacancy 

type. The size of the loops in [1] is unknown, but loops’ size measured in [2] ranged from 

20 nm to 150 nm; in TEM studies it is much easier to identify the type of bigger loops. 

The angle between loop plane normal and Burgers vector was discussed in [2], and this 

parameter is suggested to relate to loop’s energy. The temperature effect on density and 

size of 𝑎-type loops was studied by Adamson et al. [3] using both ion and neutron 

irradiation, and they found that 𝑎-type loops would grow bigger but their number may 

decrease as temperature increases, but they did not identify whether loops were vacancy 

or interstitial type. Irradiation growth due to the formation of 𝑎-type loops was discussed 

by Northwood et al. [4], particularly an expansion in the 𝑐-axis was observed. Another 

study in neutron irradiated Zr by Jostsons et al. [5] reported that large 𝑎-type vacancy 

loops are mostly elliptical while 𝑎-type interstitial loops are more circular. Further, the 

number of observed vacancy loops is significantly greater than interstitial loops at various 

temperatures in their results. More 𝑎-type vacancy loops were also found by Gilbert et al. 

[6] and Northwood et al. [7], and they both observed that loops formed parallel to each 
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other and aligned to traces of the basal plane (as shown in Figure 2-1). Loops in such a 

stacking format definitely affect growth behavior, but a fundamental mechanism to 

explain this phenomenon is still unknown. 

 

Figure 2-1. Annealed Zr at 673 K after neutron irradiation 1.2×1025 n/m2, and this figure is Fig. 1 (b) 

that was adapted from [7]. 

Loop growth has been observed by many previous studies using the TEM technique, but 

very few experimental works [8, 9] have focused on the growth mechanism due to the 

limitation of size scale and complexity, since growth is believed to be due to 

accumulation of point defects. On the other hand, modeling and simulations have been 

used to investigate this problem as will be discussed in the next section. 

2.1.2. Modeling of a-loops 

Theoretical studies of loop energy can be traced to 1960s by Kroupa [10]; their model 

assumed that the Burgers vector of the loop is normal to the loop plane, which is not the 

case for irradiation-induced loops [11]. Further, these earlier results [12, 13] only 

consider isotropic elasticity theory and ignore the energy contribution of the dislocation 
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core. However, it is well known that elasticity in a-Zr is anisotropic [11] and the size of 

loop can be small as 5 nm [6]. Thus, these two important factors should be taken into 

account when developing the energy model of dislocation loops in a-Zr. Wolfer et al. [14] 

developed a loop energy model that considers the angle between Burgers vector and loop 

plane normal vector, which is suggested to be an important parameter in defining the 

loop’s energy by Kelly et al. [2]. More descriptions regarding loop energy models will be 

made in the next chapter. The formation energies of vacancy clusters and small 𝑎-type 

vacancy loops were obtained using ab initio calculations and MD simulations by 

Varvenne et al. [15], and they also developed an analytical model for calculating 

formation energy of dislocation loops. They have compared various interatomic 

potentials with their DFT calculations, and found that Zr #3 EAM potential in [16] cannot 

provide reasonable values for binding energies for vacancy clusters. According to their 

results, the interaction between vacancies is attractive only for first nearest neighbors.  

The growth of dislocation loops may occur by absorbing the same type of point defects 

and same type of point-defect clusters, or merging with the same type of dislocation 

loops. Here, we will first review the contribution of the diffusion of point defects to loop 

growth. Two main effects are generally discussed about the diffusion of point defects: the 

elastic interaction difference (EID) and the diffusional anisotropy difference (DAD). EID 

is caused when the strain field induced by extended defects acts as biased sink to 

vacancies and SIAs; DAD is an effect that occurs if point defects have different diffusion 

rates depending on the diffusion direction relative to the crystal structure. Woo et al. [17] 

compared these two effects in non-cubic metals by developing a rate theory model, and 

they suggested that both effects should be considered to explain irradiation deformation 
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and microstructural evolution. They also reported that defects such as edge dislocations, 

grain boundaries and surfaces are biased sinks to point defects, and treated vacancy 

diffusion as isotropic while interstitial diffusion is faster in the basal plane than along the 

c-axis. The DAD effect was further supported by Holt et al. [18] in a description of 

irradiation growth. Holt analyzed various sinks that could be the source of the anisotropy 

of point defects, and compared different models of irradiation growth based on available 

experimental results. As emphasized by Holt [18] 30 years ago, knowledge of the 

characteristics of point defects was poorly understood at that time due to the 

computational limitations . Point defect diffusion in a-Zr has subsequently been 

extensively investigated using MD simulations. Osetsky et al. [19] calculated self-

diffusion coefficients and activation energies for vacancy and SIA in a-Zr. They found 

that vacancy diffusion is likely isotropic at high temperatures (1050 to 1650 K) and 

slightly anisotropic at lower temperatures. They also found that interstitial diffusion 

mainly diffuses in the basal plane at low temperatures while interstitials could also 

diffuse along the c-axis at high temperatures. The DAD effect was further developed by 

Woo et al. [20] based on an interatomic EAM potential. However, a recent simulation 

study from Samolyuk et al. [21] indicates that the DAD effect fails to describe radiation 

growth in Zr below 750 K. They have applied DFT, kinetic MC and mean-field rate 

theory to analyze point defect migration. Their results show that both SIAs and vacancies 

exhibit anisotropic diffusion, as they both diffuse faster in the basal planes than any other 

planes (see Figure 2-2). 
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Figure 2-2. Temperature dependence of the ratio of diffusion coefficients parallel (Da) and 

perpendicular (Dc) to the basal planes for SIAs and vacancies. This figure is Fig. 9 that adapted from 

[21]. 

2.2. Formation and growth of 𝒄-type/component dislocation in a-Zr and its alloys 

2.2.1. Experimental work 

The appearance of 𝑐-loops occurs after some critical condition of irradiation damage in 

Zr alloys, which has been experimentally correlated to the start of breakaway irradiation 

growth [11]. It was reported by Holt et al. [22] that 𝑐-component loops can be first found 

at irradiation fluences as high as 6 × 10;< neutrons/m;, which may explain why early 

studies [2-5, 7] only reported 𝑎 -type loops, since their samples were irradiated at 

irradiation fluences less than 3 × 10;< neutrons/m;.  

Using HVEM electron irradiation of Zr at various temperatures, Griffiths et al. [23, 24] 

found glissile interstitial loops of Burgers vector 1/3〈112>3〉 which were chair-shaped and 

nucleated on non-basal planes. They proposed a dislocation reaction that could explain 

the formation of loops with Burgers vector 1/3[112>3]: a reaction between two loops with 
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Burgers vectors 1/6[202>3] and 1/6[022>3], respectively. Vacancy type dislocation loops 

with Burgers vector 1/6〈202>3〉 in neutron-irradiated annealed Zr and Zircaloy-2 and -4 at 

irradiation fluences of 1.5 × 10;= neutrons/m; were reported by Griffiths et al. [25] (see 

Figure 2-3). They also proposed that the formation of 𝑐-component dislocation loops only 

at high irradiation fluences was responsible for an incubation period before the onset of 

breakaway growth. 

 

Figure 2-3. TEM images of 𝒄-component dislocation loops in pure Zr after neutron irradiation at 700 

K: the loop shows fringe contrast when diffracted vector g=𝟎𝟏𝟏%𝟏; zero contrast with g=𝟐𝟏%𝟏%𝟎 and 

outside contrast with g=𝟏%𝟏%𝟐𝟐%. This figure is Fig. 3 that adapted from [25]. 

The correlation between Fe content and the presence of 𝑐-component dislocation loops 

was investigated by Carlan [26] using electron irradiation, with Fe implantation 

performed by Fe ion beams up to 1.8 at.%. Their results show that the dose level for 𝑐-

component loops nucleation is weakly Fe-content dependent, but 𝑐-component loop size 

and density increased as iron implantation increased. In addition, a strong Fe segregation 

in the plane of 𝑐-type loops was measured. A recent proton irradiation work by Harte et 
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al. [27] suggests that the appearance of 𝑐-component loop may relate to an alignment of 

𝑎-type loops along basal traces. These 𝑎-type loops were first formed at low dpa, and 

some of them had disappeared at higher dpa. At the same time, a 𝑐-component loop could 

be observed at the same location where 𝑎-type loops had disappeared. This observation 

suggests a possible formation mechanism for 𝑐-component loops. 

2.2.2. Modeling work of c-loops 

Very few modeling and simulation works have been carried out to study the formation 

and growth mechanisms of 𝑐-component loops in a-Zr. Woo et al. [28] performed MD to 

simulate the interaction between a [0001] screw dislocation and a vacancy cluster in the 

form of a platelet in the basal plane; they found this vacancy cluster could transform into 

a faulted vacancy loop when the size of the cluster was more than 23 vacancies. It is 

interesting to note that their vacancy cluster is in the form of a platelet rather than a 

random structure. The interactions between an 𝑎-type interstitial loop and either edge or 

screw 𝑎-type dislocations were simulated by Serra et al. [29]. The relation between the 

direction of the loop’s Burgers vector and the direction of the line dislocation could affect 

their reaction: when the loop’s Burgers vector is parallel to the line dislocation, then the 

loop becomes partially or totally absorbed by the dislocation; if the loop’s Burgers vector 

is inclined at 60° or 120° to the dislocation, then the dislocation may slip over the loop. 

However, the loop’s Burgers vector is still 𝑎-type, and no 𝑐-loops can be found from their 

results. Formation energies of vacancy 𝑎-type and 𝑐-component loops were calculated by 

Varvenne et al. [15], and their results suggest that vacancy 𝑎-type loops are energetically 
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more favorable to form than 𝑐-component loops, which could explain why 𝑎-type loops 

usually appear first at low irradiation damage (see Figure 2-4). 

 

Figure 2-4. Formation energy of large vacancy clusters in Zr calculated by the EAM #2 potential [16]. 

The symbols are the results of MD simulations and the curves are calculated by the analytical models 

in [15]. This figure is Fig. 7 that adapted from [15]. 

2.3. Cascade simulations in a-Zr and its alloys 

A typical collision cascade event is less than a few hundred picoseconds, and irradiation-

induced defects by one PKA are usually less than a few nanometers in size. Thus, it is 

beneficial to use MD to simulate collision cascades as very detailed information can be 

obtained. Figure 2-5 illustrates 3 principal phases of a typical collision cascade: 

supersonic phase, sonic phase and thermally enhanced recovery phase. 
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Figure 2-5. Three phases of a collision cascade as shown in typical time profiles of the number of 

defects during 40 keV cascades in Ni and NiFe. This figure is adapted from Fig. 1 of [30]. 

2.3.1. Collison cascade in a perfect crystal 

Based on the interatomic potential that developed by Ackland et al. [31], Gao et al. [32] 

performed cascade simulations in a-Zr with PKA energy up to 20 keV. Their results 

demonstrate that the number and size of clusters are increased by increasing the PKA 

energy. Small dislocation loops were observed and they were determined as 𝑎-type loops. 

The effect of temperature was also analyzed, and it was suggested that by increasing 

temperature the number of point defects would decrease as vacancies and SIAs could 

self-annihilate. In addition, mobility analysis between interstitial loops and small SIA 

clusters suggested that small SIA clusters have higher mobility. 

2.3.2. Collison cascade in the vicinity of extended defects 

Extended defects such as dislocations, grain boundaries and surfaces are important sinks 

to irradiation-induced point defects. Zhou et al. [33] simulated collision cascades with a 

pre-existing edge dislocation, and PKA’s energy ranges from 5 to 20 keV. The edge 

dislocation was found as a sink to SIAs, and vacancy clusters were found to form after 
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the cascades. Although they tried to consider the distance between the initial location of 

the PKA and the edge dislocation, the shape of the cascade region varies drastically 

(randomly) among different simulations. Thus, the effect of PKA’s location remains 

unclear. 

The effect of grain boundaries on the residual point defects after cascades was studied by 

Jin et al. [34] and Arjhangmehr et al. [35]. Three [0001] symmetric tilt grain boundaries 

were studied by Jin et al. [34] with PKA’s energy up to 2.5 keV. Their results suggest 

that the grain boundaries may act as a thermal barrier since there are temperature 

fluctuations along the normal direction of the grain boundaries plane 30 ps after the 

collision cascades. From their analysis of defect density, they determined that the grain 

boundaries absorbed more SIAs than vacancies. 

Both tilt and twist grain boundaries were studied by Arjhangmehr et al. [35] using PKA 

energy up to 9 keV. Figure 2-6 shows the calculation of the relative residual defects: 

when the value is greater than 0, it means that a greater number of such defects remained 

in the matrix, and vice versa. In Figure 2-6, the relative residual defects for the low-angle 

tilt grain boundaries indicates that more vacancies usually remain in the matrix, while 

more SIAs usually remain in the matrix for the high-angle tilt grain boundaries. Thus, 

Arjhangmehr et al. reported that the low-angle tilt grain boundaries are sinks for SIAs 

while the high-angle tilt grain boundaries are sinks for vacancies. However, the error bar 

in the result for the high-angle tilt grain boundaries is much smaller than that of the low-

angle tilt grain boundaries, while it is on average 5 in the low-angle tilt grain boundaries. 

That is in this case, all data in the high-angle tilt grain boundaries would be in the range 

of the error bar. Therefore, it is difficult to identify the nature of the effect of high-angle 
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tilt grain boundaries on the absorption of irradiation-induced point defects from their 

results. 

 

Figure 2-6. The relative number of residual defects near each of the two grain boundaries, as a 

function of the initial distance of the PKA with 3, 6 and 9 keV. This figure is Fig. 2 that adapted from 

[35] 

2.4. The effect of alloying elements on formation and growth of dislocation loops in 

a-Zr and its alloys 

As important structural components in reactors, common Zr alloys include Zircaloy-2, 

Zircaloy-4 and Zr-2.5Nb. Their major alloying compositions are displayed in Table 2-1. 

Table 2-1. Composition range (weight percent) of standard Zr alloys, which is adapted from [36]. 

Name Zircaloy-2 Zircaloy-4 Zr-2.5Nb 

Tin 1.20-1.70 1.20-1.70 N/A 

Iron 0.07-0.20 0.18-0.24 N/A 

Chromium 0.05-0.15 0.07-0.13 N/A 



 23 

Nickel 0.03-0.08 N/A N/A 

Niobium N/A N/A 2.40-2.80 

Oxygen 1000-1400 ppm 1000-1400 ppm N/A 

2.4.1. Experimental work 

The effect of oxygen in Zircaloy-4 was studied by TEM after 500 keV Zr+ ion or 1 MeV 

electron irradiation [37], and it was found that oxygen could reduce the growth of loops. 

In addition, in-situ annealing at 450 or 500 °C after ion irradiation led to a large 

coalescence of loops in pure Zr, but loops are relatively more stable in the case of Zr 

alloys. 

Different Zr alloys were investigated by Griffiths et al. [38] comparing both electron and 

neutron irradiation, and they found the alloying elements Nb and Sn are effective in 

suppressing 𝑐-component loop and cavity formation, and particularly Nb has the most 

pronounced effect. 

By using atom probe tomography, Sundell et al. [39] studied Zircaloy-2 fuel cladding 

material that has been subjected to 9 annual cycles of in-reactor exposure. They observed 

that Fe and Cr were segregated to ring-shaped features that were interpreted to be 𝑐-

component loops (without TEM determination), which would suggest that Fe and Cr may 

be important in the growth of 𝑐-component loops. 

The effect of neutron and proton irradiation on the composition of second phase particles 

in Low Tin ZIRLOTM was studied by Francis et al. [40] using energy-dispersive X-ray 
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spectroscopy and an aberration-corrected TEM. Fe was found to be gradually dispersed 

from second phase particles Zr-Nb-Fe during both proton and neutron irradiation, which 

is in contrast to the observations in other Zr alloys. The authors proposed that the 

irradiation-induced dislocation loops may create sites for Fe which are more attractive 

than the particles. 

Idrees et al. [41] have carried out heavy ion irradiation on two types of Zr Excel alloy to 

analyze the effect of irradiation temperature and alloying elements on the nucleation and 

growth of 𝑐-component loops. Their results suggest that formation of 𝑐-component loops 

is not only temperature dependent but is also affected by the presence of alloying 

elements in the form of either solid solution or second phase particles. 

Harte et al. [27] observed chemical segregation of Fe, Ni and Cr to 𝑎-type loop positions 

in basal traces and Sn segregation between loop positions in proton-irradiated Zircaloy-2. 

After proton irradiation to 4.7 dpa, some Ni segregation was observed to follow that of Fe, 

which suggests that the alloying segregation may be discontinuous. 

The effect of Fe redistribution from second phase particles on the density and 

morphology of 𝑎-type and 𝑐-component loops was examined by Topping et al. [42] using 

both proton and neutron irradiation of Zircaloy-2 material. Fe was detected in 

nanoprecipitates that nucleated from pyramidal dislocation loops, and these 

nanoprecipitates were suggested as new sites for point-defect annihilation. 
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2.4.2. Modeling work 

MD analysis on the effect of alloying elements on dislocation loops in Zr alloys is very 

rare due to the limits of existing interatomic potentials for alloys. Christensen et al. [43] 

developed several EAM potentials for Zr binary alloys, and they reported that Nb and Sn 

suppress the diffusion of Zr SIAs, which may reduce the rate of formation of interstitial 

𝑎-type loops. Alloying elements such as Cr, Fe and Ni have very high diffusion rates as 

interstitial atoms, and they segregate to dislocation loops. 

The effect of hydrogen on dislocation loops in Zr was studied by Christensen et al. [44]. 

It was observed that hydrogen atoms in vacancy loops above one hydrogen per vacancy 

would impede the collapse of vacancy loops. Further, there is limited effect of hydrogen 

on the formation of interstitial loops. Hydrogen effect on the stability of vacancy cluster 

and loops was also investigated by Varvenne et al. [45] using an ab initio approach. They 

have determined the most favorable insertion site for hydrogen is in the vicinity of a 

vacancy cluster. Hydrogen was found to stabilize the vacancy loops in the basal plane, 

which could lower the stacking fault energies of the loop, which is consistent with the 

trapping of hydrogen by vacancy loops from experimental observations. A comparison of 

formation energies of various vacancy loops with and without hydrogen is provided in 

Figure 2-7, as the curves for loops in the basal planes (dashed green curve) is greatly 

decreased after hydrogen stabilization. 
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Figure 2-7. Formation energies of vacancy loops as calculated by continuous laws parameterized on 

DFT results for (a) pure a-Zr and (b) Zr containing hydrogen at T=600 K and hydrogen 

concentration is 0.01. This figure is Fig. 9 that adapted from [45]. 
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Chapter 3.  The habit plane of a-type dislocation loops in α-zirconium: An atomistic 

study 

A model of dislocation energy and molecular dynamics (MD) simulations to explore the 

habit planes of a-type dislocation loops, while cascade simulations are produced to 

investigate the effect of irradiation on those loops. Vacancy and interstitial loops are 

artificially created on perfect prism planes in MD, and they reorient to their preferred 

habit planes during a relaxation stage. The statistics presented in stereographic 

projections show that the preferred habit planes are close to the prism plane {101>0}, 

consistent with experimental data from the literature. It is confirmed that the angle 

between the Burgers vector and the loop’s plane is a useful parameter when identifying 

the stability of a-type dislocation loops. 

3.1. Introduction 

Zirconium and its alloys are principal structural components in nuclear reactors due to 

their low capture cross-section to thermal neutrons and good corrosion resistance [1]. 

Neutron irradiation in nuclear reactors creates point defects such as vacancies and self-

interstitial atoms (SIAs) within the Zr, which redistribute in the material, inducing 

irradiation growth and irradiation creep as well as degrading mechanical behavior [2]. 

Vacancy and interstitial dislocation loops are formed over time by the accumulation of 

migrating vacancies and SIAs respectively. These early stages in the formation of 

dislocation loops have recently been investigated computationally by Christensen et al. 

[3], and they found both vacancies and SIAs diffuse anisotropically while SIAs are faster. 

Moreover, their work also considers the effect of hydrogen. Dislocation loops are usually 
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observed as a-type, with a Burgers vector 1/3< 112>0 >, while c-type or <c+a>-type 

dislocation loops have a c-component in their Burgers vectors (such as 1/6< 22>03 > or 

1/3< 112>3 >) and they are generally observed to appear only at higher irradiation 

fluences. a-type loops are observed to be of both vacancy and interstitial type [4-8], while 

c-component loops are usually observed to be of vacancy type [9, 10], although 

interstitial types are occasionally reported [11, 12]. The habit planes of a-type dislocation 

loops are regarded to lie on the prism planes {101>0} or {112>0}, however experimental 

analysis [5, 13, 14] suggested that most a-type dislocation loops do not perfectly lie on 

these prism planes but tilt a little towards the basal planes. Further, based on the 

distribution of the habit planes measured by Kelly et al. [5] and Jostsons et al. [13], a-

type dislocation loops prefer the {101>0} prism plane. 

While prior work has shown that a-type dislocation loops lie mostly on a plane that is 

close to {101>0}, the details of the atomistic mechanisms controlling the habit plane are 

fundamentally important in understanding the development of irradiation damage 

microstructure and hence on growth and creep. Molecular dynamics (MD) simulations 

have been applied to investigate the properties of dislocation loops in α-Zr as well as their 

interaction with radiation due to two advantages of MD: the size of dislocation loops, and 

the dynamics of the collision cascade are well described within the typical limitations of 

MD simulations.  

Some modeling studies have explored the interactions between line dislocations and 

dislocation loops. The obstacle resistance of a dislocation loop was suggested to be 

dependent on the relationship between the Burgers vectors’ of a dislocation loop and a 

line dislocation [15]. A recent study from Ghavam et al. [16] also simulated a reaction 
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between an a-type vacancy loop that formed on an {11>00} plane with a mixed line 

dislocation that had a Burgers vector of type 1/3< 112>0 >, and they found that a 

vacancy loop on (11>00) or (01>10)was a relatively strong barrier to the motion of a 

mixed dislocation with a Burgers vector 1/3< 2>110 >, while a vacancy loop on (101>0) 

was a weak barrier to that mixed dislocation. The habit plane of a-type dislocation loops 

during irradiation may also influence the reaction with line dislocations, but studies on 

this topic are very rare. 

In this paper, we first apply an analytic model to describe the loop’s self-energy as a 

function of the angle between the Burgers vector and the loop’s habit plane. Then we 

systematically determine the habit planes of a-type dislocations loops with or without the 

presence of a cascade, in terms of different temperatures and sample sizes, and discuss 

the relationship between the Burgers vector of a-type dislocation loops and their habit 

planes. Our results show that the habit planes of most a-type loops are close to {101>0} , 

and that a greater angle between the loop’s Burgers vector and its habit plane seems to 

indicate a more stable habit plane. 

3.2. Modeling the loop’s self-energy as function of habit plane 

The motion and rotation of small prismatic dislocation loops in stress fields is studied by 

Wolfer et al. [17]; based on the assumptions that the kinetic energy is negligible 

compared to the potential energy, and rotation is mainly controlled by the increase in the 

strain energy of the loop itself, they proposed a model to describe the energy (E) for 

rotating a prismatic dislocation loop: 

 𝐸(𝐫, 𝐧]) = 𝑊(𝐧]) ± 𝑏𝐴(𝐧])(𝐭(𝐫) ∙ 𝐧]). (1) 
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r is the position of the centroid of the loop, and 𝐧] is normal vector of the loop. 𝑊(𝐧]) is 

defined as the strain energy or self-energy of the loop, which is proportional to the energy 

required to overcome the energy barrier that allows reorientation of the loop; hence a 

large value of W represents a more stable loop. The second term in Eq. (1) can be treated 

as the interaction energy of the loop with the stress field arising from sources or defects 

other than the loop itself. The sign of the second term is positive for interstitial prismatic 

loops while it is negative for vacancy prismatic loops. In the second term, b is the 

Burgers vector, 	𝐴(𝐧]) is the area of the loop, the normal component of the vector field 

𝐭(𝐫) is a fraction of the stress field (𝜎(𝐫)): 𝐭(𝐫) = 𝜎(𝐫)𝑏/f𝑏g⃑ f. Based on the previous 

studies [18-21], Wolfer et al. [17] presented an expression to specify  as a function 

of the loop’s shape and rotation: 

  (2) 

where all parameters are listed in Table 3-1, and their determination is given in the 

Appendix. E(k) is the complete elliptic integral of the second kind, and the parameter k is 

defined as: 

 𝑘 = 1 − G𝐧] ∙ 𝐛l I
;
= 1 − cos;(90° − 𝜃12_4+*&() (3) 

Here  is the angle between the Burgers vector and the loop’s plane. Thus we can 

relate the self-energy of the loop to the parameter . 

Table 3-1. Parameters used in Eq.  to calculate the self-energy of the loop. 

Parameter Value Reference 

W (n̂)

W = µb2

4π (1−ν )
4RE(k)(1−ηk)ln(R0 / r0 ),

θBV_plane

θBV_plane
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Shear modulus: µ 33 GPa [22] 

Burgers vector: b 3.234 Å This work 

Poisson’s ratio: ν 0.34 [22] 

Major radius of the loop: R 55 Å This work 

Empirical parameter: η 0.25 [17] 

Minor radius of the loop: R0 45 Å This work 

Dislocation core radius: r0 3.234 Å This work 

The second term in Eq. (1) can be ignored if the loop is mainly limited by its own 

stability, which is similar to the environment of our MD simulations. Figure 3-1 shows 

that the profile of the self-energy of the loop (W) has 3 stages as a function of the 

parameter : at lower angles (< 10 °), W gradually increases as the angle increases; 

then W sharply grows at angles between 10 ° and 80 °; at higher angles (> 80 °), W again 

changes more slowly. Figure 3-1 shows that the loop is most stable when the angle 

between Burgers vector and loop plane is 90° (or as Wolfer et al. [17] describe it, when 

the Burgers vector is parallel to the loop normal). 

 

Figure 3-1. The self-energy (W) of the loop as a function of the parameter θBV_plane as calculated from 

Equation 2 using the parameter in Table 3-1. 
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3.3. MD simulations 

MD simulations have been performed with LAMMPS (Large-scale Atomic/Molecular 

Massively Parallel Simulator) [23]. Among different sources of atomistic potentials [24-

26], the MA07 [26] potential (#3) was chosen here due to its good reliability in radiation 

damage simulations and helpful feedback from recent simulation works [16, 27, 28]. The 

MA07 potential (#3) not only provides good description for the equilibrium properties, 

but also exhibits reasonable treatment for short-range atoms (less than 0.05 nm) that 

occur with high velocities during cascade simulations. 

The simulation boxes ranged from 22.6 nm × 16.8 nm × 25.8 nm (~420 thousand atoms) 

to 646.6 nm × 671.9 nm × 621.9 nm (~11.52 million atoms) in size. The size of a-type 

dislocation loops can range from a few nanometers to several hundred nanometers in 

diameter, as observed experimentally [5-7, 29, 30], thus an initial size of all dislocation 

loops created was chosen as approximately 10 nm in diameter. Vacancy loops were 

created by removing one atomic layer of atoms in a shape of a cylinder, and interstitial 

loops were created by removing one atomic layer of atoms and then inserting two atomic 

layers of atoms with a shorter lattice constant. Details of the method of creating 

dislocation loops were provided in [31] and will be discussed in more details in Section 

4.2 of the Chapter 4. 

The experimental measurements of a-type loops are generally close to the prism planes [5, 

13, 14], and based on the technique of artificially creating dislocation loops above, we 

selected the perfect prism plane (2>110) or (011>0) as the initial plane for both interstitial 

and vacancy loops.  
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The system was then relaxed by a constrained minimization of the energy to allow the 

overlapped atoms to move to relaxed locations, and then the system was annealed to 

achieved thermal equilibrium at several different temperatures (298K, 523K, 573K and 

763K) with a constant number of atoms, constant pressure (the pressure is set as 0) and 

constant temperature (NPT ensemble) for 300 picoseconds (1 fs time step). Several 

samples were relaxed over 1 nanosecond to verify the stability of the loop. The potential 

energy profile as a function of time is used to identify the energy minimum state. Cascade 

simulations were subsequently carried out at 573 K and 763K, which are common 

environmental temperatures during irradiation. The energy of a primary knock-on atom 

(PKA) is given as 10 keV, and different directions of a PKA were tested to provide 

statistical distribution of results. The cascade simulations were performed with a constant 

number of atoms, constant volume and energy (NVE ensemble) with the variable 

timestep algorithm under periodic boundary conditions. The selected timestep should 

maintain the energy conserved such that it does not show linear drift with time. For a 

typical cascade simulation: in the collision phase, the timestep is chosen as 1 attosecond 

for only 200 femtoseconds; for the intermediate phase, the timestep is chosen as 0.1 

femtosecond for 1 picosecond; then for the evolution and annealing phase, the timestep is 

chosen as 1 femtosecond for at least 300 picoseconds. Finally, the atomic configurations 

were displayed in the present study using ATOMEYE [32]. 

The experimentally determined habit planes of a-type dislocation loops in Zr were 

reported in stereographic projection format in Fig. 4 of [5] and Fig. 5 of [13]; the data 

from which are reproduced in Figure 3-2 (a) and Figure 3-2 (b) respectively. Data in 

Figure 3-2 (a) were produced from zone-refined Zr irradiated under fluences of 1.4×1020 
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neutrons/m2 and annealed for 1 hour at 763 K; data in Figure 3-2 (b) were from zone-

refined Zr irradiated under fluences of 6.4×1023 neutrons/m2 and annealed at 668 K. It is 

obvious that most of the data in Figure 3-2 (a and b) congregate at the corner of the prism 

plane , but the orientation distribution in Figure 3-2 (a) is wider than that in 

Figure 3-2 (b).  

We will first examine the case of interstitial loops. With different sizes of simulation 

boxes, the interstitial loops were equilibrated at four temperatures, and their habit planes 

are displayed in Figure 3-2 (c). The simulation boxes ranged from 22.6 nm × 16.8 nm × 

25.8 nm (~0.42 million atoms) to 646.6 nm × 671.9 nm × 621.9 nm (~11.52 million 

atoms) in size, with the loop always ~10nm in diameter. The method to calculate the 

plane of a dislocation loop is inspired by [33]; its principle is to determine the plane 

based on minimizing the sum of the quadratic distances (perpendicular to the plane) 

between the plane and the atoms of the dislocation loop. The effect of temperature from 

298 K to 763 K on the habit plane is not obvious in Figure 3-2 (c) since the data are a 

little sparse on the stereographic projection. Further, the habit plane at a given 

temperature is not always the same, which suggests that the habit planes of interstitial 

loops are affected by the size of the simulation box. This is because a dislocation loop in 

a simulation box will be influenced by the image loops arising due to the periodic 

boundary conditions. Moreover, we found that the effect of the simulation box size still 

existed even when the simulation box dimension is 3 times the diameter of the loop, but 

that such an effect can be neglected when the dimension of the box is 5 times the 

diameter of the loop. The influence of image loops is reduced by expanding the 

simulation box size. In particular, as would be expected, the size of the box dimensions 

{1010}
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parallel to the loop plane has a greater effect than the perpendicular dimension, i.e., the 

dimension along the X and Z directions has a greater effect than the dimension along the 

Y direction when the loop lies within the X-Z plane. However, it is important to note that 

in real samples, dislocation loops are indeed affected by their surrounding defects, which 

can produce more complex strain fields, and loops are often observed to ‘stack’ in regular 

arrays [1]. Therefore, it is unnecessary to only simulate dislocation loops completely free 

from boundary effects, and results in small boxes are relevant when comparing to 

experimentally measured distributions of habit planes of dislocation loops. 

In Figure 3-2 (c), most loop habit planes are close to the prism plane  and while 

the data is sparse, the distribution appears to be somewhat different from that shown in 

Figure 3-2 (a-b). Nevertheless, it is evident that most data are not right at the edge of the 

stereographic projection in Figure 3-2 (a-b), i.e., their habit planes do not perfectly lie on 

the prism planes. Nevertheless, the data in Figure 3-2 (c) indicates that loops lie almost 

on the prism planes, in other words the habit plane of most loops has no c-component. 

One should keep in mind that the data reported in Figure 3-2 (a-b) were measured after 

neutron irradiation cascades that could change the shape of dislocation loops, whereas 

Figure 3-2 (c) represents simply the thermally stabilized loop habit plane. Thus, it is 

interesting to compare the simulated habit planes’ data after introducing cascade 

displacements. Before each cascade, the simulation box was relaxed at 573 K or 763 K to 

reach equilibrium. A 10-keV PKA was given to a random atom, a range of different 

incident directions was used to provide sound statistical results; at least 300 ps was given 

to relax the system after the cascades in order to reach a stable state, and then the plane of 

each loop was calculated using the method from [33]. The resultant habit planes after the 

{1010}
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cascade are shown in Figure 3-2 (d). Both interstitial and vacancy loops tilted their habit 

toward the basal plane; this is consistent with the data in Figure 3-2 (a-b). However, the 

habit planes of many loops are still close to the  prism plane after the cascade. 

Multiple different Burgers circuits were constructed to calculate Burgers vectors of the 

dislocation loops both before and after cascades; all the calculations confirmed that the 

Burgers vector remained as 1/3 , which is a typical a-type Burgers vector in α-Zr. 

The details of determining the Burgers vector of a dislocation loop can be found in the 

appendix. 

 

Figure 3-2. The habit plane of a-type dislocation loops in a single triangle of the stereographic 

projection: (a) the experimental data are adapted from [1]; (b) the experimental data are adapted 

from [2]; (c) the habit plane of interstitial loops at different temperatures and different sample sizes; 

(d) the habit plane of dislocation loops after introduction of a 10-keV PKA at an initial temperature 

of 573 K or 763K. (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this thesis.) 
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Figure 3-3 shows snapshots of a-type vacancy loops at different temperatures and 

different simulation box sizes, all in an equilibrated state. Note that atoms are colored by 

their bond-angle values [34], and atoms at their perfect lattice sites are not shown, in 

order to clearly present the shape of dislocation loops. The simulation box size in Figure 

3-3 (a-b) are the same, and the loop’s plane of is very stable from 3 K to 573 K. 

The box size along the Y direction in Figure 3-3 (c) is about 3 times greater than that in 

Figure 3-3 (a-b), and the loop still lies on the prism plane  from 3 K to 573 K. 

Three parallel vacancy loops in Figure 3-3 (d) were created in a single box to investigate 

the effect of interaction between neighbouring vacancy loops in more detail. As 

temperature increases from 3 K to 573 K, the three vacancy loops still remained lying on 

. It is worth noting that vacancy loops in Figure 3-3 are before the cascade, and 

their shape and habit planes would be changed by cascades, as evidenced in Figure 3-2 (d) 

as well as the results in the Appendix of this chapter. 

{1010}

{1010}

{1010}
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Figure 3-3. Vacancy loops equilibrated at different conditions: (a) at 298 K with a sample size of 22.6 

nm (X) × 16.7 nm (Y) × 25.9 nm (Z); (b) at 573 K with a sample size of 22.6 nm (X) × 16.7 nm (Y) × 

25.9 nm (Z); (c) at 573 K with a sample size of 25.9 nm (X) × 67.3 nm (Y) × 36.3 nm (Z); (d) at 573 K 

with a sample size of 32.3 nm (X) × 55.9 nm (Y) × 51.8 nm (Z). Atoms are colored by their bond-angle 

values, where perfect atoms are not shown. (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this thesis.) 

We observed upon creating a dislocation loop at an initial plane that is not its habit plane 

that it starts to tilt and reorient during thermal equilibration, but once it reaches its habit 

plane it only slightly ‘vibrates’ around this location, even at higher temperatures (i.e., at 

763 K). Animations showing the behavior of dislocation loops from 3 K to 573 K are 

provided in the Appendix content. For the first time, to our knowledge, the parameter 

 was determined based on the results of MD simulations. In addition, an averaged 

internal energy profile was also calculated from the MD simulation to analyze the 

evolution of the state of the loop’s atoms, with those atoms ‘in the loop’ selected based 

θBV_plane
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on their bond-angle values. The averaged internal energy per atom ( ) was 

calculated over selected atoms in a spherical volume of radius 7 nm (the radius of the 

loop is about 5 nm) after a conjugate gradient minimization to reach a local minimum of 

potential energy, and thus the value of  is negative, and a more negative value 

represents a more stable state; it is worth emphasising this difference between the self-

energy of the loop (W) and . During the loop’s tilting movement, the number 

of displaced atoms detected based on the bond-angle analysis changed considerably. In 

order to keep the number of the atoms analyzed relatively constant, the size of the sphere 

is kept constant with its center defined as the central point of the dislocation loop. 

Statistics were obtained from 1150 snapshots that were heated from 3 K to 573 K at a 

step-size of 5 K, with 10 ps given at each temperature to relax the simulation box, and 

then averaging data from 10 configurations taken every 100 fs at the same temperature. 

The relaxation at each temperature may not guarantee a stabilized loop, particularly at 

low temperatures due to the time limitation of MD simulations and the thermal barrier for 

loop reorientation. Thus, the habit plane of dislocation loops in Figure 3-2(c) is measured 

at temperatures above the room temperature. Figure 3-4 (a, c and e) show the profile of 

 as a function of temperature. The standard error around the mean angle was 

calculated by dividing the standard deviation by the square root of the 10 configurations 

analyzed at each given temperature. By comparing to the animations in the Appendix 

contents, one can confirm that as expected, the profile of  perfectly matches the 

loop’s tilting, consistently capturing its evolution. As temperature increases, the value of 

 initially remains constant, and then it changes abruptly as the loop tilts 

E internal energy

E internal energy

E internal energy

θBV_Plane

θBV_Plane

θBV_Plane
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significantly. After a certain temperature, the value of  becomes relatively stable 

again; the loop reaches a stable habit plane in the animations as well. These simulated 

results show that  increases (relative to a starting habit perfectly on the prism 

plane) as the loop reorients towards a more stable habit plane. The profiles of averaged 

internal energy per atom ( ) are presented in Figure 3-4 (b, d and f), 

corresponding to the profiles of  on the left-hand side. It is interesting to note that 

the values of  become lower after the loop’s tilting; as explained above, a 

more negative value of  means a more stable state of the loop, i.e., the loop is 

energetically favorable after the tilting. This is in agreement with Eq. (2) and Figure 3-1; 

i.e., the model of Wolfer at al. also predicts that the loop becomes relatively more stable 

as  increases - remembering that for W, a larger value represents greater stability. 
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Figure 3-4. The angle between the Burgers vector and the loop’s plane and the averaged internal 

energy per atom as a function of temperature: (a-b) an interstitial loop that initially formed on the 

{𝟏𝟏%𝟎𝟎} plane; (c-d) an interstitial loop that initially formed on the {𝟏𝟏𝟐%𝟎} plane; (e-f) a vacancy loop 

that initially formed on the {𝟏𝟏𝟐%𝟎} plane. 

The energy from irradiation can be regarded as enabling rotation of the loop due to the 

formation of point defects. Table 3-2 provides the data of  before and after the 

cascades for an interstitial or a vacancy loop that was initially created on the plane 

 or , while 3 different directions of PKAs were tested in separate 

simulations to improve the statistics. Although the animations from the Appendix 

materials clearly show that the loop shapes were greatly affected during the cascades, the 

values of  in Table 3-2 after the cascades have not changed significantly 

0 100 200 300 400 500
55

60

65

70

75

80

85

90

Temperature (K)

(a) (b)

0 100 200 300 400 500
10

20

30

40

50

60

70

80(c) (d)

0 100 200 300 400 500
−6.6305

−6.63

−6.6295

−6.629

−6.6285

−6.628

−6.6275

−6.627

0 100 200 300 400 500
−6.53

−6.52

−6.51

−6.5

−6.49

−6.48

−6.47

−6.46

−6.45

−6.44

0 100 200 300 400 500
-6.514

-6.512

-6.51

-6.508

-6.506

-6.504

-6.502

-6.5

-6.498

40

45

50

55

60

65

70 (f)

Temperature (K)

Temperature (K)Temperature (K)

Temperature (K) Temperature (K)

(e)

0 100 200 300 400 500

E i
nt

er
na

l e
ne

rg
y

(e
V

/a
to

m
)

E i
nt

er
na

l e
ne

rg
y

(e
V

/a
to

m
)

E i
nt

er
na

l e
ne

rg
y

(e
V

/a
to

m
)

θBV_plane

{1100} {1120}

θBV_plane



 46 

compared to the original value before the cascades (mostly by less than 2°). However, 

note that the PKA’s energy is 10 keV in the above simulations; in order to explore the 

influence of the PKA’s energy, 4 PKAs with 50 keV were sequentially introduced into a 

thermally stabilized system in the vicinity of a vacancy loop that initially formed on the 

 plane. As mentioned before, the initial stable habit plane of an a-type vacancy 

loop is the  plane. The data for  are shown in Table 3-3; the angle 

gradually increased as the number of cascades was increased, with values around 70 ° for 

the 2nd, 3rd and 4th cascades. We note that the initial single vacancy loop was split into 

two loops after the 1st cascade, thus two  were calculated and reported in that case. 

According to the profile in Figure 3-1, 70 ° is still in the region where energy rapidly 

increases with increasing . 

Table 3-2. The angle between the Burgers vector and the loop’s plane before and after the cascades 

at an initial temperature 573 K, and the energy of the PKA is 10 keV. 

{1100}

{1100} θBV_plane

θBV_plane

θBV_plane

  
before the 
cascades 

  after a 
PKA with x 

direction 

  after a 
PKA with y 

direction 

  after a 
PKA with z 

direction 

An interstitial loop that 
initially formed on the 

 plane 

68.8 ° 67.4 ° 67.6 ° 66.7 ° 

An interstitial loop that 
initially formed on the 

 plane 

66.7 ° 65.2 ° 68.3 ° 65.1 ° 

A vacancy loop that 
initially formed on the 

 plane 

67.5 ° 66.0 ° 65.9 ° 72.8 ° 

θBV_plane θBV_plane θBV_plane θBV_plane
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Table 3-3. The angle between the Burgers vector and the vacancy loop’s plane before and after the 

cascades at an initial temperature 573 K. An a-type vacancy loop is initially formed on the  

plane, and the energy of the PKA is 50 keV. 

Conditions Before the 
cascades 

After the 1st 
PKA 

After the 2nd 
PKA 

After the 3rd 
PKA 

After the 4th 
PKA 

 59.9 ° 64.2 ° 63.5 ° 69.3 ° 70.9 ° 72.2 ° 

3.4. The stability of a-type loops 

Statistics in Figure 3-2 provide an initial estimate of the habit planes’ distribution of a-

type loops at various conditions. In order to better explain the mechanisms behind that 

figure, it is meaningful to construct a self-energy (W) map related to the habit planes. As 

explained before, a stable value of  is negative in this study as the reference 

state is a perfect crystal; but a stable value for W is positive since it is proportional to the 

energy needed to rotate the loop. 

Figure 3-5 (a) shows the relation between the loops’ habit planes and their self-energy 

(W), where the color represents the values of W, using the model’s parameters defined in 

Table 3-1, and Eq. (2). Note that the Burgers vector of all selected loops is 1/3 . 

A gradient can be easily identified in Figure 3-5 (a), and the highest-value region (region 

1) is close to the corner , which corresponds to the parameter  around 

90 °, i.e., where the habit plane of the loop is almost normal to the Burgers vector. Most 

loops in Figure 3-2 belong to the region 2 as labeled in Figure 3-5 (a), and their 

{1100}

θBV_plane

E internal energy

<1120 >
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corresponding parameter  is roughly between 60 °and 75 ° in Figure 3-5 (b). 

Loops have the lowest values of W in the region 3, which is close to the corner . 

 

Figure 3-5. The self-energy (W) of the loop as a function of the habit planes in a single triangle of the 

stereographic projection (a) and their corresponding parameter θBV_Plane (b). (For interpretation of 

the references to color in this figure legend, the reader is referred to the web version of this thesis.) 

Although the value of W indicates that the plane  is the most stable plane for a-

type loops, the majority of loops that are measured by experiments are closer to the plane 

. However most of the loops do not lie on the  plane, but rather closer to 

the  plane. Irradiation increases the number and mobility of point defects and 

hence clearly assists the rotation of dislocation loops; this is evidenced in Table 3-3, 

where higher values of the parameter  are obtained by the interactions of PKAs 

with the loops. However, the self-energies of most loops in Figure 3-2 are still in region 2 

of Figure 3-5. It is not clear why this is; while region 2 is almost as stable as region 3, and 

hence the energy gain from reorientation of the loop into region 3 would be relatively 

small, based on the expression for W one would still expect loops to be clustered towards 

this region. Hence it is likely that W does not fully describe the energy state of the loop; 

most obviously it assumes an elastically isotropic material whereas Zr is elastically 
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anisotropic. Further the parameter η in Eq. (2) is an empirically determined one, and 

Wolfer et al. [17] note that its choice influences the most stable angle between loop plane 

and Burgers vector. 

3.5. Discussions and Conclusions 

The habit plane of a-type dislocation loops in α-zirconium are for the first time 

systematically analyzed using MD simulations. The statistical comparisons of the habit 

planes presented in stereographic projections show a good agreement between 

experimental observations and our simulated results. Moreover, the habit planes of 

dislocation loops after cascades show a wider distribution than after thermal equilibrium, 

which explains the observed deviation of dislocation loops from lying perfectly on the 

prism planes. Stress fields due to local microstructural disturbances, i.e., other loops in 

both the model and experiment, as well as grain boundaries or precipitates in the 

experiment will influence the loop plane. 

Our results agree with the model of Wolfer et al, greater stability for a loop at higher 

; we approximately divide the behavior into three stages as explained in Figure 

3-1. In the first and third stages, a small additional energy is required to rotate the loop to 

a higher angle. However, much more additional energy is required to rotate the loop to a 

higher angle in the second stage. Such behavior is supported by the results of the MD 

simulations (see Figure 3-4). It appears that the parameter  is relatively constant 

at lower temperatures. We also note that based on W, loops with different initial habit 

planes will require different amount of energy to tilt further. Gulden et al. [4] reported 

that loops may initially condense onto primary prism planes, but they are capable of 

θBV_plane

θBV_plane
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gliding onto other planes if this is locally energetically favorable. Thus,  is a 

useful parameter in indicating the loop’s energetic stability. In our future studies, the 

effect of applied stress and the alloying elements will be considered, and this will 

enhance our understanding to the behaviors of dislocation loops for comparison with 

experimental observations. 
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Chapter 4.  Atomistic simulations of the formation of c-component dislocation loops 

in α-zirconium 

The formation of c-component dislocation loops in α-Zr is believed to be responsible for 

the breakaway irradiation growth experimentally observed under high irradiation fluences. 

However, while c-loop growth is well described by existing models, the atomic 

mechanisms responsible for the nucleation of c-component dislocation loops are still not 

clear. In the present work, both interstitial and vacancy a-type dislocation loops are 

initially equilibrated at different temperatures. Cascades simulations in the vicinity of the 

a-type loops are then performed by selecting an atom as the primary knock-on atoms 

(PKAs) with different kinetic energies, using molecular dynamics simulations. No c-

component dislocation loop was formed in cascades simulations with a 10 keV PKA, but 

c-component interstitial loops were observed after the interaction between discontinuous 

50 keV PKAs and pre-existing a-type interstitial loops. The comparisons of cascade 

simulations in volumes having pre-existing a-type interstitial and vacancy loops suggest 

that the reaction between the PKAs and a-type interstitial loops is responsible for the 

formation of c-component interstitial loops. 

4.1. Introduction 

The reliable performance of structural components found in nuclear reactor cores is 

highly critical to safe operation, requiring unusual mechanical and thermodynamic 

properties due to the high radiation environment. Zirconium and its alloys are employed 

in all thermal reactors, as fuel-cladding and structural materials. Zr alloys have a low 

capture cross-section to thermal neutrons and exhibit a good corrosion resistance [1]. 
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However, the collisions between neutrons and atoms induce irradiation growth and 

irradiation creep [2], due to which the zirconium components can become significantly 

deformed. The concentration of point defects such as vacancies and self-interstitial atoms 

(SIAs) is much higher under irradiated conditions than in unirradiated materials. The 

abundance of such point defects have important consequences on the long-term behavior 

of irradiated materials, and a comprehensive knowledge of their properties is a key point 

in understanding material behavior and estimating component lifetime. 

In principle, there are three major mechanisms involving the reactions of these point 

defects: (i) vacancy-SIA recombination, (ii) point defect elimination at microstructural 

features (e.g., interphase boundaries, grain boundaries and surfaces), (iii) and 

accumulation of vacancies/SIAs to form vacancy/interstitial dislocation loops. At lower 

irradiation fluences in Zr and its alloys the majority of dislocation loops are a-type; such 

a-loops are believed to first form at very low fluences [3]. On the other hand c-

component or <c+a>-type dislocation loops are observed only at significantly higher 

irradiation fluences (greater than ~3x1025  but dependent on the alloying 

elements, temperature etc.), and they are believed to be the critical factor associated with 

accelerating irradiation growth, a potentially life-limiting deformation mechanism for 

reactor core components. 

Earlier experiments (before 1980) mostly reported a-type loops with 1/3< > Burgers 

vectors, produced using either neutron or electron irradiation. The size of the loop ranged 

from several nanometers to several hundred nanometers, and increased as a function of 

temperature [4-8]. Jostsons et al. [9] discussed the (at-that-time) controversy of the 

existence of c-component loops, and concluded that only a-type loops were observed, and 

neutrons/m2

1120
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those “c-type loops” claimed by other authors [5, 10, 11] were due to hydride or surface 

oxide contrasts. However, it should be noted that their [4-9] experimental fluences were 

less than . Holt et al. [12] suggested that the absence of c-component 

loops in several studies was possibly due to low fluences; they observed loops with 

Burgers vector 1/6< > under fluences of . Later, Griffiths and 

his co-workers also found c-component and <c+a>-type dislocation loops, which were 

reported in [13-18]. In their work, both vacancy and interstitial loops with 1/6< > 

Burgers vectors, and interstitial loops with 1/3< > Burgers vectors were reported. 

The majority of reported c-component loops are vacancy in nature. As measured using 

TEM [19], the size of c-component dislocation loops are much larger than a-type 

dislocation loops, but the density of c-component dislocation loops is significantly lower. 

Furthermore, the correlation of the onset of breakaway growth (an acceleration in the rate 

of irradiation growth) with the appearance of c-component dislocations was discussed by 

Holt et al. [20]; they proposed that c-component dislocations play an important role in the 

growth process. In addition to the studies of the presence of c-type dislocation loops, 

Woo [21] and Holt [22] developed the theory of diffusional anisotropy difference (DAD) 

to describe the growth of c-component dislocation loops. The effect of DAD could 

significantly affect the growth of c-component dislocation loops; since interstitials 

migrate faster in the basal plane than in the c direction. As a result, interstitial loops in the 

basal plane would shrink while vacancy loops on the basal plane would grow. The effect 

of temperature on the formation and the growth of c-component dislocation is relatively 

little studied; the production of c-component loops in an undoped sample (without Fe) 

irradiated with electrons was more prevalent at 573 K than at 523 K, as reported by 

3×1025 neutrons/m2

2023 6.3×1025 neutrons/m2

2023

1123
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Carlan et al. [18]. Moreover, cavities were not found in the undoped sample irradiated at 

623 K, and c-component loops were formed inhomogeneously and showed a higher 

density than after irradiation at 573 K. In addition, Griffiths et al. [17] studied the climb 

behavior of c-component dislocations and concluded that non-basal climb dominates at 

low temperatures (320 K) and basal climb dominates at higher temperatures (573 – 673 

K). 

Many studies have been carried out on the influence of alloying elements in Zr alloys [2, 

15, 16, 18, 23-27] on dislocations, since these impurities can distort the lattice in the 

vicinity of dislocation loops. The segregation of impurities can contribute to the stability 

of the dislocation loops, and has been suggested as nucleation sites for c-component 

loops [13, 18, 28]. The alloying elements Nb and Sn are reported as suppressing the 

formation of c-component loops, while Fe precipitation is believed to accelerate c-

component loop formation and increase their size and density. 

Although the existence of c-component loops in irradiated Zr is now well established, and 

their growth well understood within the DAD framework, their formation mechanism 

remains a topic of discussion. Atomistic simulations have been extensively employed to 

investigate the structure of materials at nanometer scale, and their successes provide 

reasonable explanations to observed experimental phenomena and provide guidance to 

understand unknown mechanisms. Due to the length scale of dislocation loops and the 

time scale of cascades, molecular dynamics (MD) simulations can be an important 

technique in understanding such phenomena. The effect of temperature on the production 

of defects during the cascades simulations was investigated by Gao et al. using the MD 

technique [29]; only a-type loops were observed with a PKA energy up to 20 keV. Woo 
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et al. [30] simulated the reaction between many vacancy clusters with a pre-existing c-

type screw dislocation; those clusters collapsed into a faulted loop on the basal plane after 

the reaction. There are also experimental observations [16, 31, 32] that c-component 

loops are often found with c-type screw dislocations threading through them. Thus Woo 

et al. suggested the presence of c-type loops might occur due to the interaction between a 

vacancy platelet and a c-type screw dislocation.  However, it should be noted that while 

the loop formed was on the basal plane, Woo et al. [30] did not measure or report its 

Burgers vector, and thus the loop is not unambiguously of  c-type since a-type loops can 

also partially lie on the basal plane. The effect of strain on irradiation-induced defects 

was analyzed by Di et al. [33]. Strain was applied in different directions relative to the Zr 

crystal, which resulted in the vacancy and interstitial clusters presenting different 

behaviors. Recent work from Christensen et al. [34, 35] shows the effect of alloying 

elements in terms of defect mobility in Zr, and subsequent influence on the nucleation of 

dislocation loops; several interatomic potentials have been built in their study. The 

number of vacancies in clusters/loops and their size has been quantitatively discussed by 

Di et al. [36]; it was demonstrated that the number and the size will both become greater 

with higher PKA energy. Ghavam et al. [37] simulated a reaction between an a-type 

vacancy loop that formed on  plane with a mixed dislocation that has a Burgers 

vector 1/3 , and they found that a vacancy loop in  or  was a 

relatively strong barrier to the motion of a mixed dislocation with a Burgers vector 1/3

, and a vacancy loop in the  was a weak barrier to that mixed dislocation. 

Zhou et al. [38] reported that a large (~3.2 nm) vacancy cluster was formed around an 

edge dislocation (ED) after a 20 keV cascade event at 600 K, and it changed into a 
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dislocation loop after annealing at 1000 K for 100 ps. The existence of such vacancy 

clusters, the formation of which is catalyzed by the presence of an ED, relates to the 

small dislocation loops found in low-dose irradiation experiments. Another very recent 

work by Arjhangmehr et al. [39] explored the influence of four different grain boundaries 

(GBs) on irradiation-induced point defects in pure Zr. Their results showed that the 

different types of GBs could have different affinities towards the absorption of vacancies 

and SIAs. Moreover, either vacancies or SIAs can be absorbed at the pristine GBs, but 

the damaged GBs facilitate the formation and migration of excess vacancies in the bulk 

region towards the boundaries. 

Experimental observations have now firmly proven the existence of c-component loops, 

but their formation mechanism is still not well explained experimentally due to difficult 

microscopic characterization and limitations of experimental facilities. Although 

atomistic simulations have been extensively employed to analyze dislocations in Zr, 

studies of the effect of cascades on pre-existing vacancy and interstitial loops are very 

rare. In the present work, cascades are introduced onto pre-existing a-type dislocation 

loops in α-Zr with different PKA energy, using the MD technique. Either a vacancy or an 

interstitial loop is created, to test if they perform differently during the subsequent 

cascade reaction. Volumes with multiple loops have also been created to mimic the real 

irradiated environment where dislocation loops often lie packed parallel (or ‘stacked’). 

The aim of the present study is to examine potential mechanisms for the formation of c-

component dislocation loops. 
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4.2. Simulation description 

The MD simulations have been performed with LAMMPS (Large-scale 

Atomic/Molecular Massively Parallel Simulator) [40]. Among different sources of Zr 

atomistic potentials [41-43], the MA07 potential [43] was chosen for this work due to its 

good reliability in radiation damage simulations and helpful feedback in recent 

simulations [33, 36, 37]. The MD cell size ranged from ~ 0.42x106 to ~ 4x106 atoms 

depending on the number of dislocation loops and the energy of the PKA. The initial 

diameter of all dislocation loops was approximately 10 nm. The vacancy loops were 

created by simply removing one plane of atoms from a cylindrically shaped volume. One 

additional step was required to create interstitial loops; Figure 4-1 sketches an example of 

the generation of an interstitial loop. It is worth emphasizing that the modified lattice 

spacing “b” in Figure 4-1 (c) should be carefully determined since a local lattice 

distortion due to interstitial atoms should exist. Thus the magnitude of lattice spacing “b” 

has to be less than that of lattice parameter “a” in order to insert two atomic layers of 

atoms, and should not be too small to avoid inserting more than two atomic layers that 

would cause extraordinarily strong distortion. In addition, the system was relaxed by a 

constrained minimization of the energy to allow the overlapped atoms to move to their 

relaxed locations. 
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Figure 4-1. Illustration of the methodology of creating an interstitial loop on the x-z plane, shown in 

two projections: (a) a cylinder that contains one plane of atoms is selected; (b) the cylinder that 

contains one plane of atoms is removed; (c) a cylinder that contains two planes of atoms is inserted 

by assigning a shorter lattice spacing “b” (b<a) to the region of the cylinder, and then the system is 

relaxed to reach the mechanical equilibrium. 

The dislocation loops were initially created on prism planes either  or , and 

allowed to thermally relax for 300 ps (1 fs time step) with a constant number of atoms, 

constant pressure and constant temperature (NPT ensemble) at room temperature (RT) 

(298 K) or at 573 K. During the 300 ps relaxation time the system reached its thermal 

equilibrium. Cascade simulations were then carried out at these two temperatures, RT 

(298 K) or 573 K. Assuming an elastic collision between a neutron and a PKA, a PKA (a 

Zr atom) will gain approximately 41 keV of kinetic energy from a 1-MeV neutron. Thus, 

in order to simulate the effect of a high energy neutron interacting with Zr, the kinetic 

energy of the PKAs are chosen in the range of a few tens of keV. In the following 

simulations, PKAs of 10 keV or 50 keV are used in order to study the effect of different 

kinetic energies on the developing defect structures. Different directions and different 

positions of a PKA relative to the crystal structure were also considered to provide good 

statistical results. The simulations were performed with a constant number of atoms, 
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constant volume and energy (NVE ensemble) with the variable timestep algorithm under 

periodic boundary conditions during the cascade simulations. The atomic configurations 

displayed in the present study were plotted using ATOMEYE [44]. 

4.3. Results 

Figure 4-2 (a) displays a vacancy loop that was initially formed on a  plane, and 

then was allowed to equilibrate at 573 K for 300 ps. Note that atoms are colored by their 

bond-angle values [45], where perfect atoms (i.e. atoms with perfect neighbor 

configurations) are not shown. The Burgers circuit (BC) is highlighted in yellow, with the 

starting and the finishing points colored red and blue respectively. The Burgers vector of 

this loop is 1/3 , as calculated by the BC. Starting from the same initial state in 

Figure 4-2 (a), Figure 4-2 (b-d) shows the snapshots of the final state with a 10 keV PKA 

in the x, y and z directions, respectively. Although the Burgers vectors are still 1/3

, it is interesting to note that the loops of Figure 4-2 (b-c) become ‘chair-shaped’ 

after the cascades, which means they do not perfectly lie on the prism plane but rotate 

partly into the basal plane. 

(0110)
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Figure 4-2. The vacancy loop was initially created on the  plane at 573 K: (a) a Burgers circuit 

(BC) was drawn through the loop at an equilibrium snapshot before the cascades; (b) a BC was 

drawn through the loop after a 10 keV PKA in x direction, (c) y direction (d) z direction. Atoms are 

colored by their bond-angle values, and perfect atoms are not shown. The BC is highlighted with 

yellow. The starting and the finishing points are colored red and blue, respectively. 

A vacancy loop that was initially created on another prism plane  and relaxed at 

573 K is shown in Figure 4-3 (a). The shape of the loop (Figure 4-3 (b-d)) does not 

change much compared to Figure 4-2, and the Burgers vector of the loop is still 1/3

. It should be noted that many BCs were constructed at different locations to 

confirm the Burgers vector was consistent throughout the loop. 
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Figure 4-3. The vacancy loop was initially created on the  plane at 573 K: (a) a BC was drawn 

through the loop at an equilibrium snapshot before the cascades; (b) a BC was drawn through the 

loop after a 10 keV PKA in x direction, (c) y direction (d) z direction. Atoms are colored by their 

bond-angle values, and perfect atoms are not shown. The BC is highlighted with yellow. The starting 

and the finishing points are colored red and blue, respectively. 

Interstitial loops on the prism planes  and  were equilibrated at 573 K as 

shown in Figure 4-4 (a) and Figure 4-5 (a), respectively. A 10 keV PKA at different 

directions was also applied to induce the cascades displacement. The calculations of 

various BCs indicate that the Burgers vector of the loop after the cascades is still 1/3

 (as shown in Figure 4-4 (b-d) and Figure 4-5 (b-d)). It is noteworthy that no 

chair-shaped loops can be seen in Figure 4-4 and Figure 4-5, in contrast to the finding 

shown in Figure 4-2. 
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Figure 4-4. The interstitial loop was initially created on the  plane at 573 K: (a) a BC was 

drawn through the loop at an equilibrium snapshot before the cascades; (b) a BC was drawn through 

the loop after a 10 keV PKA in x direction, (c) y direction (d) z direction. Atoms are colored by their 

bond-angle values, and perfect atoms are not shown. The BC is highlighted with yellow. The starting 

and the finishing points are colored red and blue, respectively. 

 

Figure 4-5. The interstitial loop was initially created on the  plane at 573 K: (a) a BC was 

drawn through the loop at an equilibrium snapshot before the cascades; (b) a BC was drawn through 

the loop after a 10 keV PKA in x direction, (c) y direction (d) z direction. Atoms are colored by their 

bond-angle values, and perfect atoms are not shown. The BC is highlighted with yellow. The starting 

and the finishing points are colored red and blue, respectively. 
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No c-component loops were found with the simulations presented above even after 

multiple repeats with different starting directions and positions for the PKA. As a step 

forward, it is worth introducing a MD configuration that would include an interaction 

between (parallel) dislocation loops, and higher radiation damage by increasing the 

number of PKAs. 

Three parallel interstitial loops and three parallel vacancy loops were created on the 

 plane (see Figure 4-6 (a)) and on the  plane (see Figure 4-6 (d)), 

respectively. The separation spacing between each loop is about 3~5 nm, less than the 

~10 nm diameter of the loop. Both models were relaxed at 298 K and 573 K for 300 ps to 

achieve thermal equilibrium. The three interstitial loops were not stable on their initial 

planes and quickly collapsed into a single large loop during the relaxation process. The 

large loop has a nearly rectangular shape, and it is rotated partly into the basal plane to 

form a chair-shaped object. However, the calculations from constructing several BCs 

confirm that the Burgers vector of this loop is still 1/3  (as shown in Figure 4-6 

(b-c)). The three vacancy loops behaved differently, as they were very stable on the 

 plane at 298 K and 573 K (see Figure 4-6 (e-f)) and both their shapes and Burgers 

vectors were unchanged. 

In order to simulate more realistically the situation in an irradiated material, a sequence 

of three 50 keV PKA events are applied one by one into the systems, specific to the 

simulation box of Figure 4-6 (b-c) and Figure 4-6 (e-f). It should be emphasized that after 

each PKA event the subsequent one was applied only after the system reached a 

relatively stable state, which was about 300 ps later.  

(2110) (0110)
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Figure 4-6. (a) The initial state of three interstitial loops on the  plane; (b) a BC was drawn 

through the interstitial loop at 298 K at equilibrium; (c) a BC was drawn through the interstitial loop 

at 573 K at equilibrium; (d) the initial state of three vacancy loops on the  plane; (e) three 

vacancy loops at 298 K at equilibrium; (f) three vacancy loops at 573 K at equilibrium. 

Let us first examine the case of vacancy loops. Compared to the case of a single 10 keV 

PKA and a single dislocation loop, a sequence of three 50 keV PKAs in the multi-loop 

situation had a much more profound effect. At an initial temperature of 298 K, the first 

PKA caused two loops to intersect with each other while the third loop rotated about 90 

degrees along the z direction (Figure 4-7 (a)). A very small loop was formed after the 
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second PKA, and this loop is not attached to any other loops (Figure 4-7 (b)). An 

interesting behavior was observed after employing the third PKA, where one loop 

separated from the other two, and the other two loops collapsed into one large loop. In 

addition, the separated loop rotated back to the prism plane, but there was still a small 

loop (probably not the same small loop as after the second PKA) attached to the large 

loop as shown in Figure 4-7 (c). In Appendix, animation available on-line may provide a 

better view of the displacement process. Various BCs were constructed at different 

locations, but no <c>-component loops have been formed even though very large lattice 

displacements were caused by the three PKAs. 

At the initial temperature of 573 K, the first PKA caused two of the three vacancy loops 

to collapse into a large loop with the third one attached to it (Figure 4-7 (d)). The second 

PKA created further damage that formed a relatively large defect cluster in the center of 

the loops (Figure 4-7 (e)). In contrast to the results of the third PKA at a lower 

temperature (Figure 4-7 (c)), a very large chair-shaped loop was gradually generated after 

the interaction with the third PKA (Figure 4-7 (f)), and a small loop in Figure 4-7 (f) was 

also formed, but not attached to the large loop. To confirm the Burgers vector of the 

various dislocations, as mentioned in the case of the previous simulations, multiple BCs 

were constructed for each loop. For the clarity of the plots, Figure 4-7 shows only one of 

many BCs constructed for each scenario; the calculations identified that the Burgers 

vector of all loops in Figure 4-7 is 1/3 . <1120 >
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Figure 4-7. (a) A BC was drawn through the vacancy loop after the first 50 keV PKA at y direction, 

and an initial temperature is 298 K; (b) A BC was drawn through the vacancy loop after the second 

50 keV PKA at y direction; (c) A BC was drawn through the vacancy loop after the third 50 keV 

PKA at y direction. (d) A BC was drawn through the vacancy loop after the first 50 keV PKA at y 

direction, and an initial temperature is 573 K; (e) A BC was drawn through the vacancy loop after 

the second 50 keV PKA at y direction; (f) A BC was drawn through the vacancy loop after the third 

50 keV PKA at y direction. Atoms are colored by their bond-angle values, and perfect atoms are not 

shown. The BC is highlighted with yellow. The starting and the finishing points are colored red and 

blue, respectively. 

After examining the cascades in simulations containing multiple vacancy loops, let us 

analyze a similar scenario with multiple interstitial loops. As a reminder, the three 

interstitial loops have collapsed into a large interstitial loop during the relaxation shown 

in Figure 4-6 (b-c). A small loop, connected to the large loop, was formed during the first 

cascade at an initial temperature of 298 K, as shown in Figure 4-8 (a). As determined by 
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constructing various BCs, the Burgers vector of the large loop is 1/3 , but the 

Burgers vector of the small loop is 1/3  which is a typical c-component Burgers 

vector observed experimentally [14]. The second PKA caused the large loop to rotate but 

it did not affect the small loop as shown in Figure 4-8 (b). As a result, the Burgers vector 

of the small loop remained 1/3 . The third PKA significantly changed the shape 

of the large loop as well as the small loop, and caused the Burgers vector of the small 

loop to change to 1/6  (Figure 4-8 (c)). Again, we note that many BCs were 

tested to verify the reliability of the calculated Burgers vectors, and are given in the 

Appendix. 

At an initial temperature of 573 K, the first PKA also produced a small loop that was 

attached to the large loop as shown in Figure 4-8 (d). It is worth noting that the size of the 

small loop in Figure 4-8 (d) is relatively larger than that in Figure 4-8 (a) for the RT case. 

In addition, the Burgers vector of the small loop in Figure 4-8 (d) is 1/6 . The 

second PKA did not change the small loop very much, but the large loop was rotated and 

was separated from the small loop (see Figure 4-8 (e)). Moreover, a second small loop 

was formed attached to the large loop. The Burgers vector of the large loop is still 1/3

, and it is very clear that the Burgers vector of the isolated small loop is 1/6

. Furthermore, the Burgers vector of the second small loop that was created 

during the second cascades is also 1/6 . During the cascade of the third PKA, the 

small c-component loop, which had been created during the second cascades and had 

been attached to the large loop, was consumed by the large loop, and after that the large 

loop tilted towards the direction of the isolated c-component loop (see Figure 4-8 (f)). 
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After reaching equilibrium, the Burgers vector of the large loop is 1/3  while the 

Burgers vector of the small loop is still 1/6 . The diameter of the c-component 

loops range from ~2 nm to ~5 nm. A kink was found when constructing a BC for each c-

component dislocation loop as shown in Figure 4-8, where the position of the kink is in 

the plane of the dislocation loop. However, such kinks do not exist when constructing 

BCs for the a-type dislocation loops. 

 

Figure 4-8. (a) A BC was drawn through the interstitial loop after the first 50 keV PKA at x direction, 

and an initial temperature is 298 K; (b) A BC was drawn through the interstitial loop after the 

second 50 keV PKA at x direction; (c) A BC was drawn through the interstitial loop after the third 50 

keV PKA at x direction. (d) A BC was drawn through the interstitial loop after the first 50 keV PKA 

at x direction, and an initial temperature is 573 K; (e) A BC was drawn through the interstitial loop 

after the second 50 keV PKA at x direction; (f) A BC was drawn through the interstitial loop after 

the third 50 keV PKA at x direction. Atoms are colored by their bond-angle values, and perfect 
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atoms are not shown. The BC is highlighted with yellow. The starting and the finishing points are 

colored red and blue, respectively. 

4.4. Discussion 

The shape and orientation (i.e. habit plane) of a-type loops can be significantly altered by 

the displacement cascades, after which most of them no longer lie perfectly on the prism 

planes and have chair-shaped regions. Even then, when parts of the loop lie on the basal 

plane, the Burgers vector of the loop still remains a-type. However, this does not mean 

that a chair-shaped loop could not have a c-component; experimental observations have 

shown that some c-component loops are indeed chair-shaped [14]. Furthermore, c-

component loops created by the simulation in the present work are also chair-shaped; this 

result does however emphasise the importance of determining the Burgers vector as well 

as the habit plane of loops. It is interesting to point out the differences of simulating a 

volume containing a single or multiple loops. Without cascades, a single a-type loop 

always lies on the prism plane because the nearby loops (the image loops present due to 

the use of periodic boundary conditions) are not close enough to have significant 

interaction. However, three closely stacked parallel interstitial loops in Figure 4-6 (a-c) 

collapsed into a large a-type loop that has a chair-shaped region, which means part of it 

lies on the basal plane. This behavior suggests that the interactions between loops can 

also change their configuration if they are close enough. Nevertheless, there is a special 

case when those loops already lie on a stable habit plane, and thus their configuration 

does not change without cascades. Three vacancy loops in Figure 4-6 (d-f) show a good 

example of this scenario, specifically, the habit plane for the vacancy loops is . {0110}
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To our knowledge, the formation of c-component dislocation loops in Zr was captured 

here for the first time using MD simulations. The mechanism of the formation of c-

component dislocation loops remains an area of discussion, and we have found some 

important factors based on our simulated results. At a lower PKA energy of 10 keV, a-

type loops kept the a-type Burgers vector after the cascades even though they tilted 

towards the basal plane, and no c-component loops were formed. With 50 keV PKAs, c-

component loops were formed when cascades interacted with interstitial a-loops; they 

were confirmed as interstitial c loops by detailed examination using BCs. Higher PKA 

energy can produce greater irradiation damage and thus higher dpa (displacement per 

atom). Higher irradiated fluences (i.e. multiple PKA events) can also produce greater 

irradiation damage, and as mentioned by Holt et al. [12] the c-component loops are not 

observed at lower irradiated fluences but appear at higher dose values. Thus the 

formation of c-component loops requires a certain amount of accumulated irradiation 

damage; based on our results it may be connected to the probability of cascades 

interacting with a-type interstitial loops, which is related to the density of these a-type 

dislocations. Hence, as irradiation damage progresses and more a-type loops form the 

likelihood of c loops nucleating increases; hence a mechanism explaining the delayed 

formation of c loops is proposed. 

The Burgers vector of c-component interstitial loop is transformed from 1/3  to 

1/6  as shown in Figure 4-8 (a-c), and the Burgers vectors of c-component 

interstitial loops in Figure 4-8 (d-f) are all 1/6 . According to [14], loops with 

Burgers vector 1/3  are interstitial loops, which is consistent with our results. 

However, the Burgers vector with 1/6  was not observed in the present study 
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even though it has been proved to exist by many experiments [12, 14, 15, 46]. Thus, it is 

interesting to analyze potential reasons for its absence. By employing second and third 

PKAs, there would be more irradiated displacements in the system, which definitely 

increases the mobility of defects. Even though the c-component loop with Burgers vector 

1/6  has not been confirmed experimentally, it is reasonable to consider its 

existence based on the fact that the dislocation energy is proportional to the square of the 

magnitude of the Burgers vector: the magnitude of Burgers vector 1/6  is 4.51 Å, 

and the magnitude of experimentally observed Burgers vector 1/3  is 6.10 Å. The 

dislocation loops with Burgers vector 1/6  could be in a metastable state since 

Burgers vector 1/6  has the smallest magnitude (3.23 Å). A possible reaction can 

be used to describe the relationship of these Burgers vectors in Eq. (1), with Burgers 

vectors shown in Figure 4-9. 

  (4) 

That is, absorption of experimentally observed <a>-type Burgers vector would result in 

the model predicted 1/6  converting into the experimentally observed 1/6

.  
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Figure 4-9. Schematic diagram of Burgers vectors in HCP structure. Burgers vectors are in color in 

the on-line version to show different directions. 

The observation of kinks during construction of BCs for the c-component loops indicates 

that the region of the c-component loops contains stacking faults. In addition, 

experimental work has proved the existence of c-component loops with stacking faults 

[15, 24], while no stacking faults are seen in most a-type loops [47]. In this case, the 

Burgers vector of the c-component dislocation loop can be regarded as a combination of a 

partial dislocation and a stacking fault [48, 49]. 

The amount of irradiation damage is a very important factor in the formation of c-

component loops, as proved by our results as well as suggested by experiments [12]. In 

all cases we observed that the c-component loop originally formed very close to the 

starting position of the interaction between the first PKA and the pre-existing a-type loop. 

After its formation, in some cases, the c-component loop has gradually become isolated 

from the a-type loop after subsequent PKA events. However, this only happened in the 

environment of the cascades in interstitial loops. Under the same conditions (i.e. identical 

PKA energy), no c-component loop formed in the vicinity of vacancy loops. Therefore, 
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the comparison between these two cases suggests that the formation of c-component 

loops in our study is controlled by the interaction between the PKAs and the a-type loops. 

Most of the c-component dislocation loops observed experimentally are vacancy in 

nature, and their size is reported to be much larger than the size of a-type loops [1], 

which can reach several hundred nanometers in diameter. According to the DAD theory, 

any c-component vacancy loops that exist are expected to grow by absorbing a net flux of 

vacancies, while c-component interstitial loops would not become large due to the 

tendency of SIAs to diffuse to dislocations that are parallel to the c axis. In addition to the 

situation in Zr, the DAD theory has also helped to explain the phenomenon of irradiation 

loop development in Mg. The c-component interstitial loops in pure Mg were found to 

shrink during electron irradiation and annealing [50, 51]. The size of c-component loops 

from our MD results are several nanometers, which are too small to be observed in the 

TEM; only c-component loops that grow to around 10nm in diameter can be subjected to 

the inside-outside test to determine vacancy or interstitial nature. Thus, in summary, our 

MD results have predicted a mechanism for the formation of c-component interstitial 

loops nucleating on or in the neighborhood of a-loops. However, such loops will be 

difficult to observe and characterize experimentally, as based on the DAD theory we 

would expect them to shrink, based on receiving a net flux of vacancies; this likely 

explains why interstitial c-component loops are relatively rarely reported experimentally. 

In general, the experimentally observed vacancy c-component loops are seen at high 

fluences, corresponding to several dpa (could even be 10 dpa or higher). Therefore, more 

cascades simulations with consecutive PKAs will be carried out to explore the potential 
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formation of c-component vacancy loops in the neighborhood of a-loops in our future 

work. 

4.5. Conclusions 

The formation of c-component dislocation loops in pure α-Zr has been studied using MD 

simulations with different PKA energies and at different temperatures. Cascade 

simulations with a 10 keV PKA showed that no c-component loop was formed, in either 

case of having a pre-existing interstitial or vacancy loop. Cascade simulations with a 

sequence of three 50 keV PKAs showed that c-component loops were formed in the case 

of pre-existing interstitial a-type loops, but not in the case of pre-existing vacancy a-type 

loops. The newly formed c-component loops were identified as interstitial loops that have 

a Burgers vector of either 1/3  or 1/6 . A mechanism to describe the 

formation of c-component dislocation loops is thus a combination effect of the level of 

irradiation damage and the interaction with pre-existing dislocation loops. With more 

irradiation damage in the form of a-loops, c-component dislocation loops would be more 

likely to form, and they were observed to form near the area of the interaction between 

the pre-existing a-type loops and PKAs. In addition, the cascade simulations in volumes 

having pre-existing a-type interstitial or vacancy loops suggested that a-type interstitial 

loops are more likely to assist the formation of c-component interstitial loops than a-type 

vacancy loops are to assist c-component vacancy loops. Likely, the size of the c-

component interstitial loop would be increased as a function of temperature, however the 

DAD theory suggests such c-component interstitial loops will tend to shrink due to 

receiving a net flux of vacancies. 
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Without the interaction between dislocation loops and PKAs, an a-type dislocation loop 

that is originally formed on the prism plane would always lie on the prism plane. 

However, according to the presented results, dislocation loops that gained a chair-shaped 

region due to the interaction with cascades could still be a-type with Burgers vector 1/3

; the application of a BC to determine the Burgers vector is critical as the 

identification of the habit plane alone is insufficient to pinpoint the a or c nature of the 

loop. Vacancy loops were observed to be very stable on the prism plane  at all 

tested temperatures (no cascades), which suggests that  is a stable habit plane. 
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Chapter 5.  Atomistic simulations of Ni segregation to irradiation induced 

dislocation loops in Zr-Ni alloys 

The role of Ni segregation on the stability of dislocation loops in the Zr-Ni binary system 

is elucidated by employing molecular dynamics/Monte Carlo simulations. The effect of 

the concentration of the alloying element on the strain energy around both interstitial and 

vacancy loops was investigated. Ni atoms are found to accumulate around dislocation 

loop. Our results suggest that the driving force of Ni segregation to the loop is a 

combination effect of the release of the strain energy of the dislocation core and the 

reduction of energy arising due to annihilation of point defects associated with those Ni 

atoms previously substitutionally solute far from the loop. The anisotropic stress field of 

the dislocation loop is presented in cylindrical coordinates, and is used to explain the 

influence of the alloying element on the stability of the dislocation loop. Furthermore, 

cascade simulations in the vicinity of dislocation loops were employed in the irradiated 

Zr-Ni binary system, and a significant enhancement of the stability of the dislocation 

loops was related to the change of the stress field as well as the core energy of the loop 

due to the alloying segregation. 

5.1. Introduction 

Zirconium alloys are known for their low neutron capture cross section, good mechanical 

properties and reasonable resistance to corrosion; they are therefore used extensively in 

nuclear reactors. Zircaloy-2 alloy is one of the best-known alloys used as a fuel cladding 

in nuclear reactors [1, 2]. A low concentration of Ni (<0.1wt%) is present in the Zircaloy-

2 alloy, and has been reported to postpone the precipitation of hydrides and consequent 
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hydrogen embrittlement by assisting H atoms’ dissolution in α-Zr [2]. A common issue 

encountered in zirconium alloys in service is radiation-induced embrittlement due to the 

formation of dislocation loops. The size of experimentally observed 〈𝑎〉-type and 〈𝑐〉-

component/type dislocation loops in zirconium alloys varies from a few nanometers to 

several hundred nanometers in diameter [3-7]. These dislocation loops form an 

energetically favourable site for the segregation of alloying elements, and are also 

barriers to dislocation glide; the alloy consequently undergoes a significant reduction in 

ductility [8-10]. 

The question of how irradiation and related phenomena influence material properties has 

generated a great deal of experimental interest in zirconium alloys [11]. Hood et al. [12, 

13] measured the self-diffusion coefficient in α-Zr (HCP); however, the relatively low α-

Zr (HCP) to β-Zr(BCC) allotropy temperature limits the precision of such measurements. 

Using transmission electron microscopy (TEM) Griffiths et al. [14] reported a 

preferential depletion of Fe from Zr(Cr, Fe)2 under neutron irradiation, whereas Zr2(Cr, 

Fe) remained crystalline up to higher irradiation doses [15, 16]. Yang [17] studied the 

effect of temperature on the crystalline to amorphous transformation of intermetallic 

compounds in Zircaloy-2 under irradiation. In a recent work Harte et. al [18] observed a 

layered chemical segregation of Ni, Cr and Fe in 〈𝑎〉-loop positions in basal traces, and 

suggested this as associated with the delayed onset of 〈𝑐〉-loop nucleation. Ni segregation 

towards grain boundaries is not significant, as a chemistry analysis near grain boundaries 

shows a depletion of Fe and Ni, while Sn can segregate to all boundaries after irradiation 

[19]. 
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Direct experimental study of irradiation remains a challenge, and certain associated 

phenomena, such as the micromechanisms of microstructural evolution during radiation, 

remain unclear. A complimentary approach is computational techniques and simulations, 

which are capable of scaling to appropriate times and dimensions, offering valuable 

insight into the non-equilibrium evolution that occurs during radiation. However, the only 

atomic scale study of the Zr-Ni system is the one by Moura et al. [20], who investigated 

the configurations, formation energies and migration mechanisms of point defects in the 

ZrNi and Zr2Ni intermetallic compounds using molecular dynamics (MD) simulations. 

Therefore, the role and possible contribution of Ni to irradiation growth remains of 

investigative interest.  

The stress field associated with dislocations and its interaction with alloying elements 

during irradiation has been another topic of interest since the 1950s. Peach and Koehler 

[21] discussed the effect of atomic constraints on dislocation loop growth. Kroupa [22] 

formulated the stress field around a circular edge dislocation loop in cylindrical 

coordinates. Using numerical models, Owen and Mura [23] showed that the magnitude of 

shear stress is much less than that of the normal stress. Trinkaus et al. [24] suggested that 

the small loops trapped in a strain field can escape by thermal activation or conservative 

climb. Khraishi et al. [25] constructed a stress field from Hooke’s law, under the 

assumption of linear elasticity and an infinite isotropic material, and showed that the 

normal stress converges to that of an infinite edge dislocation as the radius of the loop 

increases. Prominent studies [26, 27] have highlighted the significance of the stress field 

on the aspect ratio and size of the dislocation loops. Gao and Larson calculated the stress 

field around a dislocation loop by taking into account the elastic anisotropy of the 
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structure [28]. Using the strain-displacement relation and anisotropic Hooke’s law, Wu 

and his co-workers [29, 30] suggested that the influence of a free surface on the strain 

field of a 〈𝑐〉-type dislocation loops is more significant than that on 〈𝑎〉-type dislocation 

loops within a thin foil. Luo et al. [31] used MD simulations to study the crack nucleation 

under impact indentation, and they presented the stress evolution of the tensile site under 

indentation. Using MD cascade simulations of pure zirconium, Dai et al. [32] observed 

that the habit plane of 〈𝑎〉-type dislocation loops tilt to a new one under irradiation, and 

that the shape of the dislocation changes under radiation, which suggests that the stability 

of 〈𝑎〉-type loops can be significantly affected by interactions with the PKAs.  

Despite all these attempts, to the knowledge of the authors, there have been no atomic 

scale studies of segregation for mixed type bonding systems in the presence of 

dislocation loops under radiation. Furthermore, the effect of segregation on the state of 

stress around dislocation loops has not yet been studied.  

The goal of this paper is three-fold. First, we develop a structure identification approach 

in which a dislocation loop in a multicomponent system can be located very precisely. 

Based on this approach, we quantitatively analyze the segregation of Ni atoms at the 

dislocation loop. The defect energy of the interstitial and vacancy loops are compared 

before and after segregation. Second, for the first time, we present the stress fields around 

interstitial and vacancy loops, in a cylindrical coordinate system; the effect of Ni 

segregation on the stress field is presented. Finally, irradiation cascade simulations are 

performed to investigate the effect of Ni segregation on the stability of the dislocation 

loops.  
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5.2. Methodology 

The interactions between the components of the Zr-Ni system were approximated by the 

Finnis-Sinclair embedded-atom method (EAM-FS) empirical potential developed by 

Wilson and Mendelev [33]. This potential is the modified version of an earlier one 

developed by Mendelev et al. [34] and is capable of stabilizing ZrNi and Zr2Ni 

intermetallic compounds according to the phase diagram.  

Variance-constrained semi-grand-canonical (VC-SGC) ensemble [35] was employed to 

model the segregation. This ensemble is technically a combined version of MD, for 

structural relaxation, and MC, for composition change and atomic configuration toward 

equilibrium. The corresponding algorithm has been implemented in LAMMPS (Large-

scale Atomic/Molecular Massively Parallel Simulator) [36]. In the current work, the 

fraction of swapped atoms was chosen to be 0.2 and the MD runs between the MC swaps 

comprised 100 integration steps of 1 fs each. The chemical composition is controlled by 

the chemical potential difference between the two species and the target concentration. 

When using the VC-SGC ensemble, the initial challenge is determining the chemical 

potential difference corresponding to the target composition at the equilibrium condition. 

Several different chemical compositions of Ni are simulated to provide a good statistical 

result. The size of the simulation box is 32.31 nm × 55.97 nm × 52.11 nm (X, Y and Z 

directions), and contains ~4 million atoms. The simulation was initially pure Zr at 3 K, 

and after setting the composition to the target value the system was annealed to the 

temperature of interest (573 K, which is a common environmental temperature during 

irradiation) using the VC-SGC technique. 
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In order to simulate the segregation phenomenon, once equilibrium composition and 

phase distribution were achieved, the 〈𝑎〉-type dislocation loops were created. In order to 

create the dislocation loops with burgers vector >
?
〈112>0〉, we selected the perfect prism 

plane {011>0} as the initial plane for both interstitial and vacancy loops, and thermally 

equilibrated using the hybrid MD/MC simulations [35] (1 ns in MD combined with 

10,000 steps in MC). The initial diameter was chosen to be 10 nm in agreement with 

experimental observations [3-7]. Vacancy loops were created by removing one layer of 

atoms in the shape of a cylinder, and interstitial loops were created by replacing one layer 

of atoms with two layers of atoms with a smaller lattice parameter. Further details on this 

method of creating dislocation loops are provided in [32].  

Six independent components of the stress tensor for each atom are generated based on the 

global tensor S for a collection of N atoms contained in a volume V [37]: 

 𝐒𝑉 = 〈∑ 𝑚5𝑣5⨂𝑣5 +𝐖(𝑟@)@
5A> 〉,                                      (1) 

where mi and vi are the mass and instantaneous velocity of the ith atom. The angle 

brackets denote an appropriate ensemble average of the summation of the kinetic 

contribution and the global virial tensor. Thus, the stress is then averaged over atoms in 

the selected volume. The symbol ⊗ indicates the outer, dyadic, or direct tensor product. 

W is the global virial tensor and depends only on the instantaneous atom positions rN 

=r1, . . ., rN  and the interactions between them. The virial tensor is an extensive quantity 

and represents the contribution of the interaction potential to the pressure.  

The geometry of dislocation loops is such that the stress field analysis would be ideally 

performed in the cylindrical coordinate system. Therefore, the matrix of stress 
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components for every atom was converted from Cartesian coordinates, obtained from 

LAMMPS simulations, to cylindrical coordinates. 

Of particular interest are 3 normal stress components: Srr (the radial component of stress), 

Sθθ (the tangential component of stress) and Szz (the axial component of stress). Figure 

5-1 shows the orientation of stresses for a volume element in the cylindrical coordinate 

system. By definition, positive stress is tensile, whereas negative stress is compressive. 

Using this method, we present the stress state in cylindrical coordinates on the projection 

of the loop’s plane. A correlation time of 2 ps was used to generate 100 independent 

snapshots for the statistical analysis of the stress field around the dislocation loop. 

 

Figure 5-1. The direction corresponding to positive (tension) Srr, Sθθ and Szz. 

When simulating cascades, the initial directions of the PKA are 〈011>0〉 (in the direction 

of the loop axis) and [0001] and	〈112>0〉	(in the plane of the dislocation loop), and the 

energy of a primary knock-on atom (PKA) was set to 50 keV. The distance of PKA from 

the centre of the dislocation loop is in the range of 0 to 10 nm and the number of PKA per 
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sample is 1, 2 or 3. The cascade simulations were performed with a constant number of 

atoms, volume and energy (NVE ensemble), with the variable timestep algorithm under 

periodic boundary conditions in three directions. Images of atomic configurations were 

produced with the visualization tool ATOMEYE [38] and the Open Visualization Tool 

(OVITO) [39]. 

5.3. Results 

5.3.1. Determination of a dislocation loop’s habit plane 

The method of creating a dislocation loop was outlined in Section 2 and given in more 

detail in [32]. In addition, a method for determining a loop’s plane in pure Zr was 

discussed in our previous work [40]. In a pure system, displacement of atoms is due to 

the vibrational movement of atoms at high temperature and existence of defects. 

Meanwhile, in an alloyed system, the precipitate-induced displacement is also a major 

source of the deviation of atoms from the lattice site. Based on the Zr-Ni phase diagram, 

at the composition and temperature of this study, both α-Zr and Zr2Ni coexist in the 

simulation box. Knowing this, we propose a straightforward process to determine the 

habit plane of the loop. First we minimize the energy of the lattice to eliminate the atomic 

vibration and force the atoms to their equilibrium crystal structure. The atoms at the 

dislocation loop, as a planar defect, are distorted and are not in a perfect crystal structure. 

Therefore, using bond-angle analysis [41] the α-Zr atoms in HCP crystal structure are 

identified and deleted. The remaining atoms are shown in Figure 5-2 (a). This simulation 

box includes a dislocation loop in the centre of the simulation box that was initially 

created on the {011>0} plane. The rest of the atoms shown are Zr2Ni precipitates and point 
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defects. To extract details of the dislocation loop we need to identify and delete the atoms 

in the precipitates and point defects that are not a part of the dislocation loop. Knowing 

the approximate position of the dislocation loop, we limit our analysis domain to a box 

that contains the dislocation loop. In the next step we determine the coordination number 

of the remaining atoms in a cutoff distance of R=4 Å. This value is zero or one for point 

defects. At this stage, there are precipitates and a dislocation loop in the system. 

Considering the distortion of the atoms in the dislocation loop, the atomic density, and 

thus the coordination number of atoms, is higher than that in the precipitates. Using this 

property, we repeat the last step with R=2.45 Å, which is smaller than the lattice constant 

of the ordered phase Zr2Ni (2.77 Å) [42]. For such a cut off distance, the coordination 

number of atoms in the precipitate is zero, so we can identify and remove those atoms of 

the precipitates to selectively separate only atoms that interact with or form the 

dislocation loop. Figure 5-2 (b) displays the results of this sequence of filtering steps. Zr-

Ni systems at other compositions are analyzed and presented in the Appendix, 

demonstrating that this filter analysis can be used to determine the position of the 

dislocation loop within the range of compositions considered in this study.  

Finally, we calculate the plane of the dislocation loop using the identified interacting 

atoms. As shown in Figure 5-2 (b), the atoms are not all in a single plane. Therefore, we 

have to identify a plane that is most representative of the atoms. For this purpose we use 

the algorithm provided in [43]. Based on this method, the plane of the dislocation loop is 

the one for which the summation of the quadratic distances between the dislocation atoms 

and the plane is minimized [43]. 
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As mentioned above, we created the initial dislocation vacancy and interstitial dislocation 

loops in the perfect prism plane (011>0). However, our simulation results as well as our 

previous study [32] show that relaxing the structure, prior to Ni segregation, causes the 

habit plane of the dislocation loop to tilt towards one of the more energetically stable 

planes. Therefore, we are starting with an ‘unstable’ dislocation, at least in the pure Zr 

case; this provides us with the opportunity to test the stabilizing quality of the segregated 

Ni atoms. As shown in Figure 5-2 (b) the habit plane of the dislocation loop in the case of 

Ni atom segregation remains the same, i.e., the dislocation loop is stabilized in its initial 

habit plane. Further investigation in the following sections clarifies how Ni atoms 

stabilize the dislocation loops. 

 

Figure 5-2. A snapshot of the Zr-Ni system at 573 K viewed in two ways: (a) all displaced atoms are 

shown based on the bond-angle analysis; (b) the location of an interstitial loop is identified based on 

the coordinates analysis discussed in the text. The axes x, y and z are colored by red, green and blue, 

respectively. 
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5.3.2. The concentration distribution of Ni atoms around the dislocation loop 

As mentioned before, the hybrid MD/MC simulations were applied after creating the 

dislocation loop in the centre of the simulation box. Although we can visually observe the 

segregation of Ni atoms from the animations, it is difficult to assess the concentration 

quantitatively. In order to present the concentration map in 2D there are four major steps 

required: first, the plane of the loop is determined using the two-filter analysis described 

above. Second, the coordinate system of the simulation box is rotated to align x, y or z 

axis in the Cartesian coordination system with the normal to the plane of the dislocation 

loop. Third, we extract a rectangular slice of the system that encapsulates the dislocation 

loop, aligned with the Cartesian coordinate system. Finally, a 2D concentration map is 

calculated by discretizing the volume into 100 by 100 bins, where bins are elongated 

along the normal of the dislocation loop. Figure 5-3 (a) and (b) shows the atoms at an 

interstitial and a vacancy loops respectively, whereas, Figure 5-3 (c) and (d) is the 

corresponding Ni concentration map. These results show that Ni atoms accumulate inside 

of the interstitial loop while they segregate along the edge of the vacancy loop.  

 

Figure 5-3. (a) and (b) are the distribution of Ni atoms on the projection of the plane of an interstitial 

loop and a vacancy loop, respectively; (c) and (d) are the concentration map of Ni atoms 

corresponding to (a) and (b), respectively. (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this thisis.) 
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We need also to consider the distribution occurring in the case of a larger interstitial loop. 

Although the distribution of segregated Ni atoms is observed to be uniform for the 5nm 

interstitial loop, we might expect to see the concentration of Ni in the centre of the loop 

decrease with increasing loop size, as the distance from the distortion field of the 

dislocation increases. When the radius of the interstitial loop is increased to 9 nm (see 

Figure 5-4), Ni atoms can be seen to be segregated at the edge, leaving the center of the 

loop clear. For a given composition of Ni, although the number of segregated atoms in 

the larger loop will be greater than that in the smaller loop, the distribution is less 

uniform, i.e., as the size of the interstitial loop increases, fewer Ni atoms segregate in the 

center of the interstitial loop, as the effect of lattice distortion due to the dislocation 

decreases with distance. The experimentally measured Ni composition in Zircaloy-2 is 

between 0.03 wt% and 0.08 wt% [44-46], which is slightly lower than the values in our 

simulations (~ 0.1 wt%). Nevertheless, as reported by Harte et. al [18], the local Ni 

composition near the dislocation loop is expected to be greater than the average due to Ni 

segregation. 

 

Figure 5-4. (a) and (b) are the atomistic configuration and the concentration map of the segregation 

of Ni atoms on the projection of the plane of the same interstitial loop (radii 9nm), respectively. (For 
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interpretation of the references to color in this figure legend, the reader is referred to the web version 

of this thesis.) 

5.3.3. The energy map around the dislocation loop 

If we consider the perfect Zr lattice as a reference state, distortion of the structure (elastic 

energy) and segregation of Ni atoms (chemical energy) results in a change of the system 

energy. In order to investigate these two energy components, similar to the definition 

suggested by Kawamura et al. [47], we define defect energy EDefect= Eloop-Eperfect as a 

measure of energy variation of an atom due to interaction with the dislocation loop or 

chemical segregation. In this equation, Eloop is the potential energy of a given atom in the 

presence of a dislocation loop, and Eperfect is the potential energy of the atom in a perfect 

crystal structure at equilibrium. Similar to the method of generating the concentration 

map in the previous section, the map of EDefect is also produced by averaging the defect 

energy of atoms in each bin of the map. The defect energy map of interstitial and vacancy 

dislocation loops before segregation is shown in Figure 5-5 (a) and (c), respectively. The 

defect energy is highest at the edge of the dislocation loops, where the dislocation core is 

located and distortion of the structure is the highest. In agreement with previous 

experimental observations [48], the relaxed structure of the interstitial loop is closer to 

circular, while the vacancy dislocation loop deviates from circular to elliptical. 

Segregation of Ni atoms, driven by the decrease of system free energy, takes place in the 

neighbourhood of the dislocation loop. The defect energy map after segregation is shown 

in Figure 5-5 (b) and (d) for interstitial and vacancy dislocation loops. The accumulation 

of alloying atoms in the dislocation loop displaces the adjacent atoms of the matrix, 

which results in an increase in the distorted area. Therefore, the defect energy map of an 
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interstitial and a vacancy loop is consistent with the solute concentration map shown 

earlier.  

 

Figure 5-5. (a) and (b) are the defect energy map of an interstitial loop without and with Ni 

segregation, respectively; (c) and (d) are the defect energy map of a vacancy loop without and with Ni 

segregation, respectively. (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this thesis.) 

Considering the energy maps, there are differences between vacancy and interstitial 

dislocation loops, in terms of the driving force and mechanism of segregation. For a 

vacancy loop, the high energy of the dislocation core (up to 1.054 eV/Å) provides a 

preferred site for accumulation of the segregating atoms. Based on linear elastic theory, 

the distortion of the structure with distance from the core of the dislocation loop decays 

with 1/r3, which can be compared to 1/r for the stress field around a single straight 

dislocation, where r is the distance from the dislocation core [49]. The pile-up of Ni 

atoms in a distorted matrix extends up to the point that the released energy from the strain 

field of the dislocation due to segregation is balanced by the added energy due to pile-up 

of Ni atoms. After segregation, the normalized energy of the atoms in the dislocation core 

decreases to 0.312 eV/Å.  

The scenario for the interstitial dislocation loop is different. The energy of the dislocation 

core before segregation is lower than in the case of the vacancy loop (only 0.536 eV/Å), 
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providing a weaker drive for segregation. However, at the initial set up of the system 

containing an interstitial loop, there is an extra layer of Zr atoms that is forced between 

the stacking sequence of the HCP crystal structure. During the segregation steps of the 

model, the system stabilizes itself by replacing the Zr atoms with the Ni atoms. Tracking 

the Ni atoms' positions before and after segregation reveals that they are mainly 

substitutional Ni atoms in the HCP structure, which end up positioned within the strain 

field of the dislocation loop. In other words, the segregation of Ni atoms into the 

dislocation loop results in a significant overall energy drop due to ‘healing’ of point 

defects in the matrix; i.e., point defects associated with those Ni atoms previously 

substitutionally solute far from the loop. It appears that this is the main driving force for 

segregation into the interstitial loop; the energy of the interstitial dislocation loop after 

segregation is relatively unchanged at 0.482 eV/Å. The MC movement of initially 

randomly distributed solute-Ni atoms continues until all high-energy Ni atoms are 

segregated (mostly in the interstitial dislocation loop) and/or the majority of Zr atoms in 

the extra interstitial layer have been substituted out into the matrix. Since all the Zr atoms 

within the interstitial loop are approximately equivalent, the Ni atoms that are segregated 

in the interstitial loop are more uniformly distributed than in the case of the vacancy loop.  

A more quantitative understanding of the effect of segregation on the energy of the 

system can be achieved by tracking the trend of defect energy variation due to the 

accumulation of Ni atoms at the dislocation loops. For this purpose we extracted the 

atoms displaced in a region that encapsulates the dislocation loop, and calculated their 

averaged defect energy (Ēdefect) as a function of Cseg=NNi/NTotal, where NNi is the number 

of segregated Ni atoms at the dislocation loop and NTotal is the total number of atoms in 
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the system. As shown in Figure 5-6 for Cseg =0.7 at.%, the defect energy of a vacancy 

dislocation loop drops by 40%, which is mainly due to the release of the dislocation core 

energy.  

However, as mentioned above, the comparable dislocation core energy is much lower for 

interstitial dislocation loops, therefore, Ēdefect remains very similar for interstitial 

dislocation loops as Cseg increases. 

 

Figure 5-6. The averaged defect energy per displaced atom of the dislocation loop (Ēdefect) as a 

function of Cseg. 

5.3.4. The stress field of the dislocation loop 

In this section we present the stress field around a dislocation loop in a cylindrical 

coordinate system, as a significant parameter relevant to the mechanisms of dislocation 

loop growth.  

Figure 5-7 (a-c) show the radial, (Srr), tangential, (Sθθ), and axial, (Szz), stress components 

around an interstitial loop before the segregation of Ni atoms, whereas Figure 5-7 (d-e) 
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are the same normal stress components for a vacancy loop. The sign of the stress 

component indicates the direction of the stress, following the rule defined in Figure 1.  

 

Figure 5-7. Under the condition of no alloying segregation: (a), (b) and (c) are the radial-direction 

component of stress (Srr), the tangential-direction component of stress (Sθθ) and the axial-direction 

component of stress (Szz) for an interstitial loop, respectively; (d), (e) and (f) are the radial-direction 

component of stress (Srr), the tangential-direction component of stress (Sθθ) and the axial-direction 

component of stress (Szz) for a vacancy loop, respectively. The normal direction of all the loop’s plane 

is (11𝟐%0). (For interpretation of the references to color in this figure legend, the reader is referred to 

the web version of this thesis.) 

The compressive/tensile stress for dislocation loops is correlated with the atomic density 

inside the loop relative to that in the equilibrium crystal structure. For instance, in a 

vacancy dislocation loop, a layer of atoms has been removed; therefore, the remaining 

atoms will undergo a dilatational strain by stretching the lattice parameter inside the loop. 

The matrix, however, must be strained by equal and opposite stresses (averaged over the 

volume) to balance. The opposite effect is observed for the interstitial loop, where the 

extra layer of atoms shortened the bond length to less than that at equilibrium compared 
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to the perfect lattice. Therefore, atoms inside the dislocation loop experience a 

compressive stress and, consequently, the surrounding atoms in the matrix are under 

tension. 

Segregation of Ni atoms, however, has a dramatic effect on the state of stress of the 

dislocation loops. This effect is shown in Figure 5-8 (a-c) and (d-e), where normal 

components of stresses in the cylindrical coordinate system are presented for interstitial 

and vacancy loops, respectively. 

 

Figure 5-8. Under the condition of Ni atoms segregation: (a), (b) and (c) are the radial-direction 

component of stress (Srr), the tangential-direction component of stress (Sθθ) and the axial-direction 

component of stress (Szz) for an interstitial loop, respectively; (d), (e) and (f) are the radial-direction 

component of stress (Srr), the tangential-direction component of stress (Sθθ) and the axial-direction 

component of stress (Szz) for a vacancy loop, respectively. The normal direction of all the loop’s plane 

is (01𝟏%0). (For interpretation of the references to color in this figure legend, the reader is referred to 

the web version of this thesis.) 
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A comparison of the orientation of the habit plane before and after segregation shows that 

the habit plane of the dislocation loops changed from (011%0) to (112%0) in the absence of 

segregation, while segregation of Ni atoms stabilizes the initial (011%0) habit plane. 

Furthermore, due to the segregation of Ni atoms (which have an atomic radius ~15% 

smaller than Zr), the average normal stress of atoms inside the interstitial loop alters from 

compressive to tensile, as presented in Figure 5-7 (a-c) and Figure 5-8 (a-c). After 

segregation, however, the magnitude of stress is not reduced for the interstitial loop. This 

indicates that the release of stress cannot significantly contribute to the driving force of 

segregation. Comparing Figure 5-7 (d-f) and Figure 5-8 (d-f), however, we see that for 

the vacancy dislocation loop, the absolute average value of the stress components for 

atoms adjacent to the core decreases from ~30 GPa to ~10 GPa, suggesting that 

segregation is partially driven by the release of stress energy in the case of the vacancy 

loop. This is consistent with the results presented in Figure 5-6. 

Of note is that the stress in the system can be considered approximately as the sum of 

three parts: (i) vibrational displacement, (ii) structural contribution (the stress due to 

structural distortions caused mainly by the dislocation loop) and (iii) chemical 

contribution (due to bonding to dissimilar neighbouring). The calculated stress fields 

satisfy the boundary condition and linear momentum balance for the whole system over a 

sufficiently long tregectory of MD; that is, the sum of stress components for the whole 

system remains zero (refer to Appendix). However, for the results presented in this 

section, we filter the vibrational displacement of the atoms through the minimization of 

energy, to determine the structural and chemical sources of the stress more clearly. In 

addition, in Figure 5-7 and Figure 5-8, a small part of the system is separated, where the 
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local stress field does not necessary satisfy the boundary condition and linear momentum 

balance. This imbalance is more significant after segregation of Ni atoms, when the 

chemical contribution dominates due to very different atomic configurations in the 

segregated region and the matrix. The stress field determined without using the energy 

minimization is provided in the Appendix. 

Also observed in Figure 5-7 is a significant anisotropy of the radial and tangential stress 

components for both interstitial and vacancy dislocation loops. In comparison, the radial 

stress component in Figure 5-7 (a) and (d) show greater magnitude along the c-axis 

([0002]), which is the direction with the largest elastic stiffness [50-52]. In contrast, the 

tangential stress component (Figure 5-7 (b) and (f)) shows the greatest magnitude in the 

loop-radial direction parallel to [1>100]. At this location the tangential direction is parallel 

to the c-axis, which has the largest elastic stiffness. Thus the radial and tangential stress 

components show strong similarities in the anisotropy of their distributions, relative to 

the crystal structure. 

Considering the linear elastic model, the stress components are proportional to the 

stiffness of material and the strain field in a given direction. The anisotropic stiffness of 

HCP-Zr has been measured in previous studies (see for example [29] by Wu et al.) and 

was reported to be maximum along the c-axis. To determine the direction-dependent 

structural response to the strain field due to the distortion of the system we calculated the 

bond length in different orientations. Figure 5-9 shows an example of the results inside 

the interstitial loop before segregation. Due to the extra layer of atoms, the structure 

experiences compression in all directions, and the bond lengths compress. To determine 

the shortest bonds and their direction, we plot only the bonds that are shorter than a 
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cutoff-distance of 3.175 Å, i.e., smaller than the equilibrium lattice parameter. We found 

that the shortest bonds are between the atoms in two immediate basal planes, meaning 

that the greatest elastic deformation occurs along the c-axis ([0002]). The characteristic 

of the basal planes is that the planar density is the highest and the interplanar spacing in 

[0002] is maximized. Therefore, for a system that the structural distortions are caused 

mainly by the dislocation loop (such as the systems before segregation), the radial or 

tangential components of stress are maximized when aligned with the c-axis and are 

minimized when the given component of stress is perpendicular to the c-axis.  

 

Figure 5-9. (a) Image of the bonds generated in the interstitial loop without Ni segregation; (b) 

Enlarged view showing the atomic stacking sequence near the dislocation core. Atoms are colored 

based on the bond angle analysis. 

To quantitatively assess the orientation dependence of stress, we plotted the stress radial 

histogram by calculating the averaged stress in radial segments. For this purpose, we 

selected the centroid of the dislocation loop as the origin of the 2-D cylindrical coordinate 

system. The plane of the coordinate system, which is coincident with the dislocation 

plane, was discretized into 60 radial segments. The projection of all atoms onto the 
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dislocation plane was determined. For each sector the atoms that belong to the loop are 

separated from those in the matrix and the average of the absolute value of the stress is 

calculated for each group of atoms. Based on the crystallography of the HCP crystal 

structure it is known that, with a very good approximation, there are two miror 

symmetries for the prism plane. Therefore, the magnitudes of stress were averaged for the 

equivalent directions. The final averaged stress for each sector is presented by one point, 

for which the angular coordinate is equal to the centre of the sector and the radial distance 

is equal to the absolute value of the averaged stress.  

Figure 5-10 illustrates the magnitude of stress in different orientations (radial, tangential 

and axial), for inside and outside the interstitial and vacancy dislocation loops before 

segregation. The reference direction is aligned with the [0 0 0 2] direction (c axis) and the 

magnitude of the stress is given by the radius of the polar histogram in a given direction. 

Before the segregation of the Ni atoms, the local concentration of Ni at the dislocation 

loop is close to zero and the system is approximately equivalent to pure Zr. In this 

condition, there is a strong anisotropy in the radial and tangential components of stress. 

As shown in the histograms of Figure 5-10 (a, b, d and e) the radial and tangential 

stresses are highest at sectors for which the direction of stress is aligned with [0002].  

The observed anisotropy can stretch the dislocation loop in the directions of high stress 

and alter the aspect ratio of the loop in the habit plane. The configuration of the atoms, 

however, is the same in the axial direction; thus, as shown in Figure 5-10 (c) and (f), the 

histogram of axial stress is nearly circular. 
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Figure 5-10. The radial histogram of normal components of stress (GPa) before the segregation of Ni 

atoms to the interstitial loop (a-c) and the vacancy loop (d-f). The reference direction (i.e., zero) of the 

radial histogram is aligned with [0 0 0 2] and the angle is given in radians. The radius at any angle 

represents the stress in the given direction in GPa. Strong anisotropy is observed in the radial and 

tangential components of stress due to the anisotropy in the configuration of atomic layers. The axial 

components are equal-biaxial. 

Comparing the results presented in Figure 5-10 with those in Figure 5-11, the value and 

anisotropy of stress changes significantly after the segregation of Ni atoms. In contrast to 

pure Zr, after segregation the magnitude of stress inside and outside of the dislocation 

loops are not equal. The stress is higher inside the dislocation loop, while the stress of the 

matrix atoms is almost zero. After segregation, the binary system inside the loop is 

similar to an incoherent inclusion within the matrix, thus, there is no attempt at lattice 

match inside and outside the dislocation loop, and lattice sites are not conserved along the 
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dislocation loop. Under these circumstances, there are no stresses due to misfit at the 

edge of the dislocation. Therefore, in the matrix, the stress converges to zero. Inside the 

dislocation loop, however, the local distortion of the lattice due to the presence of the Ni 

atoms, and therefore the stress, is higher after segregation. After segregation, the 

magnitude of the radial and transverse stresses are only weakly dependent on orientation. 

 

Figure 5-11. The radial histogram of normal components of stress (GPa) after the segregation of Ni 

atoms to the interstitial loop (a-c) and the vacancy loop (d-f). The reference direction of the radial 

histogram is aligned with [0 0 0 2] and the angle is given in radians. The radius at any angle 

represents the stress in the given direction in GPa. The stress components in the matrix are almost 

zero, whereas it is significantly higher in the loop due to the lattice distortion after segregation. The 

stress components are independent of orientation. 
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As mentioned above, two sources of stress are the structural distortions, caused mainly by 

the dislocation loop, and the chemical contribution due to segregation. Before segregation, 

the structural stress is dominant, and the long range ordering of the structure provides the 

condition for anisotropy and continuity of the stress. After segregation, the chemical 

contribution plays a significant role in the state of stress. Therefore, the uniform and 

disordered distribution of the alloying elements inside the loop causes a near equal-

biaxial state of stress, whereas sudden compositional change at the boundary of the loop 

results in the disconnect between the lattices inside and outside of the dislocation loop 

and therefore a very weak structural stress. 

5.3.5. The stability of dislocation loops during cascade simulations in the Zr-Ni 

system 

In a pure Zr system we have shown that the shape and the plane of the dislocation loop 

can be significantly affected by interactions with the PKAs [32]. For example, a perfect 

prismatic 〈𝑎〉-type vacancy loop may tilt towards the basal plane to form a ‘chair-shaped’ 

loop after the collision cascade [32]. Figure 5-12 (a) and (b) show the same snapshot; one 

includes an interstitial loop before the cascade with only displaced atoms detected by the 

bond-angle analysis, and another shows only Ni atoms, respectively. The segregated Ni 

atoms are observed in the interstitial loop. Cascade simulations were performed by 

randomly selecting an atom as a PKA with 50 keV kinetic energy, and the model was run 

with different initial directions assigned to provide sound statistics. Animations of the 

cascade simulations are given in the Appendix. The cascade simulations were carried out 

using the MD technique, not the hybrid MD/MC, due to the short-time period during the 

collision cascade; thus, during the cascade simulations, the concentration of the alloying 
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atoms remained constant and we did not allow swapping between Zr and Ni atoms. 

Figure 5-12 (c) reveals all displaced atoms after the cascade. Although we can observe 

that many point defects were formed compared to Figure 5-12 (a), the loop remains very 

stable, as the shape and the plane remain unchanged following the cascade. Since the Ni 

atoms have segregated in the neighbourhood of the dislocation loops, it appears that the 

stability of the loop has been improved. Further similar evidence to show the stability of 

the dislocation loop in the Zr-Ni system during the cascade simulations is given in the 

Appendix. 

 

Figure 5-12. The cascade simulation in the vicinity of an interstitial loop in the ZrNi system: (a) and 

(b) are snapshots before the cascade, and (c) is after the cascade. Only displaced atoms are shown in 

(a) and (c) based on the bond-angle analysis, and only Ni atoms are shown in (b). 

The results of the cascade simulations of the current study show that the dislocation loop 

can be stabilized by the segregated Ni atoms, in orientations that are not stable without 

segregation. After segregation, the dislocation loop would successfully change its habit 

plane if the release of energy due to change of plane is sufficient to provide the activation 
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energy of diffusion of the segregated atoms, too, otherwise a change of plane in the 

presence of impurities will not take place [1, 53-60]. As observed in this study the 

stabilization effect of segregated Ni atoms is sufficiently high that even significantly 

increasing the randomness of the system with cascades cannot satisfy the energy 

condition for a change of habit plane. We can posit that this elemental stabilisation of 

loop orientation contributes significantly to the ability of 〈𝑎〉-loops in alloy system to 

generate ‘ordered’ arrays, as observed experimentally after proton irradiation[18]. 

5.4. Conclusions 

In conclusion, the role of Ni in the dislocation loop of Zr-rich alloy has been studied by 

hybrid MD/MC simulations. A method for determining the dislocation loop’s plane in 

alloy systems was discussed. Moreover, we found that Ni atoms prefer to segregate along 

the edge of the vacancy loop, while their segregation to the interstitial loop is affected by 

the size of the loop. For interstitial loops 5 nm in radius and smaller, Ni atoms are found 

to accumulate inside the interstitial loop more or less uniformly. However, as the radius 

of the interstitial loop is increased to 9 nm the Ni atoms can be seen to segregate at the 

edge of the loop. The analysis of the defect energy and stress field of the dislocation loop 

indicates that the defect energy of a vacancy loop is greatly decreased by the segregation 

of Ni atoms, while the defect energy of an interstitial loop is relatively constant during 

the segregation. Furthermore, under the condition of no alloying segregation, the state of 

stress is strongly anisotropic, while after segregation it alters to a stress state that is 

approximately equal in all directions within the plane of the loop. The driving force of Ni 

segregation to the loop is suggested as a combination effect of the release of the strain 

energy of the dislocation core and the annihilation of point defects associated with those 
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Ni atoms previously substitutionally solute far from the loop. The results of the cascade 

simulations in the ZrNi system in the vicinity of a dislocation loop show that the presence 

of Ni plays an important role in enhancing the stability of the loops in the alloy. 
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Chapter 6. A multi-scale study of dislocation loop interactions in α-zirconium 

Previous experiments have correlated the appearance of 𝑐-component dislocation loops 

with breakaway irradiation growth in α-Zr, which is a potentially life limiting degradation 

mechanism for components. However, the reason that there is a nucleation period prior to 

formation of the c-loops is still unknown, although the fluence at which c-loops first form 

is known to depend on alloying and irradiation temperature. In this study, a combination 

of experiments, a fully constrained analytical model and molecular dynamics simulations 

have been used to determine the formation mechanisms of a-type and 𝑐-component 

dislocation loops in α-Zr. Based on the experimental observation in this study and others 

that a-type loops are aligned along the trace of the basal plane, an analytical model is thus 

extended to consider the interactions of dislocation loops, which is compared to atomistic 

simulations. Results from the model and simulations cannot explain the formation of c-

component loop from the interaction of aligned 𝑎-loops by thermal annealing. However, 

a c-component vacancy loop was formed from collision cascades interacting with pre-

existing aligned vacancy a-type loops, which is consistent with an earlier experimental 

observation. This may provide a possible formation mechanism for 𝑐-component loops, 

and this mechanism also helps to explain the experimental observation of an incubation 

period for 𝑐-component loop formation. 

6.1. Introduction 

In all thermal nuclear reactors, zirconium and its alloys are important fuel-cladding and 

structural materials [1, 2] due to their low capture cross-section to thermal neutrons and 

reasonable corrosion resistance [3]. Irradiation-induced vacancies and self-interstitial 

atoms (SIAs) can stabilize themselves in the form of a vacancy or interstitial loop, 
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respectively. However, the precise thermodynamic and kinetic conditions of this 

rearrangement remains to be elucidated [4]. Vacancy and interstitial clusters are 

important precursors for the formation of dislocation loops. These clusters can be either 

created directly by collision cascades or by agglomeration of point defects [2]. The 

dislocation loops in 𝛼 -Zr with HCP crystal structure are classified as 𝑎 -type, 𝑐 -

component and 〈𝑐 + 𝑎〉-type based on the characterization of the Burgers vector. The 

most common experimentally measured Burgers vector of dislocation loops for 𝑎-type 

and 𝑐 -component are 1/3〈112>0〉  [5] and 1/6〈202>3〉  [6], respectively. Formation of 

dislocation networks [7], brittle fracture [8], void swelling [9] and low creep resistance [9] 

are associated to the occurrence of these dislocation loops. Therefore, it is crucial to 

understand the formation and growth of dislocation loops in Zr alloys.  

The study of dislocation loops in 	𝛼-Zr has gained importance due to the relationship 

between different types of loops and the irradiation environment. At relatively lower 

fluences (less than 3 × 10;< neutrons/m;), dislocation loops are reported to be 1/3〈112>0〉 

𝑎-type [5, 10-14]. However, Holt et al. [15] observed that in neutron-irradiated Zircaloy-

2, at fluences as high as of 6 × 10;<  neutrons/m;	 , 𝑐 -component loops form. As 

determined by Griffiths and his co-workers [6, 16-20], the majority of 𝑐-component loops 

are vacancy in nature. The formation of 𝑐-component loops is a complex problem. It is 

generally accepted in Zr and its alloys that 𝑎-type loops appear at low irradiation fluences 

whereas 𝑐-component loops appear at high irradiation dose [15]. It is also observed that 

𝑐-component loops are associated with and likely largely responsible for accelerated 

irradiation growth as well as contributing to irradiation creep and the degradation of 

mechanical properties [21]. Therefore, finding the formation conditions and transition 
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mechanisms from 𝑎-type to 𝑐-component can help us develop material design strategies 

to postpone irradiation growth. 

Varvenne et al. [22] determined the stability of vacancy clusters in pure α-Zr using an ab 

initio-based model that calculated formation energies of vacancy loops in different 

configurations, and their results show that 𝑎-type vacancy loops are the most stable loops, 

which may explain why the majority of experimentally observed loops at lower 

irradiation fluences are a-type loops. 

As reported by Gilbert et al. [12] and Northwood et al. [13], they both observed that 𝑎-

type vacancy loops formed parallel to each other and aligned to traces of the basal. Loops 

in such a stacking format definitely affect growth behavior, but a fundamental 

mechanism to explain this phenomenon is still unknown. 

Recently, Harte et al. [23] hypothesized that a row of 𝑎-type loops that aligned parallel to 

the trace of the basal plane might collapse into a coarse 𝑐-component loop, based on a 

correlation between the absence of these 𝑎 -loops at the position of 𝑐 -loops. They 

proposed that 𝑐-loop formation requires a minimum concentration of well-aligned 𝑎-

loops. This hypothesis may also explain the delayed onset of 𝑐-loops nucleation.  

The growth of 𝑐-component dislocation loops has been suggested to follow the theory of 

diffusional anisotropy difference (DAD) developed by Woo [24] and Holt [25]: the 

relative mobility of interstitials perpendicular to the 𝑐 axis is greater than that parallel to 𝑐 

axis. Therefore, due to the DAD effect, growth of a vacancy loop and shrinkage of an 

interstitial loop with habit plane parallel to basal plane is more probable. However, a 

recent simulation study from Samolyuk et al. [26] indicates that the DAD effect fails to 
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describe radiation growth in Zr below 750 K. They have applied DFT, kinetic MC and 

mean-field rate theory to analyze point defect migration. Their results show that both 

SIAs and vacancies exhibit anisotropic diffusion, as they both diffuse faster in the basal 

planes than any other planes. They instead propose a model where small interstitial 

clusters formed in-cascade are responsible for the loop growth. Notwithstanding this 

scientific debate, these two models provide an explanation for vacancy basal loop growth, 

but not for the transformation of well-aligned prismatic loops into basal loops. 

The goal of the present study is to use experiments, an analytical model, and atomistic 

simulations to explore the formation mechanism of 𝑐 -loops, and to understand the 

relationship between 𝑎 -loops and 𝑐 -loops. This is done in three steps. First, the 

arrangement of aligned 𝑎-loops from proton irradiation are clarified by Transmission 

electron microscopy (TEM). Second, the formation mechanism of the aligned 𝑎-loops is 

investigated by an analytical model and atomistic simulations. This includes calculating 

formation energies and stress fields between two parallel 𝑎-loops in pure Zr. It is worth 

noting that the analytical model does not have empirically adjustable parameters, since 

the parameters are fully constrained by the MD simulations. Thrid, collision cascades 

interacting with aligned 𝑎-loops are simulated to explore the formation of 𝑐-loops. 

6.2. TEM experiments 

6.2.1. Experimental setup 

TEM was carried out on a proton-irradiated Zircaloy-2 specimen. The sample was 

proton-irradiated at 3 MeV at 300°C with a current density of 0.1 µA/mm; to a damage 

level of 0.02 dpa. The high angle annular dark field (HAADF) images were taken on an 
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FEI OSIRIS operating at 200 kV with a probe current of 0.63 nA. The images were taken 

around the 〈101>0〉 zone axis in order to view the 𝑎-type loops perpendicular to their habit 

plane.  

6.2.2. Alignment of 𝒂-type loops observed in TEM 

The spatial distribution of 𝑎-type loops may affect their growth behavior and potentially 

relate to the formation of 𝑐-component loops as hypothesised by Harte et al. [23]. It has 

been well observed that 𝑎-type loops may align to the trace of the basal plane [12, 13], 

but the alignment direction is unclear. To clarify the arrangement within the basal plane, 

in this study, a tilt series was carried out. This involved tilting along the (112>0) direction, 

starting at the 〈101>0〉 zone axis, to observe any alignment within the trace of the basal 

plane. Figure 6-1 shows a series of HAADF scanning transmission electron microscopy 

(STEM) images with different tilting angles. It can be seen that despite the apparent 

strong alignment of loops suggested by the left-hand image of Figure 6-1, in the fact the 

𝑎-type loops are relatively randomly distributed within the trace of the basal plane (i.e., 

through foil thickness). There are some loops aligned in the 〈101>0〉  direction, as 

indicated by the white arrows. This experimental observation provides an important 

guidance to the setup of our MD simulations. 
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Figure 6-1. A tilt series of HAADF STEM image starting from the 〈𝟏𝟎𝟏%𝟎〉 zone axis and tilting along 

the (𝟏𝟏𝟐%𝟎) direction, towards the 〈𝟎𝟎𝟎𝟐〉 zone axis. The white arrows highlight the same set of a-

loops through each tilt. a) HAADF image taken on the 〈𝟏𝟎𝟏%𝟎〉 zone axis. b) 10° tilt along the (𝟏𝟏𝟐%𝟎) 

direction. c) 20° tilt along the (𝟏𝟏𝟐%𝟎) direction. 

6.3. Model for elastic interactions between two parallel 𝒂-type loops 

6.3.1. Formation energy of a single loop 

The stress field around dislocations are generally investigated through analytical models, 

where the total energy of a line dislocation is the sum of the elastic strain energy plus the 

dislocation core energy. The core energy is often neglected, e.g., in [27-30], as it has been 

suggested to be small compared to the elastic energy. Nevertheless, the importance of the 

core energy, especially to small dislocation loops, was explained by Kroupa [31]. 

Different approaches have been taken to include the dislocation core energy. Tan et al. 

[32] take into account the contribution of the dislocation core energy by using a constant 

parameter, whereas Chu et al. [33] discussed several methods that treat core effects 

within the framework of linear elastic dislocation theory. Wu et al. [34] included core 

energy into the total dislocation energy to describe pyramidal dislocations. The core 

energies of different twinning disconnections in Zr were obtained by MacKain et al. [35] 
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using ab initio calculations, which were further used to calculate the formation energy of 

a disconnection dipole. Due to the HCP crystal structure stacking sequence, 𝑎-type loops 

with 1/3〈112>0〉 Burgers vector do not form stacking faults [5, 12, 36]. However, in the 

case of 𝑐-component loops with Burgers vector of 1/6〈202>3〉, fringe contrast performed 

by TEM [15, 17, 20, 37] show that stacking faults energy should be considered in the 

energy analysis. Stacking fault energies for different planes in 𝛼-Zr have been calculated 

using atomistic simulations [22, 38-43]. The perfect stacking sequence of the basal planes 

in hcp-Zr is ABABABAB, and two types of stacking faults can be formed on the basal 

planes: intrinsic fault 𝐼> and extrinsic fault E. The stacking of an intrinsic fault, 𝐼>, 

corresponding to a vacancy loop with Burgers vector 1/6〈202>3〉 is ABABCBC, and the 

stacking of extrinsic fault E corresponding to an interstitial loop with Burgers vector 

1/6〈202>3〉 is ABABCABAB [44]. The stacking fault energies determined by ab initio 

calculations and MD simulations are summarized in [22] (see the Appendix), and the 

stacking fault energies of the extrinsic fault E (𝛾B) is almost twice the value of intrinsic 

fault 𝐼> (𝛾C-). As reported in [22], ignoring angular contribution to the atomic interaction 

in EAM #2 and #3 potentials [38] is believed to be responsible for the underestimation of 

stacking fault energies by EAM, which can be found in the Appendix of this chapter. 

The formation energy of a dislocation loop (𝐸# ) of radius R can be treated as a 

combination of 3 components: elastic strain energy (𝐸D), dislocation core energy (𝐸!) and 

stacking fault energy (𝐸/).  

𝐸# = 𝐸D + 𝐸! + 𝐸/

=
𝜇𝑏;

4𝜋(1 − 𝜈) 2𝜋𝑅
G1 − 𝜂(1 − cos;(𝜃))I lnG𝑅 𝑟EM I	 + � 𝐸!"(𝛿)𝑅

;F

E
d𝛿 + 𝐸/0 × 𝜋𝑅;. (1)
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Here we consider the model of 𝐸D proposed by Wolfer et al. [45] assuming that there is 

no interaction of the loop with stress fields arising from sources or defects other than the 

loop itself. The interaction between parallel loops will be considered in section 6.3.2. 

The parameter 𝜇 is the shear modulus, b is Burgers vector, 𝜈 is Poisson’s ratio, R is the 

radius of the loop, 𝜂 is an empirical parameter that affects the energy minimum during 

the loop’s rotation: when it is 0, 𝐸# is independent of 𝜃 [45]. The parameter 𝑟E is the 

dislocation core radius, and 𝜃 is the angle between the Burgers vector and the loop’s 

normal vector. The contribution of 𝐸!  is generally excluded for individual straight 

dislocations [46], but this should not be ignored for small loops, as explained above. Thus, 

we introduce the core energy 𝐸! for a circular loop by integrating the core energy per 

length 𝐸!"(𝛿)  over its circumference. The determination of 𝐸!  is provided in the 

Appendix. It should be noted that perfect 𝑎-type loops have no stacking fault energy 

contribution, unlike 𝑐-component loops. 

In order to develop a fully constrained analytical model, all parameters must be assigned. 

In Eq. (1), the parameters	𝜇 and 𝜈 were calculated from elastic stiffness and compliance 

from the interatomic potential, while the parameters 𝜃 and b were directly obtained from 

MD simulations. Previously, the size of 𝑟E  in Zr is considered to be of the same 

magnitude as the Burgers vector, as expected from elasticity theory [22, 47, 48]. 

However, 𝑟E may vary for different types of loops and is still unknown, as is the core 

energy 𝐸!"(𝛿) . With the help of atomistic simulations, these two parameters are 

calculated directly. Although the intrinsic and the extrinsic stacking fault energies in the 

basal plane were given in [22], the stacking fault energies for 𝑐-component loops also 
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need to be verified. Detailed calculations for parameters in Eq. (1) can be found in 

section 1 of Appendix. 

The link between the size of the loop and the number of vacancies (n) constituting the 

loop was discussed by Varvenne et al. [22]. Assuming that the thickness of the loop d is 

equal to a for 𝑎-type loops and c/2 for 𝑐-component loops, respectively, and based on the 

calculation of the volume equality 𝜋𝑅;𝑑 = 𝑛√3/4𝑎;𝑐  leads to the relation: 	𝑅6 =

>
;
�𝑎𝑐𝑛√3/𝜋 for the radius of 𝑎-type loops, and 𝑅G = 𝑎�𝑛√3/2𝜋 for 𝑐-component loops. 

The elastic model developed by Varvenne et al. [22] involves a shape factor, which 

accounts for the non-circularity of dislocation loops. This is a physically valid parameter, 

which also helps adjust the elastic model to MD. However, in this study, we chose to 

consider solely circular loops, as this facilitates the treatment of interacting loops, which 

is detailed in the next paragraph (section 6.3.2). 

6.3.2. The interaction energy of two coaxial 𝒂-type vacancy loops 

The interaction between dislocation loops is expected to be important, especially when 

they are in close proximity to one another. Experimental results of previous neutron 

irradiation [12] and the proton irradiation presented in Section 6.2 have shown that some 

𝑎-type loops align parallel to traces of {0001}. These experiments motivated the design 

of a formation energy model that considers the interaction between parallel loops. As 

proposed by Hirth and Lothe [46], assuming that two coaxial loops have the same radius 

and the same Burgers vector, then the interaction energy 𝐸$  is represented by the 

following equation: 
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𝐸$ =
𝜇𝑏;

4𝜋(1 − 𝜈) 2𝜋𝑅
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�
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E

𝑑𝜙(2) 

The parameters in Eq. (2) are illustrated in Figure 6-2, and the parameter D is a function 

of the separation distance Z between the two loops: 

𝐷 = �𝑍; + 4𝑅; sin;
𝜙
2�

;

. 

 

Figure 6-2. Schematic of two coaxial 𝒂-type vacancy loops with their separation distance is Z. R is the 

radius of the loop, D is the distance between two points on the edge to each loop that one point is 

fixed in the upper loop while another point is moved around the edge of the lower loop with a central 

angle ϕ. 

6.4. Atomistic simulations set-up 

MD simulations were performed using LAMMPS (Large-scale Atomic/Molecular 

Massively Parallel Simulator) [49]. Among different sources of atomistic potentials [38, 

50, 51] of Zr, the MA07 [38] potential (#2) can provide more reasonable description than 

the MA07 [38] potential (#3) for the calculation of binding energies of vacancies, as 

suggested by Varvenne et al. [22]. However, the MA07[38] potential (#3) was chosen 
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here due to its better reliability in radiation damage simulations and helpful feedback 

from recent simulation works [52-56]. Dislocation loops of sizes from 4 nm to 10 nm in 

diameter are considered in this work. The method used to create dislocation loops in MD 

is provided in [55, 56]. Two main classes of atomistic simulations involving parallel 𝑎-

type vacancy loops were considered: 

a- Thermal annealing the parallel loops at various distances. 

b- Interaction of the parallel loops with collision cascades  

For annealing using MD simulations, an ensemble with constant number of atoms, 

pressure and temperature (NPT) was chosen to equilibrate the system for at least 1 ns in 

each simulation. All cascade simulations were carried out at 573 K, which is a common 

temperature during neutron irradiation [3]. For cascade simulations in the vicinity of 

parallel 𝑎-type vacancy loops, 18 Zr atoms were randomly selected as primary knock-on 

atoms (PKA) and each given 3 keV of kinetic energy. Images of atomic configurations 

were produced with the visualization tool ATOMEYE [57] and the Open Visualization 

Tool (OVITO) [58], and the crystal structure is identified by the common neighbor 

analysis [59] and bond-angle analysis [60]. 

6.5. Results and Discussion 

6.5.1. Formation energy of 𝒂-type and 𝒄-component loops 

In MD, the formation energy (𝐸#) of a dislocation loop consisting of n vacancies or SIAs 

in a simulation box containing N atoms is defined as: 

𝐸# = 𝐸H
+II4 −

𝑁 ± 𝑛
𝑁 𝐸H

4()J(K' , (2) 
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where 𝐸H
+II4 and 𝐸H

4()J(K' are the potential energies of the same simulation cell containing 

one vacancy/interstitial loop and a perfect crystal, respectively. Note that the reference 

state is considered to be the perfect crystal. Plus and minus in 𝑁 ± 𝑛 represents total 

atoms in a system with an interstitial and a vacancy loop, respectively. 

The parameters in Eq. (1) are either from the literature or current MD calculations, which 

are shown in Table 6-1. It is interesting to find that a smaller value of 𝑟E usually 

corresponds to a higher value of 𝐸!" for all the calculations in this study. This behavior 

was also detected by other theoretical studies [61, 62]. Further, 𝐸!" of 𝑐-component loops 

is smaller than that of 𝑎-type loops, which may suggest that the existence of a stacking 

fault in 𝑐-loops could reduce the loops’ core energy. As the coherency between the core 

region and perfect lattice for 𝑎-loops could be less than that between core region and 

stacking faults for 𝑐-loops, the atoms in the core region of the 𝑐-loops would be less 

constrained than in the case of 𝑎-loops. 

Table 6-1. The parameters in Eq. (1) for the calculation of the formation energy of dislocation loops. 

 𝑎-type 

vacancy loop 

𝑎-type 

interstitial loop 

𝑐-component 

vacancy loops 

𝑐-component 

interstitial loops  

𝜇(GPa)[38]  41.35 41.35 44 44 

𝑏(Å)(this work) 3.2 3.2 3.2 3.2 

𝜈[38] 0.3093 0.3093 0.3426 0.3426 

𝜂[45] 0.25 0.25 0.25 0.25 
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𝜃(°)(this work) 30 30 35 35 

𝑟E(Å)(this work) 3.6 4.6 4.7 5.0 

𝐸!"(eV/Å)(this 

work) 
0.68 0.59 0.46 0.36 

𝐸/0(mJ/	m;)(this 

work) 
N/A N/A 172 254 

Figure 6-3 presents the values of 𝐸# from both MD simulations as well as the calculation 

using the analytical model Eq. (1). A good consistency is achieved between the results of 

our MD simulations and that of the analytical model. Further, both calculations show that 

𝐸# of 𝑎-type loops is lower than that of 𝑐-component loops with the same number of 

point defects. This difference increases as the size of the loop increases, which is also 

consistent with Varvenne et al. [22]. Varvenne et al. conducted MD simulations for loop 

diameters smaller than 7 nm, and interstitial loops were not considered. In the present 

study, dislocation loops as big as 10 nm in diameter were simulated, and interstitial loops 

were also considered. This provides supplementary data to validate and fit the model 

based on Eq. (1). Using the model, we can predict the loop energy for diameters from 

nanometers to micrometers.  
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Figure 6-3. The formation energy of dislocation loops calculated by MD simulations and the 

analytical model of Eq. (1) for 𝒂-type vacancy loop (red circle), 𝒂-type interstitial loop (red square), 

𝒄-component vacancy loop (blue upward triangle) and 𝒄-component interstitial loop (blue downward 

triangle). 

6.5.2. The repulsion between the aligned 𝒂-type vacancy loops 

6.5.2.1. MD simulations 

Figure 6-4 (a) shows three parallel 𝑎-type vacancy loops at 8 nm separation at the 

beginning, and the size of all loops have a 4 nm radius here. Under the condition of only 

a thermal annealing at 573 K, the three loops repel each other but are still in the prism 

plane. The geometry of dislocation loops is such that the stress field analysis would be 

ideally performed in the cylindrical coordinate system. Therefore, the matrix of stress 

components for every atom was converted from Cartesian coordinates, obtained from 

LAMMPS simulations, to cylindrical coordinates. 

The axial-direction stress component (𝑆LL) was calculated to analyze the tilting tendency 

of the repulsive loops. By definition, positive stress is tensile, whereas negative stress is 
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compressive. The method of calculating stress components in cylindrical coordinates is 

given in more detail in [63]. The stress components of each loop were determined, and 

they are presented on the right-hand side of each figure in Figure 6-4 (b-d). A correlation 

time of 0.1 ps was used to generate 10 independent snapshots for the statistical analysis 

of the stress field around the loop. Figure 6-4 shows the position and the axial-direction 

stress component of three 𝑎-type vacancy loops at different times. At 200 ps in Figure 

6-4 (b), the stress field around the outside of the middle loop is under compression since 

the two loops are very close at both sides, while the lower and upper loops show mostly 

compression and little tension. With such stress field information the tilting tendency of 

these three loops can be predicted: the middle loop would mainly rotate without much 

gliding since it has compression on both sides of the loop; the lower and upper loops 

would both rotate and glide away from their original positions since the area of the 

compression is larger than that of the tension. Also, the stress inside of these three loops 

is not completely in tension. Under the condition of no external stresses, the stress state 

inside of a vacancy loop should be in tension [63]. At 300 ps in Figure 6-4 (c), the 

separation distance between the three loops is increased, and the movement of each loop 

is in a good agreement with the qualitative prediction above. In addition, all vacancy 

loops show tension inside of each loop and the magnitude of the compression outside of 

the loops is greatly decreased, which indicates that the tendency for the loops to tilt is 

decayed. At 500 ps in Figure 6-4 (d), the stress field of the lower and the upper loops 

returned to a state that is similar to the case without any external stresses, but there was 

still some residual tensile stresses around the middle loop. 
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Figure 6-4. The evolution of three 𝒂-type vacancy loops repulsion during a thermal annealing at 573 

K. (a) The three loops with separated 8 nm at the beginning. (b-d) Atomic configurations of the three 

loops on the left-hand side at 200 ps, 300 ps and 500 ps, respectively. The three pictures shown on the 

right-hand side are the axial-direction component of stress (𝑺𝐳𝐳) for the corresponding three 𝒂-type 

vacancy loops. 𝑺𝐳𝐳 is tension in red and compression in blue. 

6.5.2.2. An elastic model 

Based on Eq. (3), by increasing the separation distance (Z) between the two loops, 𝐸$ is 

calculated in Figure 6-5 (a) with four different loop diameters. The value of 𝐸$  is 

decreased as Z increases, and 𝐸$ for smaller-size loops requires a lower Z to converge. 

For a loop radius equal to 2 nm, 𝐸$ drops to a relatively stable value when Z reaches 12 

nm; while for 5 nm loop radius, Z must be at least 20 nm for 𝐸$ to drop to a stable value. 

We then include Eq. (3) into Eq. (1) to consider the energy contribution from the loops’ 

interaction. The results of two parallel 𝑎-type vacancy loops at two different separation 

distances are presented in Figure 6-5 (b). Due to computational limitations, the maximum 

radius of two parallel 𝑎-type vacancy loops is 2.5 nm (their separation distance is 2 times 

the loop’s radius) using MD simulations, and their data are represented as green circles in 

Figure 6-5 (b). Note that for the plot for two loops in Figure 6-5 (b), the number of 

vacancies of the lower x-axis is the total number of vacancies for two loops. The loop 
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radius of the upper x-axis is actually double the radius of each loop for the two-loop 

scenario. When comparing the formation energy of a single 𝑐-component vacancy loop 

and two parallel 𝑎-type vacancy loops, we can see that there is a critical transition point, 

where it becomes energetically favorable for two 𝑎-type vacancy loops to merge into a 

bigger 𝑐-component vacancy loop if the separation distance is continuously decreased. 

For example, if the separation distance is 4 times of the loop’s radius, then such critical 

point is 7.7 nm for the diameter of each loop of the two parallel 𝑎-type vacancy loops, 

which is shown by the dashed green curve in Figure 6-5 (b). Decreasing their separation 

distance to 2 times of the loop’s radius, which is represented by the solid green curve, 

causes the energy of two 𝑎-type loops to be higher than that of one 𝑐-component loop. 

Thus, a bigger 𝑐-component vacancy loop would be more stable than these two 𝑎-type 

loops with the smaller separation distance. However, a single large 𝑎-type loop would be 

preferable to the 𝑐 -component loop, energetically speaking. This suggest that the 

formation of 𝑐-component loops is an out-of-equilibrium process. 

 

Figure 6-5. (a) The interaction energy of two coaxial 𝒂-type vacancy loops as a function of their 

separation distance Z, and the loop size is ranged from 20 Å to 50 Å. (b) The loop formation energy 
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as a function of number of vacancies of the loop (lower x-axis) and radius of the loop (upper x-axis) 

for one 𝒂-type vacancy loop, one 𝒄-component vacancy loop, and two coaxial 𝒂-type vacancy loops 

with different separation distance. The critical transition points are highlighted by red starts. 

These calculations are important to irradiation experiments since the separation distance 

is related to the loop density. As mentioned above, 𝑎-type loops are experimentally found 

to align along the basal trace, and their density is increased as dpa increases. An increase 

in density will decrease the loops’ average separation distance.  

6.5.3. The coarsening among three 𝒂-type vacancy loops 

As described above, aligned dislocation loops with a shorter separation distance will have 

greater interaction energies. Figure 6-6 (a) shows three parallel 𝑎-type vacancy loops at 4 

nm separation at the beginning. During annealing at 573 K in Figure 6-6, the three loops 

collapsed into a large loop as shown in Figure 6-6 (d). This larger loop has multiple habit 

planes known as a “chair-shape” structure, and we note that some experimentally 

observed 𝑐-component dislocation loops have also been described as chair-shaped [6]. 

However, the determination of its Burgers vector remains the same as the 𝑎-type loops. 

Thus, thermal annealing aligned 𝑎-type vacancy loops does not lead to the formation of 

𝑐-loops, which is consistent with the previous experimental measurement [64-66]. This 

observation is also consistent with the elasticity model of interacting loops (section 

6.5.2.2): in near-equilibrium conditions, the lowest-energy configuration—i.e. a large a-

type loop—appeared. This suggests that c-component loops formation involves highly 

out-of-equilibrium processes. One such candidate are collision cascades, which are 

discussed in the following section. 



 133 

 

Figure 6-6. A sequence of snapshots showing three 𝒂-type vacancy loops during a thermal annealing 

at 573 K. (a) The three 𝒂-type vacancy loops with separated by 4 nm at the beginning. (b-d) are 

corresponding atomic configurations after 100 ps, 200 ps, and 500 ps, respectively. Only displaced 

atoms are shown here based on the common neighbor analysis. 

6.5.4. The formation of a 𝒄-component vacancy loop after the cascade interaction 

with two 𝒂-type vacancy loops 

The formation of 𝑐-component vacancy loops usually occurs at high irradiation fluences. 

Recent experiments [23] suggest that their formation can be affected by the alignment of 

pre-existing 𝑎-type vacancy loops, thus it would be interesting to simulate the interaction 

between PKAs and aligned 𝑎-type vacancy loops. Two 𝑎-type vacancy loops with 4 nm 

radius were created in the prism plane {011>0}, and their separation distance is 2 times 

that of the loop’s radius, as shown in Figure 6-7 (a). According to the analysis of the 

loops’ interaction in section 6.5.3, a separation of 2 times that of the loop’s radius would 

ensure these two loops do not collapse into a single loop when only a thermal annealing 

condition is applied. At least 10 independent cascade simulations have been conducted to 

observe different possible cascade results. Here we illustrate one of the cascade results 

that showed the formation of a 𝑐-component dislocation loop at the site of a pre-existing 
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𝑎-type vacancy loops. Figure 6-7 (b) depicts the results on the x-y plane after the 

cascades, and a newly formed small loop was observed, which is next to a pre-existing 𝑎-

type vacancy loop. This small loop was determined as vacancy in nature by Wigner Seitz 

analysis [67-69], and it was further identified as 𝑐-component, with a Burgers vector of 

1/6〈202>3〉, by constructing the Burgers circuit. A detailed verification is provided in the 

Appendix. The size of this 𝑐-component vacancy loop is about 4 nm in diameter, which is 

large enough to be observed by TEM. Figure 6-7 (c) takes a closer look of the atomic 

structure of this 𝑐-loop, which has a pyramidal shape due to its associated stacking faults. 

An animation of this cascade simulation is also provided in the Appendix. It is interesting 

to note the difference of the mobility between these two 𝑎-type vacancy loops after the 

collision cascades. The 𝑎-type vacancy loop next to the 𝑐-component vacancy loop is 

only slightly tilted after the cascades, while the other 𝑎-type vacancy loop shows a higher 

mobility and as moved away from its original position. This suggests that the 𝑐 -

component vacancy loop could be pinning the 𝑎-type vacancy loop and prevent it from 

leaving its habit plane. 
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Figure 6-7. (a) Two 𝒂-type vacancy loops with radius of 4 nm, separated by 8 nm. (b) Atomistic 

configurations after a 18x3-keV cascades at 573 K. (c) Enlarged view showing the atomic structure of 

a 𝒄-component vacancy loop. Only displaced atoms are shown here based on common neighbor 

analysis. 

6.6. Discussion of a formation mechanism for 𝒄-component loops 

Energetically, the formation energy of an individual 𝑎-type loop is lower than that of a 𝑐-

component loop with the same size, meaning there is a thermodynamic driving force for 

𝑎-type loops to form. This likely explains why low-dose irradiation forms predominantly 

𝑎-type loops. 

Harte et al. [23] observed 𝑎-type loops aligned in a basal plane trace in sample proton 

irradiated in doses as high as 4.7 dpa. At this dose, 𝑐-component loops were not observed. 

As the dose increased, so does the 𝑎-type loop density. Our calculations demonstrate that 

elastic interaction between these loops favors their alignment. Further irradiation—up to 

7.0 dpa—revealed the formation of 𝑐-component loops in locations where aligned 𝑎-type 

loops would be observed at lower doses. Also, 𝑎-type loops were observed at all proton 
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dose levels in their studies. The simulations indicate that aligned 𝑎-type loops merge into 

a larger 𝑎-type loop after thermal annealing; these larger 𝑎-type loops reside in a different 

prismatic plane than the smaller loops. Small 𝑐 -component loops appeared in our 

simulations when the 𝑎-type loops interact with PKAs (see Figure 6-7). This cascade-

induced change in the Burgers vector of dislocation loops is similar to that observed by 

Granberg et al. [70] in bcc Fe. The formation of 𝑐-component loops from pre-existing 𝑎-

loops could be a significant factor contributing to the nucleation threshold time required 

for 𝑐-component loop nucleation experimentally; i.e., a sufficient density of 𝑎-loops is 

first required. 

It is worth noting that our MD simulations are limited to nano-second time scales; it is 

difficult to obtain a full growth process for such a small 𝑐-component loop in our case. 

However, we can expect that – based on the DAD theory – that vacancy type 𝑐-loops are 

expected to grow with time. Adaptive Monte Carlo methods, such as the kinetic 

Activation Relaxation Technique [71] or the Self-Evolving Atomistic Kinetic Monte 

Carlo [72]), are able to reach the long times needed to study the transformation of 

dislocation loops [73-75]. Extending the work presented here with a long-time scale 

computational method would be valuable. Notably, studying the interaction of 𝑎-type and 

𝑐-component loops on long timescales would be of great interest. Finally, our results 

should be qualified since loop stability calculations were based on their potential energies. 

In the future, it would be worthwhile to perform free-energy calculations, in order to 

capture entropic effects on loop stability [76]. Likewise, the use of a semi-empirical 

potential may have introduced unphysical artefacts in the calculations. Further validation 

by ab initio calculations would be valuable. 
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6.7. Conclusions 

The arrangement of aligned a-type loops from proton irradiation have been clarified by 

TEM, and the interaction of aligned loops were analyzed by combining MD simulations 

and a fully constrained analytical model. Good agreement between the techniques is 

achieved. This represents a mutual validation of theories and MD simulations of the 

formation mechanism of dislocation loops. From this work the following conclusions can 

be drawn: 

1. STEM images with different tilting angles found that some aligned a-type loops are 

along the 〈101>0〉 direction, and there is also a random distribution of a-type loops in the 

basal trace. 

2. With the same number of point defects, a-type loops have lower formation energies 

than 𝑐-component loops, which explains why the majority of experimentally observed 

loops at lower irradiation fluences are a-type loops.  

3. The existence of a stacking fault is suggested to lower the core energy of 𝑐-component 

loops compared to a-type loops. 

4. The energy contribution of the loops’ interaction was included in the analytical model 

of this study, which is helpful in understanding the evolution of dislocation loops. Further, 

the model suggests that the aligned 𝑎-type loops would become less stable by decreasing 

their separation distance. 

5. The glide motion of dislocation loops during loop repulsion was explained by 

analyzing their individual stress fields in the axial-direction—this helps understand loop 
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growth mechanism. Further, the collapse of aligned 𝑎-type loops into a big 𝑎-type loop 

observed in our MD simulations is consistent with other experiments. 

6. Using atomistic simulations, cascade-induced 𝑐 -component vacancy loops were 

observed—to our knowledge—for the first time. They arise from the interaction between 

the pre-existing parallel a-type vacancy loops and the cascade, which is consistent with 

the experimental observations by Harte et al. [23] and ourselves. 𝑐-loops were also 

shown to pin attached a-type loops. This finding is key to understanding the formation of 

𝑐-component loops, which are related to irradiation creep and growth of nuclear materials. 

6.8. References 

[1] R.A. Holt, In-reactor deformation of cold-worked Zr–2.5Nb pressure tubes, J. Nucl. 

Mater. 372(2–3) (2008) 182-214. 

[2] G.S. Was, Fundamentals of Radiation Materials Science: Metals and Alloys, Springer 

Berlin Heidelberg2007. 

[3] F. Onimus, J.L. Béchade, Radiation Effects in Zirconium Alloys, in: R.J.M. Konings 

(Ed.), Comprehensive Nuclear Materials, Elsevier, Oxford, 2012, pp. 1-31. 

[4] S.J. Zinkle, G.S. Was, Materials challenges in nuclear energy, Acta Mater. 61(3) 

(2013) 735-758. 

[5] P.M. Kelly, R.G. Blake, The characterization of dislocation loops in neutron 

irradiated zirconium, Philos. Mag. 28(2) (1973) 415-426. 

[6] M. Griffiths, M.H. Loretto, R.E. Smallman, Electron damage in zirconium: II. 

Nucleation and growth of c-component loops, J. Nucl. Mater. 115(2–3) (1983) 323-330. 

[7] A. Iyad Alabd, J.R. Carlos, G. Yu, M.U. Herbert, Nanoindentation of hcp metals: a 

comparative simulation study of the evolution of dislocation networks, Nanotechnology 

27(4) (2016) 045706. 

[8] M.A.L. De Oliveira, G. Michot, Three dimensional analysis of the interaction 

between a crack and a dislocation loop, Acta Mater. 46(4) (1998) 1371-1383. 



 139 

[9] F.A. Garner, M.B. Toloczko, B.H. Sencer, Comparison of swelling and irradiation 

creep behavior of fcc-austenitic and bcc-ferritic/martensitic alloys at high neutron 

exposure, J. Nucl. Mater. 276(1) (2000) 123-142. 

[10] R.B. Adamson, W.L. Bell, D. Lee, Use of Ion Bombardment to Study Irradiation 

Damage in Zirconium Alloys, Zirconium in Nuclear Applications, American Society for 

Testing and Materials, STP 551(551) (1974) 215-228. 

[11] D.O. Northwood, V. Fidleris, R.W. Gilbert, G.J.C. Carpenter, Dislocation loop 

generation and irradiation growth in a zirconium single crystal, J. Nucl. Mater. 61(2) 

(1976) 123-130. 

[12] R.W. Gilbert, K. Farrell, C.E. Coleman, Damage structure in zirconium alloys 

neutron irradiated at 573 to 923 k, J. Nucl. Mater. 84(1–2) (1979) 137-148. 

[13] D.O. Northwood, R.W. Gilbert, L.E. Bahen, P.M. Kelly, R.G. Blake, A. Jostsons, 

P.K. Madden, D. Faulkner, W. Bell, R.B. Adamson, Characterization of neutron 

irradiation damage in zirconium alloys — an international “round-robin” experiment, J. 

Nucl. Mater. 79(2) (1979) 379-394. 

[14] A. Jostsons, P.M. Kelly, R.G. Blake, The nature of dislocation loops in neutron 

irradiated zirconium, J. Nucl. Mater. 66(3) (1977) 236-256. 

[15] R.A. Holt, R.W. Gilbert, c-Component dislocations in neutron irradiated zircaloy-2, 

J. Nucl. Mater. 116(1) (1983) 127-130. 

[16] M. Griffiths, M.H. Loretto, R.E. Smallman, Electron damage in zirconium: I. defect 

structure and loop character, J. Nucl. Mater. 115(2–3) (1983) 313-322. 

[17] M. Griffiths, R.W. Gilbert, The formation of c-component defects in zirconium 

alloys during neutron irradiation, J. Nucl. Mater. 150(2) (1987) 169-181. 

[18] M. Griffiths, D. Gilbon, C. Regnard, C. Lemaignan, HVEM study of the effects of 

alloying elements and impurities on radiation damage in Zr-alloys, J. Nucl. Mater. 205 

(1993) 273-283. 

[19] M. Griffiths, R.C. Styles, C.H. Woo, F. Phillipp, W. Frank, Study of point defect 

mobilities in zirconium during electron irradiation in a high-voltage electron microscope, 

J. Nucl. Mater. 208(3) (1994) 324-334. 

[20] Y.d. Carlan, C. Regnard, M. Griffiths, D. Gilbon, C. Lemaignan, Influence of Iron in 

the Nucleation of <c> Component Dislocation Loops in Irradiated Zircaloy-4, Zirconium 



 140 

in the Nuclear Industry: Eleventh International Symposium, STP16194S, E. Bradley and 

G. Sabol, Ed., ASTM International  (1996) 15. 

[21] F. Long, L. Balogh, D.W. Brown, P. Mosbrucker, T. Skippon, C.D. Judge, M.R. 

Daymond, Effect of neutron irradiation on deformation mechanisms operating during 

tensile testing of Zr–2.5Nb, Acta Mater. 102 (2016) 352-363. 

[22] C. Varvenne, O. Mackain, E. Clouet, Vacancy clustering in zirconium: An atomic-

scale study, Acta Mater. 78 (2014) 65-77. 

[23] A. Harte, D. Jädernäs, M. Topping, P. Frankel, C.P. Race, J. Romero, L. Hallstadius, 

E.C. Darby, M. Preuss, The effect of matrix chemistry on dislocation evolution in an 

irradiated Zr alloy, Acta Mater. 130 (2017) 69-82. 

[24] C.H. Woo, Theory of irradiation deformation in non-cubic metals: Effects of 

anisotropic diffusion, J. Nucl. Mater. 159 (1988) 237-256. 

[25] R.A. Holt, Mechanisms of irradiation growth of alpha-zirconium alloys, J. Nucl. 

Mater. 159 (1988) 310-338. 

[26] G.D. Samolyuk, A.V. Barashev, S.I. Golubov, Y.N. Osetsky, R.E. Stoller, Analysis 

of the anisotropy of point defect diffusion in hcp Zr, Acta Mater. 78 (2014) 173-180. 

[27] R. Bullough, E.A.J. Foreman, The elastic energy of a rhombus-shaped dislocation 

loop, Philos. Mag. 9(98) (1964) 315-329. 

[28] D.J. Bacon, The elastic energies of elliptical dislocation loops, Philos. Mag. 14(130) 

(1966) 715-729. 

[29] R. Dewit, A.W. Ruff, The elastic energies of non-regular hexagonal dislocation 

loops, Philos. Mag. 15(137) (1967) 1065-1069. 

[30] J.C.M. Li, G.C.T. Liu, Circular dislocation pile-ups, Philos. Mag. 15(137) (1967) 

1059-1063. 

[31] F. Kroupa, Circular edge dislocation loop, Cechoslovackij fiziceskij zurnal B 10(4) 

(1960) 284-293. 

[32] T.Y. Tan, P. Plekhanov, U.M. Gösele, Nucleation barrier of voids and dislocation 

loops in silicon, Appl. Phys. Lett. 70(13) (1997) 1715-1717. 

[33] H.J. Chu, J. Wang, C.Z. Zhou, I.J. Beyerlein, Self-energy of elliptical dislocation 

loops in anisotropic crystals and its application for defect-free core/shell nanowires, Acta 

Mater. 59(18) (2011) 7114-7124. 



 141 

[34] Z. Wu, W.A. Curtin, The origins of high hardening and low ductility in magnesium, 

Nature 526(7571) (2015) 62-67. 

[35] O. MacKain, M. Cottura, D. Rodney, E. Clouet, Atomic-scale modeling of twinning 

disconnections in zirconium, Phys. Rev. B 95(13) (2017) 134102. 

[36] M. Griffiths, Microstructure evolution in h.c.p. metals during irradiation, Philos. 

Mag. A 63(5) (1991) 835-847. 

[37] M. Griffiths, M.H. Loretto, R.E. Smallman, Anisotropic distribution of dislocation 

loops in HVEM‐irradiated Zr, Philos. Mag. A 49(5) (1984) 613-624. 

[38] M.I. Mendelev, G.J. Ackland, Development of an interatomic potential for the 

simulation of phase transformations in zirconium, Philos. Mag. Lett. 87(5) (2007) 349-

359. 

[39] N. de Diego, Y.N. Osetsky, D.J. Bacon, Structure and properties of vacancy and 

interstitial clusters in α-zirconium, J. Nucl. Mater. 374(1–2) (2008) 87-94. 

[40] S. Alexander, V.B. Vasily, A. Athanasios, Automated identification and indexing of 

dislocations in crystal interfaces, Modell. Simul. Mater. Sci. Eng. 20(8) (2012) 085007. 

[41] A. Serra, D.J. Bacon, Atomic-level computer simulation of the interaction between 

1/3<11-20>{1-100} dislocations and 1/3<11-20> interstitial loops in α -zirconium, 

Modell. Simul. Mater. Sci. Eng. 21(4) (2013) 045007. 

[42] E. Clouet, D. Caillard, N. Chaari, F. Onimus, D. Rodney, Dislocation locking versus 

easy glide in titanium and zirconium, Nat Mater 14(9) (2015) 931-936. 

[43] C. Varvenne, O. Mackain, L. Proville, E. Clouet, Hydrogen and vacancy clustering 

in zirconium, Acta Mater. 102 (2016) 56-69. 

[44] D. Hull, D.J. Bacon, Chapter 6 - Dislocations in Other Crystal Structures, 

Introduction to Dislocations (Fifth Edition), Butterworth-Heinemann, Oxford, 2011, pp. 

109-136. 

[45] W.G. Wolfer, T. Okita, D.M. Barnett, Motion and Rotation of Small Glissile 

Dislocation Loops in Stress Fields, Phys. Rev. Lett. 92(8) (2004) 085507. 

[46] J.P. Hirth, J. Lothe, Theory of Dislocations, Krieger Publishing Company1982. 

[47] E. Clouet, Screw dislocation in zirconium: an ab initio study, Phys. Rev. B 86(14) 

(2012) 144104. 



 142 

[48] T.A. Hayes, M.E. Kassner, R.S. Rosen, Steady-state creep of α-zirconium at 

temperatures up to 850 °C, Metallurgical and Materials Transactions A 33(2) (2002) 337-

343. 

[49] S. Plimpton, Fast Parallel Algorithms for Short-Range Molecular Dynamics, J. 

Comput. Phys. 117(1) (1995) 1-19. 

[50] G.J. Ackland, S.J. Wooding, D.J. Bacon, Defect, surface and displacement-threshold 

properties of α-zirconium simulated with a many-body potential, Philos. Mag. A 71(3) 

(1995) 553-565. 

[51] X.W. Zhou, R.A. Johnson, H.N.G. Wadley, Misfit-energy-increasing dislocations in 

vapor-deposited CoFe/NiFe multilayers, Phys. Rev. B 69(14) (2004) 144113. 

[52] S. Di, Z. Yao, M.R. Daymond, F. Gao, Molecular dynamics simulations of 

irradiation cascades in alpha-zirconium under macroscopic strain, Nucl. Instrum. 

Methods Phys. Res., Sect. B 303 (2013) 95-99. 

[53] S. Di, Z. Yao, M.R. Daymond, X. Zu, S. Peng, F. Gao, Dislocation-accelerated void 

formation under irradiation in zirconium, Acta Mater. 82 (2015) 94-99. 

[54] K. Ghavam, R. Gracie, Simulations of reactions between irradiation induced -loops 

and mixed dislocation lines in zirconium, J. Nucl. Mater. 462 (2015) 126-134. 

[55] C. Dai, L. Balogh, Z. Yao, M.R. Daymond, The habit plane of 〈a〉-type 

dislocation loops in α-zirconium: an atomistic study, Philos. Mag.  (2017) 1-13. 

[56] C. Dai, L. Balogh, Z. Yao, M.R. Daymond, Atomistic simulations of the formation 

of <c>-component dislocation loops in α-zirconium, J. Nucl. Mater. 478 (2016) 125-134. 

[57] L. Ju, AtomEye: an efficient atomistic configuration viewer, Modell. Simul. Mater. 

Sci. Eng. 11(2) (2003) 173. 

[58] S. Alexander, Visualization and analysis of atomistic simulation data with OVITO–

the Open Visualization Tool, Modell. Simul. Mater. Sci. Eng. 18(1) (2010) 015012. 

[59] D. Faken, H. Jónsson, Systematic analysis of local atomic structure combined with 

3D computer graphics, Computational Materials Science 2(2) (1994) 279-286. 

[60] G.J. Ackland, A.P. Jones, Applications of local crystal structure measures in 

experiment and simulation, Phys. Rev. B 73(5) (2006) 054104. 



 143 

[61] T. Nogaret, W.A. Curtin, J.A. Yasi, L.G. Hector, D.R. Trinkle, Atomistic study of 

edge and screw 〈c+a〉 dislocations in magnesium, Acta Mater. 58(13) (2010) 4332-

4343. 

[62] P. Carrez, J. Godet, P. Cordier, Atomistic simulations of ½〈110〉 screw dislocation 

core in magnesium oxide, Computational Materials Science 103 (2015) 250-255. 

[63] C. Dai, P. Saidi, Z. Yao, M.R. Daymond, Atomistic simulations of Ni segregation to 

irradiation induced dislocation loops in Zr-Ni alloys, Acta Mater. 140 (2017) 56-66. 

[64] B. Burton, M.V. Speight, The coarsening and annihilation kinetics of dislocation 

loop, Philos. Mag. A 53(3) (1986) 385-402. 

[65] J. Ribis, F. Onimus, J.L. Béchade, S. Doriot, A. Barbu, C. Cappelaere, C. Lemaignan, 

Experimental study and numerical modelling of the irradiation damage recovery in 

zirconium alloys, J. Nucl. Mater. 403(1) (2010) 135-146. 

[66] M. Topping, T. Ungár, C.P. Race, A. Harte, A. Garner, F. Baxter, S. Dumbill, P. 

Frankel, M. Preuss, Investigating the thermal stability of irradiation-induced damage in a 

zirconium alloy with novel in situ techniques, Acta Mater. 145 (2018) 255-263. 

[67] K. Nordlund, M. Ghaly, R.S. Averback, M. Caturla, T. Diaz de la Rubia, J. Tarus, 

Defect production in collision cascades in elemental semiconductors and fcc metals, Phys. 

Rev. B 57(13) (1998) 7556-7570. 

[68] F. Gao, W.J. Weber, Cascade overlap and amorphization in 3C-SiC: Defect 

accumulation, topological features, and disordering, Phys. Rev. B 66(2) (2002) 024106. 

[69] K. Nordlund, R.S. Averback, Point defect movement and annealing in collision 

cascades, Phys. Rev. B 56(5) (1997) 2421-2431. 

[70] F. Granberg, J. Byggmästar, A.E. Sand, K. Nordlund, Cascade debris overlap 

mechanism of 〈100〉 dislocation loop formation in Fe and FeCr, EPL (Europhysics 

Letters) 119(5) (2017) 56003. 

[71] N. Mousseau, L.K. Béland, P. Brommer, F. El-Mellouhi, J.-F. Joly, G.K. 

N’Tsouaglo, O. Restrepo, M. Trochet, Following atomistic kinetics on experimental 

timescales with the kinetic Activation–Relaxation Technique, Computational Materials 

Science 100 (2015) 111-123. 



 144 

[72] H. Xu, R.E. Stoller, L.K. Béland, Y.N. Osetsky, Self-Evolving Atomistic Kinetic 

Monte Carlo simulations of defects in materials, Computational Materials Science 100 

(2015) 135-143. 

[73] H. Xu, R.E. Stoller, Y.N. Osetsky, D. Terentyev, Solving the Puzzle of ⟨100⟩ 

Interstitial Loop Formation in bcc Iron, Phys. Rev. Lett. 110(26) (2013) 265503. 

[74] L.K. Béland, Y.N. Osetsky, R.E. Stoller, H. Xu, Interstitial loop transformations in 

FeCr, J. Alloys Compd. 640 (2015) 219-225. 

[75] L.K. Béland, Y.N. Osetsky, R.E. Stoller, H. Xu, Kinetic Activation–Relaxation 

Technique and Self-Evolving Atomistic Kinetic Monte Carlo: Comparison of on-the-fly 

Kinetic Monte Carlo algorithms, Computational Materials Science 100 (2015) 124-134. 

[76] S.L. Dudarev, R. Bullough, P.M. Derlet, Effect of the alpha-gamma Phase Transition 

on the Stability of Dislocation Loops in bcc Iron, Phys. Rev. Lett. 100(13) (2008) 135503. 

 



 145 

Chapter 7. Primary damage production in the presence of extended defects and 

growth of vacancy-type dislocation loops in α-zirconium 

Production rates in long-term predictive radiation damage accumulation models are 

generally considered independent of the material’s microstructure for reactor components. 

In this study, the effect of pre-existing microstructural elements on primary damage 

production in α-Zr – and vice-versa—is assessed by molecular dynamics (MD) 

simulations. 𝑎 -type dislocation loops, 𝑐 -component dislocation loops and tilt grain 

boundaries (GB) were considered. Primary damage production is reduced in the presence 

of all these microstructural elements, and clustering behavior is dependent on the 

microstructure. Collision cascades do not cause 𝑎-type loop growth or shrinkage, but they 

cause 𝑐-component loop shrinkage. Cascades in the presence of the GBs produce more 

vacancies than interstitials. This result, as well as other theoretical, MD and experimental 

evidence, suggest that vacancy loops will grow in a vacancy supersaturated environment 

near GBs. Distinct temperature-dependent growth regimes are identified. Also, MD 

reveals cascade-induced events where 𝑎-type vacancy loops are absorbed by GBs. Fe 

segregation at the loops inhibits this cascade-induced absorption. 

7.1. Introduction 

Long-term exposure to radiation causes structural damage and limits the lifetimes of 

nuclear reactor components, many made from Zr alloys. Irradiation-induced point defects 

can be rearranged to form point-defect clusters, dislocation loops and voids [1]. In 

particular, in Zr alloys 𝑐-component loops are believed to have a significant impact on 

irradiation growth and irradiation creep as well as the degradation of mechanical behavior 
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[2]. In addition, the formation and distribution of irradiation-induced point defects are 

determined by the material’s microstructure [3]. For instance, early experiments by 

Griffiths et al. [4] on neutron-irradiated Zr show that interstitial loops were estimated to 

make up about 25% of the total dislocation loops with 2~3 µm grain size observed near 

grain boundaries (GBs)  

Irradiation damage of Zr alloys has been extensively studied using transmission electron 

microscopy (TEM) [5], X-ray analysis [6] and positron annihilation spectroscopy [7]. 

However, these experimental instruments have limitations in providing detailed 

information in regards to nano-size defects that form during pico-second collision 

cascades. Thus, different computational and modeling techniques such as molecular 

dynamics (MD), kinetic Monte Carlo (kMC) and rate theory have been applied to various 

size- and time-scale problems.  

Given the small MD timesteps—typically	~1 × 10M><s, and as small as 1 × 10M>Ns in 

collision cascade simulations—the evolution of radiation-induced damage that can be 

taken into account by MD is of the order of a few tens of nanoseconds. There are three 

main stages to primary damage production that take place over a few picoseconds: a 

supersonic phase, a sonic phase and a thermally enhanced recovery phase [8]. MD is well 

suited to making physically valid predictions over these timescales, within the limits of 

the choice of interatomic potentials (see Refs. [9-13] for discussions about designing 

potentials for cascade simulations). MD can also uncover atomistic phenomena that take 

place on timescales of a few nanoseconds, revealing crucial information about the 

relevant mechanisms that should be included in kMC and rate-theory models, such as 1-D 



 147 

and 3-D diffusion of defects, or interaction of point defects, defect clusters and extended 

defects such as dislocation loops and line dislocations. 

To calculate damage accumulation and evolution over longer timescales, the results of 

these MD simulations--damage production rates and clustering behavior—are typically 

used as inputs in kMC and rate-theory based models. Arévalo et al. [14, 15] used a 

database of displacement cascades from MD to study the effect of temperature on the 

accumulation of damage in pure Zr using kMC. Using kMC calculations, the anisotropic 

diffusion of point defects in Zr was analyzed by Fan et al. [16]. For even longer-time 

treatments, rate theory models are used, determined by the coupled reaction-diffusion 

equations [17-19]. Woo et al. [20] modified the rate theory to consider anisotropic 

diffusion of point defects. They found that the difference in diffusional anisotropy (DAD) 

between vacancies and interstitials could cause a large bias in their reaction rates with 

sinks, even if the dislocation structure was isotropic. The DAD between vacancies and 

interstitials was justified by molecular dynamics simulations based on empirical 

potentials. However, Samolyuk et al. [26] showed, using atomistic simulations based on 

electronic structure calculations, that DAD was much lower than that predicted using 

empirical potentials. The ab initio based DAD alone cannot explain radiation-induced 

growth of Zr below 750K. Interestingly, including one-dimensional diffusion of cascade-

induced SIA-clusters in the rate theory—which were revealed by MD—leads to 

reasonable radiation-induced growth [21, 22]. A key takeaway is that the predictions—

and physical validity—of rate theories are largely determined by the mechanisms and 

rates that they include, which are often provided by atomistic simulations.  
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These long timescale models neglect the effect of pre-existing microstructure on primary 

damage production rates. This is a good first-order approximation, but it may break down 

as the densities of extended defects increase as damage accumulates. It may also break 

down in the case of nano-grained materials, which are designed to have a very high 

density of grain boundaries. 

The effect of pre-existing microstructure on primary damage production has been 

assessed by a number of previous MD-based studies. Ludy et al. [23] studied collision 

cascades induced by primary knock-on atoms (PKAs) with kinetic energies of up to 2.5 

keV near high-angle GBs in Cu, and found that GBs easily absorb SIAs while more 

residual vacancies remain in the bulk. This suggests that high-angle GBs in Cu capture 

SIAs in-cascade. The cascade sink preference of GBs in α-Zr was also studied [24, 25]. 

Hatami et al. [25] performed cascade simulations in the vicinity of five different GB 

structures, and 10 independent cascade events were applied in each type of GB. Twist 

GBs absorb more SIAs, but symmetric tilt and asymmetric tilt GBs show different sink 

preference to point defects. It should be noted that all their PKAs had initial kinetic 

energy less than 9 keV, and that the effect of PKA direction was not considered. 

Although periodic boundary conditions were applied in the directions parallel to the GB 

plane, it is possible that extra grain boundaries were introduced due to the lattice 

misorientation between the original simulation box and the neighbouring images, which 

may also affect the results. The radiation damage evolution in Cu bicrystals by using 

overlapping cascades was analyzed by Jin et al. [26], and they reported a mechanism for 

the annihilation of defect clusters during irradiation. They also mentioned that the short 

simulation time between collision cascades would yield a significantly higher effective 
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dose rate than that observed in experiments. This time-scale problem limits MD in the 

investigation of diffusion-based microstructural evolution. 

As mentioned above, realistic MD data in regards to defect production are valuable input 

parameters for kMC and rate theory models [27]. MD can help us understand in detail the 

accumulation of damage in irradiated materials, e.g., intra-cascade recombination and the 

production, the creation of primary clusters and cascade-induced growth or shrinkage of 

pre-existing extended defects. Augmenting cascade-induced event rates databases will 

improve model-based predictions, and provide a more comprehensive view of radiation 

damage [28]. Likewise, simulating the kinetics of defects over timescales of nanoseconds 

may reveal mechanisms that the higher-scale models need to take into account. Our study 

has thus focused on the following three themes. First, primary cascade production in the 

presence of dislocation loops. Second, the growth of dislocation loops near GBs. Third, 

the stability of the dislocation loop near GBs and the effect of alloying on this stability. 

MD is used to simulate collision cascades in α-Zr that overlap with extended defects: 𝑎-

type or 𝑐 -component dislocation loops, and tilted GBs. A mixture of theoretical 

arguments, MD simulations, and experimental evidence—in situ transmission electlron 

micrographs (TEM) of Zircaloy-2 irradiated with 3 MeV proton beam—are combined to 

show that vacancy dislocation loops near GBs grow in a vacancy-supersaturated 

environment. MD simulations of 𝑎 -type and 𝑐 -component loop growth in this 

environment are reported. The stability of these loops near grain boundaries under 

irradiation is assed by MD. The effect of Fe solutes on this stability is assessed by a 

hybrid molecular dynamics/Monte Carlo (MD/MC) scheme. 
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7.2. Methods 

7.2.1. Simulation description 

The MD was simulated using the LAMMPS (Large-scale Atomic/Molecular Massively 

Parallel Simulator) [29]. There are a few [30-32] Zr potentials available. While the MA07 

[32] potential (#2) provides a better description of vacancy binding energies than the 

MA07 [32] potential (#3) [33], the latter was chosen here due to its stiffening of short-

range interactions—which are key to predicting primary damage production [9, 10, 34]—

as well as useful feedback from recent simulation studies [35-39]. All the grain 

boundaries (GBs) in this work were of tilt character, with θ=30° tilt angle; the tilt axis is 

[0001]. Cascade simulations were carried out at 573 K, which is a common 

environmental temperature during irradiation [1]. The energy of a PKA was set to be 50 

keV, and the directions of the PKA are randomly selected. At least 10 independent 

cascade simulations were employed to obtain the statistics. The cascade simulations were 

performed with a constant number of atoms, volume and energy (NVE ensemble) with a 

variable timestep under periodic boundary conditions.  

The Zr-Fe interactions are described by the EAM developed by Saidi et al. [40]. Their 

model can accurately reproduce the formation energy and lattice parameter of all 5 stable 

and metastable intermetallic compounds of the Zr-Fe phase diagram. To simulate 

alloying segregation, the variance-constrained semi-grand-canonical (VC-SGC) ensemble 

[41] was employed, which combines MD for structural relaxation, and MC to push the 

atomic chemical configuration toward equilibrium. The fraction of swapped atoms is 0.2 

and the MD runs between the MC swaps comprised 100 integration steps of 1 fs each. 
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The chemical composition is controlled by the chemical potential difference between the 

two species and the target concentration. Images of atomic configurations were produced 

with the Open Visualization Tool (OVITO) [42]. A Wigner-Seitz cell method [43-45] has 

been used to identify the type of point defects, where atom positions are analyzed with 

respect to a geometric structure of perfect lattice atom positions. 

7.2.2. Experiments 

Annealed alloy Zircaloy-2 was irradiated with 3MeV proton beam at 180°C and at a flux 

of 3.26×1018 ion/cm2 (~ 0.11 displacement per atom) on a 15mm×15mm area with the 

Tandem accelerator at the Reactor Material Testing Laboratory (RMTL), Queen’s 

University. TEM foils were prepared by back-polishing and subsequent thinning using a 

solution of 10% perchloric acid and 90% methanol at -40°C using a Struers Tenupol-5. 

TEM imaging was carried out on an FEI Tecnai Osiris Scanning/TEM (S/TEM). In order 

to observe the growth behavior of the irradiation-induced loops and the effect of grain 

boundary as a defect sink, in situ TEM annealing experiments were carried out with one 

irradiated sample loaded in a Gatan 625 double tilt heating stage at 400°C. Bright field 

(BF) images were taken from three areas close to the grain boundary in one grain with the 

same reflection prior, during, and at the end of heating, so that the change of a given 

group of defects could be monitored. 

7.3. Results and Discussions 

7.3.1. MD simulations: the primary cascade with different extended defects 

The interactions of cascades with a perfect crystal, 𝑎-type loops, 𝑐-component loops and 

tilt GBs are statistically studied and reported in Table 7-1. An illustration of residual 
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defects identified using the Wigner-Seitz cell method is provided in the Appendix. 

Cascades produce fewer residual interstitial-type defects NI and residual vacancy-type 

defects NV in the simulation boxes containing a pre-existing defect than in the perfect 

crystal. Vacancy and interstitial production is balanced in the presence of 𝑎-type loops, 

and is imbalanced in the presence of 𝑐-component loops and tilt GBs. As described in 

Table 7-1, the value of NV is almost half that of NI for 𝑐-component interstitial loops, 

while the value of NI is almost half of NV for 𝑐-component vacancy loops and tilt GBs. 

This imbalanced cascade production is associated with a shrinkage of 𝑐-component loops 

and a vacancy supersaturation near GBs.  

Clustering of cascade-induced defects is characterized by calculating the number of 

interstitial clusters 𝑁!$  and the number of vacancy clusters 𝑁!2, as well as the proportion 

of interstitial/vacancy defects in clusters 𝑃!$  and 𝑃!2 . The number of clusters is not 

obviously altered by 𝑎-type loops, but it is decreased by 𝑐-component loops and tilt GBs. 

In particular, 𝑁!$  near tilt GBs is less than half that of a perfect crystal, which is consistent 

with the comparison between NI in the two cases. Moreover, vacancies have a lesser 

propensity to cluster in the presence of 𝑎-type and 𝑐-component loops, but have the same 

propensity to cluster in the presence of tilt GBs as in a perfect crystal. 

The production rate of interstitials and vacancies is generally assumed to be identical in 

rate theory [17, 19], and the fraction of interstitial clusters and vacancy clusters is only 

analyzed in a perfect crystal [22]. Also, cascade-induced shrinkage of 𝑐-component loops 

is neglected. The results presented in Table 7-1 could be used to modify rate theory and 

kMC models. 
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Table 7-1. The number of residual interstitials (NI), the number of residual vacancies (NV), the 

number of interstitial clusters (𝑵𝐂
𝐈 ), the number of vacancy clusters (𝑵𝐂

𝐕), the proportion of 

interstitial defects contained in clusters (𝑷𝐂𝐈 ) and the proportion of vacancy defects contained in 

clusters (𝑷𝐂𝐕) after cascade simulations with 50 keV PKA energies at 573 K. The simulation boxes 

contained either a perfect crystal, an 𝒂-type interstitial or vacancy loop, an 𝒄-component interstitial 

or vacancy loop, or a tilt GBs. 

 Pristine 
𝑎-type 

interstitial loop 

𝑎-type 

vacancy loop 

𝑐-component 

interstitial loop 

𝑐-component 

vacancy loop 
Tilt GBs 

NI 78 (6.1) 65 (5.2) 54 (5.0) 67 (8.6) 28 (5.2) 37 (6.0) 

NV 78 (6.1) 63 (5.4) 63 (4.5) 34 (9.1) 41 (8.9) 80 (11.5) 

𝑁;<  7 (1.3) 6 (0.5) 6 (0.5) 6 (1.1) 4 (0.9) 3 (0.7) 

𝑁;= 4 (0.8) 4 (0.4) 4 (0.3) 3 (0.6) 4 (0.5) 4 (0.5) 

𝑃;<  66.83% 

(5.23%) 

66.62% 

(2.35%) 

58.88% 

(2.9%) 

79.64% (4.39) 70.21% (2.73%) 69.69% 

(5.08%) 

𝑃;= 81.8% 

(4.14%) 

63.95% 

(3.61%) 

60.83% 

(3.67%) 

69.6% (4.91%) 74.02% (6.34%) 82.68% 

(3.65%) 

7.3.2. Evidence for vacancy supersaturation near grain boundaries 

In the previous section, it was shown that GBs promote vacancy supersaturation by acting 

as a cascade sink. However, this result might depend on the grain boundary orientation 

[25, 46, 47]. Here, by combining classical diffusion sink arguments, MD simulations of 

dislocation loop stability and experimental evidence, vacancy supersaturation near GBs is 

established in a definitive manner. 
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7.3.2.1. GBs as a sink for diffusing point defects and small clusters 

In the first approximation, GBs are a perfect sink for all point defects and defects clusters 

during the long-time annealing stage. It is well-known that diffusion coefficients for SIAs 

and their clusters are much higher than those of vacancies and their clusters in α-Zr, 

respectively [48, 49]. If reactions between defects are neglected, a simple Fickian 

diffusion model will predict a vacancy surplus near the GBs. Based on the simulation 

work from Bai et al. [50], GBs could also emit SIAs to the bulk to annihilate with 

vacancies. However, in the present study, the GBs were not found as a source to emit 

SIAs or vacancies. The possible reason may be due to the factor that such reaction 

requires long-range diffusion of point defects, which is hard to implement under regular 

MD simulations. In Bai’s study, they used temperature accelerated dynamics technique 

for the long-time simulations. 

7.3.2.2. The stability of 𝒂-type dislocation loops near tilt GBs 

GBs might affect the damage accumulation and evolution not only by serving as a 

cascade sink and a diffusion sink, but also by absorbing certain types of loops. We 

studied the thermal stability of 𝑎-type dislocation loops near a GB. An interstitial loop 

was created 10 nm below the tilted GBs, and its initial habit plane is (101>0) as displayed 

in Figure 7-1 (a). After annealing at 573 K for 101 ps, this loop began to tilt, and it had a 

chair-shape structure after annealing 330 ps (see Figure 7-1 (c)). At 340 ps, half of the 

loop was absorbed by the GBs and it was then completely absorbed as shown in Figure 

7-1 (e). An 𝑎-type vacancy loop was also created below the GBs at the same separation 

distance. This 𝑎-type vacancy loop in the plane (101>0) was stable during the annealing 
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at 573 K. Thus, 𝑎 -type vacancy loops are thermally more stable than the 𝑎 -type 

interstitial loops near the GBs; this promotes vacancy supersaturation. 

 

Figure 7-1. A thermal annealing simulation illustrating the absorption of an 𝒂-type interstitial 

dislocation loop by the GBs at 573 K. The clock starts when the 𝒂-type interstitial loop is formed. 

Only displaced atoms are shown based on the common neighbor analysis. 

7.3.3. In situ TEM observation: identifying the type of loops near the GBs 

In order to verify the MD results showing that 𝑎-type vacancy loops are more stable than 

𝑎-type interstitial loops near the GBs, experiments were carried out to analyze the type of 

dislocation loops near the GBs. 

Most of the loops generated by 3MeV proton irradiation are smaller than 10nm. Their 

vacancy or interstitial nature cannot be determined because of their small size. The loops 

were annealed for three hours at 400°C so to increase their size and let us identify their 

vacancy/interstitial nature. BF images were used to determine their vacancy/interstitial 

nature. According to the inside/outside contrast method proposed by Maher and Eyre [51], 

and Föll and Wilkens [52], one needs to determine the loop Burgers vector b, habit plane 

normal n, the angle between the diffraction vector g and the habit plane normal n, and 

also the sign of the Bragg deviation parameter sg. The BF images in Figure 7-2 were 

taken with (101>1>) and (1>011) reflection with deviation parameter sg>0 along the [112>3] 
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zone at the same area after in situ annealing, as shown in Figure 7-2 (a) and (b) 

respectively. As indicated by red arrows, almost all the loops have shown outside contrast 

with the (1>011) reflection. Given that loops with ±𝑎/3[12>10] Burgers’ vector are 

invisible with this reflection, the loops shown in Figure 7-2 have either ±𝑎/3[112>0] or 

±𝑎/3[2>110] Burgers vector. It is known that loops show outside contrast when (g·b) sg > 

0 [53]. The Burgers’ vectors of loops that gives outside contrast are determined to be 

𝑎/3[1>1>20], or 𝑎/3[2>110]. Since (B·b) <0 (B is the electron beam direction that is nearly 

parallel to the [112>3] zone axis) for both determined Burgers’ vectors, this implies that 

all the loops showing outside contrast are vacancy type. Vacancy loops near a grain 

boundary grow at a higher rate than those further away. As indicated by green arrows, 

only a few small interstitial loops can be determined in Figure 7-2. This is in a good 

agreement with both Holt’s study [54] and that of Griffiths et al. [4] showing a depletion 

of interstitial loops near the GBs. A dominance in the number of vacancy loops found 

near the GBs by TEM experiments is supported by the MD results reported above which 

show that 𝑎-type vacancy loops are more stable than 𝑎-type interstitial loops near the 

GBs. 
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Figure 7-2. Bright Field images taken with (𝟏𝟎𝟏%𝟏%) and (𝟏%𝟎𝟏𝟏) reflection along the [𝟏𝟏𝟐%𝟑] zone axis 

from a sample annealed at 400°C for three hours. Red arrows indicating vacancy loops near grain 

boundary have larger size distribution. 

7.3.4. The growth of vacancy loops under locally high concentration of vacancies 

In the previous section, it was shown that there is a supersaturation of vacancies near GBs, 

which will lead to the growth of vacancy loops. MD was performed to simulate the loop 

growth in a supersaturated vacancy environment. In the vicinity of either one 𝑎-type or 

one 𝑐-component vacancy loop, 0.5% atoms (~287,400 atoms in total) were randomly 

deleted to create a locally high-concentration of vacancies, which is much higher than the 

equilibrium vacancy concentration [54], but roughly representative of typical point defect 

concentrations observed in irradiated environments [55, 56].  

Three annealing temperatures (600 K, 800 K, and 1000 K) were employed. The area of 

dislocation loops 𝐴(𝑡) was measured at each timestep, and the difference of the area 

regarding to its initial size (𝐴E) is defined as ∆𝐴 = 𝐴(𝑡) − 𝐴E. Figure 7-3 (a) shows ∆𝐴 

as a function of time for 𝑎-type and 𝑐-component vacancy loops. The growth rate of 

(1011)
- -

(1011)
-

(a) (b)
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vacancy loops increases as temperature increases. The growth rate of 𝑎-type loops is 

greater than that of 𝑐-component vacancy loops at low temperatures. At 600 K, both 

vacancy loops show a very fast growth rate for the first 1 ns, and a slower rate afterwards. 

Visual inspection of loop growth at 600 K indicates that the loop can easily absorb 

nearby vacancies at the beginning, which leads to a faster growth rate. Once the nearby 

vacancies are captured, the growth rate slows down. At 1000 K, the growth rates for both 

loops are roughly constant with time over the time period investigated. 

Vacancy clusters formed throughout the simulation boxes. In addition, 𝑎-type vacancy 

loops can locally glide and tilt, while 𝑐-component vacancy loops remain fixed in the 

basal plane. This suggests that 𝑎-type vacancy loops may be more readily absorbed by 

the GBs as they tilt and glide.  

 

Figure 7-3. Loop area differences as a function of annealing time at (a) 600 K, (b) 800 K and (c) 1000 

K. 

In addition to growth rates, atomic diffusion was monitored. Mean square displacement 

(MSD) in different directions are summed over all the atoms in the system, and illustrated 

in Figure 7-4. The time-dependent MSD shows three main features: (i) the MSD at 600 K 

and 800 K exhibits a supralinear trend; (ii) at 600 K, the MSD for a system having an 𝑎-

type (c-component) vacancy loop is highest in the y (z) direction; and (iii) the MSD traces 
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in all directions are similar at 1000 K, but the slop of the MSD slightly decreases after 1.5 

ns. 

The supralinear MSD trend at lower temperatures might be due to interaction between the 

loops and the vacancy clusters. Visual inspection indicates that the vacancies absorption 

occurs at the edge of the loop. Let us further examine the MSD results at a low 

temperature in Figure 7-4. The normal direction of the 𝑎-type vacancy loop’s plane at 

600 K is parallel to the y direction, which is the same direction for the highest MSD in 

Figure 7-4 (a). At the same temperature, the habit plane of 𝑐-component vacancy loops is 

the basal plane, and its normal direction is also the same direction for the highest MSD in 

Figure 7-4 (d). This suggests that the loop affects the neighbouring vacancies along the 

normal direction of the loop’s plane. However, at a higher temperature of 1000 K, i.e., 

Figure 7-4 (c) and (f), the MSD values for both systems are very similar with the MSD in 

the x-y plane is higher than that along the z direction. Further, as reported by [33, 48, 49], 

vacancies in α-Zr shows faster diffusion in the basal plane (x-y plane in this study) than 

along the c-axis (z direction). Thus, at higher temperatures the effect of the loop on the 

vacancies and clusters surrounding becomes much less important than the ‘inherent’ 

mobility of vacancies and their clusters, while at lower temperatures the loop effect is 

more significant. 
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Figure 7-4. The mean square displacement (MSD) in different directions during the growth of 𝒂-type 

and 𝒄-component vacancy loops at different temperatures, as a function of time.  

The vacancy loop growth mechanism in a vacancy supersaturated environment is further 

analyzed by determining the number of monovacancies NM, divacancies ND and clusters 

NC during the loop growth, which is shown in Figure 7-5. Note that monovacancies are 

not considered as vacancy clusters, but that divacancies are. Both NM and ND for 𝑎-type 

vacancy loops at 600 K decrease during the first 1 ns, in tandem with loop growth as 

shown in Figure 7-3 (a). At the same temperature for 𝑐-component vacancy loops, only 

ND decreases while NM is relatively constant. This suggests that at 600 K, 𝑎-type vacancy 

loops absorb both monovacancies and divacancies, while 𝑐-component vacancy loops 

mainly absorb divacancies. As shown in the animations of the Appendix, at 600 K, 𝑎-

type vacancy loops are more mobile than 𝑐-component vacancy loops, which allows 𝑎-

type vacancy loops to glide to other positions and hence absorb monovacancies. At 1000 

K, as shown in Figure 7-5 (d-f) the values of NM, ND and NC for both loops continuously 

decrease, which is consistent with the loop growth behavior in Figure 7-3 (c). Thus, at 
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such high temperature, the growth of 𝑎-type and 𝑐-component vacancy loops occurs by 

absorbing all kinds of vacancies and clusters. 

The ability of 𝑎-type vacancy loops to tilt and glide in such a way, increasing its 

probability of capturing defects, is typically not embedded in kMC and rate-theory 

models. Also, our results show that properly modelling the temperature and strain-

dependence of vacancy and vacancy-clusters diffusion coefficients is crucial to capture 

different growth regimes at different temperatures. In the particular case of zirconium, 

this means that different relative population of 𝑎-type and 𝑐-component vacancy loops 

will be observed near GBs for a given dose, depending on irradiation temperature.  

It should be noted that the MA07 potential (#3) selected in the present study is notorious 

for underestimating the binding energies of divacancies and trivacancies [33]. Since 

vacancy loop growth is affected by the number of neighbouring monovacancies, 

divacancies, and other small clusters, the vacancy loop growth simulations presented here 

are not quantitatively accurate. For example, the real transition from one growth regime 

to another will most likely not take place at 800K.  
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Figure 7-5. The number of monovacancies as a function of time during the growth of a vacancy loop 

at (a) 600 K and (d) 1000 K; the number of divacancies as a function of time at (b) 600 K and (e) 1000 

K; the number of total vacancy clusters as a function of time at (c) 600 K and (f) 1000 K. 

7.3.5. The stability of an 𝒂-type vacancy loop near the tilt GBs during collision 

cascades 

The interaction of an 𝑎-type vacancy loop with a 50 keV PKA near the GBs was 

investigated in pure α-Zr. The collision cascade induced a rotation and gradual glide 

towards the GBs, which led to eventual absorption by the GB as shown in Figure 7-6 (e). 

 

Figure 7-6. Snapshots illustrating a cascade-induced absorption of an 𝒂-type vacancy dislocation loop 

by the GB at 573 K. The clock starts as the PKA is introduced. Only displaced atoms are shown 

based on the common neighbor analysis. 
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The importance of Fe alloying on formation of 𝑐-component loops was discussed by 

Carlan et al. [57], and a recent study by Topping et al. [58] suggested that an increase in 

Fe content in a Zr alloy delays in 𝑐-loop nucleation. Here, the effect of Fe on the loop 

stability is explored. Collision cascades were performed near a pre-existing 𝑎-type 

vacancy loop with a 50 keV PKA in the vicinity of tilt GBs. The distance between the 

GBs and the loop is about 10 nm, which is the same size as the diameter of the loop (see 

Figure 7-7 (a)). The hybrid MD/MC method was applied to perform Fe segregation to the 

loop. 

Fe segregation stabilized the loop, which did not undergo cascade-induced absorption, as 

illustrated in Figure 7-7. An animation of the cascade simulation is provided in the 

Appendix. PKAs at multiple different locations and directions were simulated in this 

system, and all the results showed that the loop was stabilized by the segregated Fe atoms 

during the collision cascade. As the strain field induced by the GBs would be gradually 

decreased by increasing the separation distance between the loop and the GBs, the loop 

would become more difficult to absorb by the GBs. However, this relation has not been 

systematically studied. In addition, different types of GBs may produce different level of 

strain field that affects their sink strength as suggested in [25, 46]. In the future, studying 

these factors would be of interest. 



 164 

 

Figure 7-7. Snapshots (a) before and (b) after a 50 keV collision cascade overlapping with an Fe-

enriched 𝒂-type vacancy loop at 573 K. Fe atoms are colored in red, and the displaced atoms are 

shown here based on the common neighbor analysis. 

To understand how alloying Fe can stabilize the dislocation loop, the effect of Fe 

segregation on the loop’s stress field was explored. Five nm radius interstitial and 

vacancy loops of 𝑎-type and 𝑐 -component were equilibrated at 573 K. Figure 7-8 

illustrates the Fe concentration in the plane of the dislocation loop after the relaxation, 

and Fe segregation was greatest at interstitial loops. Fe atoms segregated to the inside of 

𝑎-type interstitial loop, as illustrated in Figure 7-8 (a). The concentration of Fe in the 

center of the loop is expected to decrease with as loop size increases [59]. Figure 7-8 (d) 

shows that 𝑐-component vacancy loop exhibits the least Fe segregation. 

 



 165 

Figure 7-8. The Fe concentration map of dislocation loops in the Zr-Fe system: (a) 𝒂-type interstitial 

loop, (b) 𝒂-type vacancy loop, (c) 𝒄-component interstitial loop, (d) 𝒄-component vacancy loop. 

The distortion of the dislocation loop (elastic energy) and segregation of Fe atoms 

(chemical energy) results in a change of the system energy. Defect energy (𝐸O(J) is 

defined the energy variation of an atom due to interaction with the dislocation loop or 

chemical segregation: 𝐸O(J=𝐸HI'-𝐸H(), where 𝐸HI' is the potential energy of any atom, 

and 𝐸H(), is the averaged potential energy of an atom in a perfect Zr lattice at equilibrium. 

The defect energy maps in the loop’s plane without Fe segregation are shown in Figure 

7-9 (a-d), and they are 𝑎 -type interstitial loop, 𝑎 -type vacancy loop, 𝑐 -component 

interstitial loop and 𝑐-component vacancy loop, respectively. Figure 7-9 (e-h) are the 

defect energy maps corresponding to Figure 7-9 (a-d), which are in the condition of Fe 

segregation. By comparing Figure 7-9 (a-d) and Figure 7-9 (e-h), we can see that the 

values of 𝐸O(J are greatly reduced by Fe segregation to the loops, which explains why 

loops become more stable after Fe segregation. 
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Figure 7-9. The defect energy map of dislocation loops either without Fe segregation (a-d) or with Fe 

segregation (e-f): (a) and (e) are 𝒂-type interstitial loop, (b) and (f) are 𝒂-type vacancy loop, (c) and (g) 

are 𝒄-component interstitial loop, (d) and (h) are 𝒄-component vacancy loop. 

The radial-direction component of atomic stresses (𝑆))) of dislocation loops with and 

without Fe segregation were calculated in Figure 7-10. 𝑆)) has a significant change for 

interstitial loops. Without Fe segregation, as shown in Figure 7-10 (a) and (c), 𝑆)) is 

compressive inside the loop. However, 𝑆)) became tensile after Fe segregation to the 

loops, see Figure 7-10 (e) and (g). Moreover, the magnitude of the contrast of 𝑆)) near the 

edge of the loop is dramatically decreased after Fe segregation for all types of the loop. 
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Figure 7-10. The radial-direction component of stress (𝑺𝐫𝐫) for dislocation loops either without Fe 

segregation (a-d) or with Fe segregation (e-f): (a) and (e) are 𝒂-type interstitial loop, (b) and (f) are 𝒂-

type vacancy loop, (c) and (g) are 𝒄-component interstitial loop, (d) and (h) are 𝒄-component vacancy 

loop. 

Recently, Harte et al. [60] hypothesized that a row of 𝑎-type loops that aligned parallel to 

the trace of the basal plane might collapse into a coarse 𝑐 -component loop. Fe 

segregation can stabilize 𝑎-type loops as evidenced by the results above, which may 

impede the transition from the aligned 𝑎-type loops to a coarse 𝑐-component loop. This 

might be helpful to explain the delay of 𝑐 -component loop nucleation reported by 

Topping et al. [58]. In addition, the enhanced stabilization for 𝑎-type loops by the 

presence of Fe could prevent absorption of 𝑎-type loops by the GBs. This might affect 

the number of free vacancies and their clusters near the GBs due to the growth of 𝑎-type 

loops. 
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7.4. Conclusion 

Primary cascade production of various defects is statistically studied. The defect 

production results in the current study provide valuable additions to database of 

production rates for kMC and rate theory models in the context of predicting radiation 

damage build-up. The following conclusions were drawn: 

1. Fewer residual defects remain after collision cascades in the presence of extended 

defects, compared to a perfect crystal. In particular, this will contribute to vacancy 

supersaturation near the GBs, which could promote vacancy loop growth. 

2. 𝑎-type vacancy loops are more stable than 𝑎-type interstitial loops near the GBs. Also, 

simple diffusion sink arguments predict a surplus of vacancy-type defects near GBs. The 

hypothesis of vacancy supersaturation near GBs is further supported by the results of in 

situ TEM experiments in this study, which found high density of vacancy loop near the 

GBs. 

3. Vacancy loops have been simulated in such a vacancy supersaturated environment. 

Growth of 𝑎 -type vacancy loops is faster than that of 𝑐 -component loop at low 

temperatures (e.g., 600 K), but they have similar growth rates at high temperatures (e.g., 

1000 K) since the diffusion of vacancies and their clusters are dominant at high 

temperatures. Thus, the ratio of a-to-c loops observed near the GBs should be dependent 

on temperature. 

4.  𝑎-type vacancy loops can be absorbed by GBs during cascade-induced events. 
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5. Fe segregation to the loops can enhance the loop stability by reducing their defect 

energies and the magnitude of the stress field at the edge of the loops. This effect 

impedes cascade-induced absorption of loops by the GBs. 
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Chapter 8. Conclusions and unfinished problems 

Irradiation-induced dislocation loops in α-Zr and its alloys have been comprehensively 

studied in this thesis using atomistic simulations and analytical models. For atomistic 

simulations, the MD method is used to simulate collision cascades and defect evolution, 

and the MC technique is used to simulate alloying interactions. For analytical models, the 

interactions between dislocation loops is included in the determination of loop formation 

energies. In this thesis, we have studied five particular problems that were introduced in 

the first chapter. Here, the conclusions are described in a sequence of those five problems, 

and some interesting future work are suggested accordingly after each conclusion. 

Problem I: What is the relationship between 𝒂-type and 𝒄-component dislocation 

loops? 

The habit plane of 𝑎-type and 𝑐-component loops are different. The effect of temperature 

and the interaction with PKAs have been studied. Interstitial 𝑎-type loops were initially 

created on either a {101>0} or {112>0} prism plane at a low temperature, and the loops 

would tilt to other planes as temperature increases. Based on the determination of loops’ 

plane at various temperatures, the habit plane of interstitial 𝑎-type loops is close to the 

prism plane {101>0}. Under the condition of only thermal annealing, the habit plane of 

vacancy 𝑎-type loops is very stable, which is also the prism plane {101>0}. However, both 

interstitial and vacancy 𝑎-type loops are affected by interactions with PKAs. The original 

shape of 𝑎-type loops is approximately circular, and it deform to a chair-shape structure 

as the partial plane rotates to the basal plane after the collision cascade. The effect of 

temperature and the interaction with PKAs on the stability of 𝑐-component loops was 
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also analyzed. The results suggest that the habit plane of 𝑐-component loops is weakly 

affected by these two factors, and the habit plane is always the basal plane {0002}. 

Thus, the analysis of temperature and collision cascade on the stability of dislocation 

loops seem to suggest that, once formed, 𝑐-component loops are more stable than 𝑎-type 

loops. This is a very important statement since the appearance of 𝑐-component loops is 

correlated with the start of breakaway irradiation growth. Although we have evidence to 

explain why 𝑎-type loops form first at low irradiation dose, it is still unknown why, as 

experimentally demonstrated, the density of 𝑎-type loops is decreased while that of 𝑐-

component loops is increased at high irradiation doses. A greater understanding of the 

stability of 𝑎-type and 𝑐-component loops could be a way to unlock this question. 

Problem II: Could 𝒂-type loops transform into 𝒄-component loops after collision 

cascades? 

In short, yes, both experiments and modeling simulations suggest that 𝑎-type loops could 

transform into 𝑐-component loops after a collision cascade. Nevertheless, this reaction is 

difficult to control and achieve. Although there is no direct experimental observation 

showing the transformation of 𝑎-type to 𝑐-component loops, recent proton irradiation 

experiments found that a 𝑐-component loop was formed at the location where alignment 

of 𝑎-type loops would have existed prior to 𝑐-component loop formation. Based on this 

experimental finding and our own, we have simulated the interactions between PKAs and 

aligned 𝑎-type dislocation loops. From our 10 independent cascade simulations, we found 

one of the results showing that a 𝑐-component loop was formed near the pre-existing 𝑎-

type loop after the cascades. Therefore, our MD simulations validate the hypothesis from 
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the previous experiments, and this reaction could be a possible formation mechanism of 

𝑐 -component dislocation loop. In addition, during the thermal relaxation after the 

cascades, the newly formed 𝑐-component loop and its attached pre-existing 𝑎-type loop 

are more stable than another isolated pre-existing 𝑎-type loop. It seems that the 𝑐-

component loop pins the 𝑎-type loop. This further indicates that the stability of 𝑐-

component loops is higher than 𝑎-type loops. 

Most cascade simulations in this study were generally repeated 10 to 20 times, and it is 

worth doing more to get improved statistics. Although MD simulations are deterministic 

simulations, the number and the type of cascade primary products would vary for each 

cascade simulation. The experimentally observed 𝑐-component loops are usually larger 

than 𝑎 -type loops, but the irradiation-induced 𝑐 -component loops in this work is 

relatively small (3~5 nm in diameter). This is due to the limitation of the timescales in 

MD; the 𝑐-component loops require much longer times to grow. To prove that the 

irradiation-induced 𝑐-component loops in MD can grow bigger, we need to apply other 

atomistic techniques, such as Accelerated Molecular Dynamics (AMD) and Kinetic 

Monte Carlo (KMC). 

Problem III: Is it possible to develop an analytical model to describe the formation 

energy of dislocation loops? 

Formation energies of different types of dislocation loops at different sizes were 

calculated using MD simulations, providing comparison with the results from the 

analytical model; a good agreement was achieved. It is worth noting that all the 

parameters in the analytical model are directly determined by the empirical interatomic 
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potential that was used here, and do not come from fitting to results. In contrast to 

previous dislocation models, the contribution of the dislocation core is taken into account 

in this thesis, which is particular significant for small dislocation loops. Both our MD and 

model calculations show that the formation energies of 𝑎-type loops is lower than that of 

𝑐-component loops, which suggests why 𝑎-type loops form experimentally more readily 

than 𝑐 -component loops. Furthermore, the contribution of the loops’ interaction is 

included in the model, which improves the practical use of the model, since dislocation 

loops interact strongly with each other in reality. The separation distance between the 

loop is a key parameter in the model, and we have compared the formation energies of 

two	𝑎-type vacancy loops and one 𝑐-component vacancy loop of the same size by 

changing the separation distance between the 𝑎-type loops. If the separation distance is 

big enough, then the formation energies of these two 𝑎-type loops would be less than that 

of a 𝑐-component loop; but if separation distance is less than a critical value, then a 𝑐-

component loop would energetically favoured. This analysis is very important to 

understand the transformation mechanism of aligned 𝑎-type loops to 𝑐-component loops. 

Specifically, in the answer to the Question 2 above, it was evident that the a-loops need 

to be close together for the cascade induced formation of c-component loops. Since 

increased fluence will increase the density, and therefore decrease the separation, of a-

loops, this mechanism for c-component loop formation provides a clear explanation of 

the nucleation time fluence period required before c-component loops form. In addition, 

it suggests a premise to attempt to delay the formation of c-component loops, i.e., provide 

alloying that reduces the stacking density of a-loops. 
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The present model is limited to considering the interaction between two dislocation loops, 

and it is worth developing a model to consider more aligned loops. In this case, the 

critical separation distance as mentioned above could be modified due to the complexity 

of the strain field from other dislocation loops. In addition, based on the new separation 

distance, a more reasonable simulation setup can be built to simulate collision cascade in 

the vicinity of aligned 𝑎-type loops. 

Anisotropic elasticity for loops’ formation energy is considered in the analytical and 

numerical models in [1]. The analytical model is only available for loops in the basal 

plane. For loops in the prismatic plane, it is suggested to use a numerical estimation[2]. 

This numerical method is implemented by Clouet [3], and different orientations to the 

dislocation loop should be calculated to average the elastic coefficient. 

Problem IV: How are collision cascades affected if they occur in the vicinity of 

extended defects such as dislocation loops and grain boundaries? 

Cascade simulations were carried out in the vicinity of various extended defects such as 

dislocation loops and grain boundaries to study their absorption of irradiation-induced 

point defects. Due to the timescale in MD, the analysis here is specific to the time period 

after the thermal spike and the beginning of the annealing period. This means that the 

long-time diffusion phenomenon is not really accessed here. As mentioned before, 𝑎-type 

loops would rotate and change their shape after the collision cascade, but our results 

indicate that 𝑎-type loops are unbiased sinks as they would absorb almost the same 

amount of vacancies and SIAs. The habit plane of 𝑐-component loops is not affected by 

the interactions with PKAs, but our results demonstrate that 𝑐-component vacancy loops 
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are weakly biased sinks to SIAs and 𝑐-component interstitial loops are strongly biased 

sinks to vacancies. Tilt grain boundaries were constructed in this study, and cascade 

simulations suggest that grain boundaries are strong sinks to SIAs. This result is 

meaningful since it possibly explains the observation that the majority of dislocation 

loops near grain boundaries are vacancy type [4]. To further prove this point, we have 

simulated the growth of both 𝑎-type and 𝑐-component vacancy loops under the condition 

of a locally high-concentration of vacancies at different temperatures. The growth of 

loops has been captured at all temperatures, and the growth rate of 𝑎-type loops is higher 

than that of 𝑐 -component loops, and such difference is more pronounced at low 

temperatures.  

The growth mechanism of dislocation loops is crucial, and it is believed that DAD and 

EID effects play important roles here. For example, it would be interesting to know for a 

loop in the prism plane whether vacancies travelling along the a-axis are easier to absorb 

those moving along the c-axis, i.e., does the sink strength change with direction of point 

defect movement. We could apply the Nudged Elastic Band (NEB) method to investigate 

this problem. 

Problem V: What is the effect of alloying on the stability of irradiation induced 

dislocation loops? 

The effect of alloying elements Fe and Ni on the stability of 𝑎-type dislocation loops in 

Zr alloys has been analyzed. First, both alloying elements were found to segregate to the 

loops, particularly they started to segregate at the edge of the loop where the strain energy 

is highest due to the lattice distortion. After alloying segregation, the strain energy was 
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decreased compared to the un-alloyed state. Further, the energy decrease is related to the 

amount of alloying segregation. Cascade simulations have been carried out to the 𝑎-type 

dislocation loops with and without alloying segregation, and we found that the loop is 

greatly stabilized by the alloying segregation during the cascades, which is also suggested 

by experiments in the literature. 

Question 4 discussed a formation mechanism for 𝑐-component loops based on collision 

cascades with aligned 𝑎-type loops, which would require a-loops to be close enough 

together. Without collision cascades, a-loops with too small separation distance could 

collapse into a big a-loop under thermal annealing. With the effect of alloying 

segregation, the loop-induced strain field can be reduced, which could narrow the 

separation distance between the loops before they merge. However, it is still unclear 

whether Fe segregation can help c-loops formation. Although the aligned a-loops can be 

denser due to Fe segregation, their stability is also enhanced. Thus, it is meaningful to 

develop a model to consider the alloying segregation effect. Other than Fe and Ni, some 

other important alloying elements such as Nb and H would be interesting to investigate in 

a similar method. 
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Chapter 9. Appendix 

9.1. Appendix for Chapter 3 

9.1.1. Parameters’ determination in Table 3-1 

The shape of the dislocation loops’ plane in MD is initially circle, and their average 

radius is 50 Å. Then the shape of the loops’ plane would usually become elliptical after 

the relaxation and cascade simulation. As we can determine the loop’s plane and locate 

the atoms of the loop by using the bond-angle analysis, thus we can easily estimate the 

major and minor radius of the loop. However, for each individual simulation, the values 

of the major and minor radius of the loop are not the same, especially for the cases after 

the cascade. Thus the major and minor radii in Table 3-1 are selected as averaged values 

for the purpose of the calculation. The size of the dislocation core radius in Zr is mostly 

suggested as the same magnitude of the Burgers vector, as expected from elasticity theory. 

In the present study, loops are determined as a-type and their Burgers vector are 

calculated as 3.234 Å, thus we assume that the dislocation core radius is also 3.234 Å. 

The term (1-ηk) is introduced to consider the orientation, and η is proposed as an 

empirical parameter that is equal to ¼ in [1]. Thus when the Burgers vector of the loop is 

normal to the loop’s plane, the value of the term (1-ηk) would be 1; when the Burgers 

vector is parallel to the loop’s plane, the value of the term (1-ηk) would be ¾. Thus the 

value of Eq. (2) would be highest when the loop tilts to a plane where its Burgers vector 

is normal to the plane. 
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9.1.2. Angle between loop’s plane and Burgers vector 

 

Figure A9-1. The angle between the Burgers vector and the loop’s plane before and after the 

cascades at an initial temperature 573 K, and the energy of the PKA is 10 keV. (Corresponding to 

Table 2) 
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Figure A9-2. The angle between the Burgers vector and the vacancy loop’s plane before and after the 

cascades at an initial temperature 573 K. An <a>-type vacancy loop is initially formed on {𝟏𝟏%𝟎𝟎} 

plane, and the energy of the PKA is 50 keV. (Corresponding to Table 3) 

9.2. Appendix for Chapter 4 

9.2.1. The determination of Burgers vector of dislocation loops 

 

Figure A9-3. The construction of the Burgers circuit for a dislocation loop after the 1st PKA at 298 K: 

the first location of the Burgers circuit. Only displaced atoms are shown, and the Burgers circuit is 

highlighted. 
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Figure A9-4. The construction of the Burgers circuit for a dislocation loop after the 2nd PKA at 298 K: 

the first location of the Burgers circuit. Only displaced atoms are shown, and the Burgers circuit is 

highlighted. 

 

Figure A9-5. The construction of the Burgers circuit for a dislocation loop after the 1st PKA at 573 K: 

the first location of the Burgers circuit. Only displaced atoms are shown, and the Burgers circuit is 

highlighted. 
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9.3. Appendix for Chapter 5 

9.3.1. Extraction of the dislocation loop in an alloyed system 

Figure A9-6 (a) shows the system including interstitial dislocation loop after deleting the 

atoms in HCP crystal structure. The remainder are the precipitates and point defects, as 

well as the interstitial dislocation loop. Figure A9-6 (b) shows the same system after 

applying the last step of filtering for eliminating the precipitates and the point defects. 

What remains is the dislocation loop where some Ni atoms precipitated. A system with a 

vacancy dislocation loop is shown in Figure A9-6 (c) whereas the same system after 

applying filtering method is shown in Figure A9-6 (d). The initial composition of both 

systems is Zr-0.26 Ni at% and the simulation temperature is 573 K.  

 

Figure A9-6. Distribution of precipitates in Zr-Ni system including (a) interstitial and (c) vacancy 

dislocation loop after applying the bond-angle analysis.  (b) and (d) are the same systems after 

applying the last step of filtering method. In these cases, the location of the dislocation loop is 

identified based on the coordinate analysis discussed in the paper. T=573 K. 

(a) (c)(b) (d)
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9.3.2. The system pressure 

For a system with N interacting atoms, the total pressure of a system relates to the 

diagonal components of the per-atom stress as follows: 

𝑃 = −
∑ 𝑆PP(5) +@
5A> ∑ 𝑆SS(5) +∑ 𝑆TT(5)@

5A>
@
5A>

3𝑉  

where 𝑆66(5)	is the normal component of stress along 𝑎 axis for atom 𝑖 and 𝑉 is the 

system volume. As shown in Figure A9-7, the total pressure of the system in equilibrium 

condition fluctuates around 0 bar. This indicates that for a system that is not accelerating 

in any direction, all the normal components of stress necessarily fluctuate around zero, 

and the internal stress of the system is zero. 

 

 

Figure A9-7. The system pressure as a function of time. 

Figure A9-8 shows the distribution of Srr without and with Ni segregation to an 

interstitial loop without using the energy minimization. Particularly in the case of Ni 
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segregation, most atoms in the matrix outside of the loop present compression since Ni 

segregation induces tension to the loop. For both of these cases the averaged stress 

components along 𝑟, 𝜃 and 𝑧 axis are zero.   

 

Figure A9-8. Under the condition of no energy minimization, the radial-direction component of stress 

(Srr) around the interstitial loop without Ni segregation (a) and with Ni segregation (b). 

9.4. Appendix for Chapter 6 

9.4.1. The parameters determination in the analytical model 

• Burgers vector (b) and the angle between b and the loop’s normal vector (𝜽) 

The habit plane for 𝑎-type loops is close to the prism plane {011>0}, which has been 

suggested by both simulations [2] and experiments [3, 4]. The habit plane of 𝑐 -

component loops with Burgers vector of 1/6〈202>3〉 is generally reported to be the basal 

plane {0001} [5, 6]. In the present study, 10 independent simulations for each type of 

loop were carried out to obtain statistics. The habit planes of the loops are consistent with 

previous findings [5, 6]. Two examples for angle calculation between the Burgers vector 

and the loop’s normal vector (𝜃) are illustrated. Figure A9-9 (a) shows an 𝑎-type vacancy 

loop on the the projection of x-y plane of the simulation box. The loop’s Burgers vector is 
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determined by constructing the Burgers circuit (colored in yellow atoms) through the 

dislocation loop. This method for determining the Burgers vector was also applied in [2, 

7]. In Figure A9-9, the starting and the finishing points of the Burgers circuit are colored 

in red and cyan, respectively. In Figure A9-9 (a), the calculated Burgers vector is 

1/3〈12>10〉 and the normal vector of the loop is 〈011>0〉, thus the calculated 𝜃 is 30°. 

Similarly, the value of 𝜃 is calculated as 35° for the 𝑐-component vacancy loop in Figure 

A9-9 (b).  

 

Figure A9-9. Atomistic configuration of the simulated dislocation loops (blue atoms) on the 

projection of x-y basal plane (a) and x-z prism plane (b). The Burgers circuit (color in yellow) was 

drawn through the vacancy loop. 

• Shear modulus (𝜇) and Poisson's ratio (𝜈) determination 

Due to elastic anisotropy, the parameters 𝜇 and 𝜈 depend on the orientation of the loop. 

Based on the empirical potential [8] and the relation between stiffness and compliance 

discussed in [9]. Here, stiffness matrix can be easily built from table 1 in [8]: 
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𝐶 =

⎣
⎢
⎢
⎢
⎢
⎡
147 69 74
69 147 74
74 74 168

0 0 0
0 0 0
0 0 0

0 0 0
0 0 0
0 0 0

44 0 0
0 44 0
0 0 39⎦

⎥
⎥
⎥
⎥
⎤

 (GPa). 

Furthermore, compliance matrix S can be obtained from S=C-1: 

𝑆 =

⎣
⎢
⎢
⎢
⎢
⎡
9.73 −3.09 −2.92
−3.09 9.73 −2.92
−2.92 −2.92 8.53

0 0 0
0 0 0
0 0 0

0 0 0
0 0 0
0 0 0

22.73 0 0
0 22.73 0
0 0 25.64⎦

⎥
⎥
⎥
⎥
⎤

 (TPa-1). 

As discussed by Tromans [9], the shear modulus 𝜇 and Poisson’s ratio 𝜈 on different 

planes are represented by: 

𝜇;>U>UE = 𝜇E>>UE = §(𝑆VV + 2𝑆>> − 2𝑆>;) 2M ¨
M>
= 41.35	GPa, and	𝜇EEE> = (𝑆VV)M>

= 44	GPa; 

𝜈;>U>UE = 𝜈E>>UE =
−(𝑆>; + 𝑆>?)

2𝑆>>M = 0.3093, and	𝜈EEE> =
−(𝑆>? + 𝑆>?)

2𝑆??M

= 0.3426. 

Thus, 𝜇 has the same value for both {011>0} and {112>0} prismatic planes and is different 

for the {0001} basal plane. 

• Core radius (𝒓𝟎) and core energy (𝑬𝐂𝐋) 

A stress field too close to a dislocation core cannot be described by continuum-elastic 

theory. The energy at distances smaller than the core radius 𝑟E is usually defined as core 
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energy 𝐸!". Here, we accept the model—also verified by Wu and Curtin [10]—to describe 

the dislocation energy around the core of the loop:  

∆𝐸 = 𝐸!" + 𝐾𝑙𝑛(𝑟/𝑟E). (A1) 

The second term of Eq. (A1) is the additional elastic energy, and the constant K is 

completely determined by anisotropic elastic constants. ∆𝐸 is the so called total strain 

energy that is calculated by subtracting the potential energy of an atom in a perfect 

crystal from the potential energy of each atom near the dislocation. Thus, the estimation 

of 𝑟E and 𝐸!" can be obtained by comparing Eq. (S1) with our MD simulations that are 

shown in Figure A9. Note that the statistical error bar for each data in Figure A9 is 

mostly less than 0.01 eV. It is interesting to find that a smaller value of 𝑟E usually 

corresponds to a higher value of 𝐸!" for all the calculations in this study. This behavior 

was also detected by other theoretical studies [11, 12]. According to Table A2, 𝐸!" of 𝑐-

component loops is smaller than that of 𝑎-type loops, which may suggest that an 

existence of a stacking fault in 𝑐-loops could reduce the loops’ core energy. As the 

coherency between core region and perfect lattice for 𝑎-loops could be less than that 

between core region and stacking faults for 𝑐-loops, the atoms in core region of 𝑐-loops 

would be less constrained than that of 𝑎-loops. 

As the loop changes to a shape that is less circular, then this method of determining the 

core energy may not be suitable. Although the core energy would be different for edge 

and screw type dislocations, this would not affect the determination of the core energy for 

dislocation loops since only the information of the specific loop is considered here. 
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Figure A10. Total strain energy (∆𝑬) as a function of distance to the core of the dislocation loop for (a) 

𝒂-type dislocation loops and (b) 𝒄-component dislocation loops. 

Table A2. The calculated Core radius (𝒓𝟎) and core energy (𝑬𝐂𝐋) 

 𝑎-type 
vacancy loop 

𝑎-type 
interstitial loop 

𝑐-component 
vacancy loops 

𝑐-component 
interstitial loops 

𝑟E(Å) 3.6 4.6 4.7 5.0 

𝐸!"(eV/Å) 0.68 0.59 0.46 0.36 

• Stacking fault energy of different dislocation loops using different methods 

The stacking fault energies determined by ab initio calculations and MD simulations are 

provided in Table A3. The stacking fault energies of extrinsic fault E (𝛾B) is almost twice 

the value of intrinsic fault 𝐼> (𝛾C-), based on most ab initio calculations shown in Table 

A3. 

Table A3. Stacking fault energies of intrinsic fault 𝑰𝟏 and extrinsic fault E in the basal plane that are 

calculated by ab initio and EAM from literature. All energies are in the units of mJ/m2. 

 AB initio EAM 
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Ref. [13] Ref. [14] Ref. [15] Ref. [16] #2 in Ref. [8] #3 in Ref. [8] 

𝛾C- 124 168 147 149 55 99 

𝛾B  249 300 274 284 164 297 

9.4.2. The formation of cascade-induced 𝒄-component vacancy loop 

In the section 6.5.4, a small dislocation loop was formed after collision cascades with two 

aligned a-type vacancy loops. The Burgers vector of such small loop can be determined 

by constructing a Burgers circuit about this loop, which is shown in Figure A9-11. The 

calculated Burgers vector is 1/6〈𝟐𝟎�̄�𝟑〉, which is a typical 𝒄-component dislocation loop 

[5, 17, 18]. 

 

Figure A9-11. A determination of Burgers vector of a newly formed dislocation loop after the 

collision cascades with two aligned a-type vacancy loops. Displaced atoms are shown here based on 

common neighbor analysis and they are colored in blue. The Burgers circuit are colored in yellow, 

with the starting and the finishing points colored blue and red, respectively.  

Burgers circuit

c-component vacancy loop

a-type vacancy loops

Burgers vector: 1/6<2023>
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Figure A9-12 (a) shows an obvious evidence that stacking faults associated to the newly 

formed 𝑐-component dislocation loop. A Wigner-Seitz cell method has been used to 

identify the type of point defects, where atom positions are analyzed with respect to a 

geometric structure of perfect lattice atom positions. Wigner-Seitz cells contain no atoms 

are interpreted as vacancies and more than one atom are labeled as interstitials [19-21]. 

The advantage of using the Wigner-Seitz cell analysis is that it is space filling and 

independent on an arbitrary cutoff size [19]. Figure A9-12 (b) provides a visualization of 

the displaced atoms in Figure A9-12 (a) using the Wigner-Seitz cell method. The results 

suggest that this cascade-induced 𝑐-component dislocation loop is a vacancy loop since 

blue atoms are represented as vacancies in Figure A9-12 (b). 

 

 

Figure A9-12. (a) Atomic configuration of an existence of stacking faults for the newly formed 𝒄-

component vacancy loop. (b) Using Wigner-Seitz cell method to identify the characteristic of 

dislocation loops. Blue atoms are vacancies and yellow atoms are SIAs. 

Table A9-4 describes captions of two animations to show the interaction between PKAs 

and two pre-existing 𝑎-type vacancy loops. After the formation of the 𝑐-component 

vacancy loop at around 70 ps, one 𝑎-type loop that is not attached to the 𝑐-component 
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loop started to move away from its original position, while the pinned 𝑎-type loop only 

tilted the habit plane. 

Table A9-4. The animation of MD simulations. 

Animation name Caption 

Cascade_2avloop.mov The cascade simulations of 18 PKAs (3keV 
each) in the vicinity of two aligned vacancy 
loop at 573 K. Only displaced atoms are 
shown. 

Cascade_2avloop_zoom.mov A closer view to show how 𝑐-component 
vacancy loop could pin the 𝑎-type vacancy 
loop. 

9.5. Appendix for Chapter 7 

9.5.1. In situ TEM observation 

Figure A9-13 (a) shows the as-irradiated microstructure in a grain close to GB that is 

highlighted by red dashed line, 2/3 of 𝑎-type dislocation loops were visible with the 

(1>101) reflection along [21>1>3] zone axis. The general size distribution of the as-

irradiated loops is shown in Figure A9-13 (c), which was obtained by measuring the 

diagonal length of more than 400 loops in different areas of the grain. As indicated by red 

color, most of the loops generated by 3MeV proton irradiation are smaller than 10nm, 

which makes it too small to determine their vacancy or interstitial nature. Microstructure 

of the same area after 1h annealing at 400°C is shown in Figure A9-13 (b), taken with the 

same imaging condition. It is easy to observe that the loops have grown to larger sizes, 

though expansion, or combination of two loops into one as indicated in the video. In 

particular, one big loop was formed near GB as indicated by the red arrow. According to 
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the size distribution shown in Figure A9-13 (c) with green color, after annealing there are 

more loops with sizes larger than 10 nm. 

 

Figure A9-13. Change of irradiation induced 𝒂-type dislocations loops during in situ TEM annealing 

at 400°C in an 3MeV proton beam irradiated Zircaloy-2. (a) as-irradiated condition, (b) after 1h 

annealing at 400°C over the same area, (c) a histogram showing the changes of the loops’ size upon 

annealing. The BF images were taken with (𝟏%𝟏𝟎𝟏) reflection along [𝟐𝟏%𝟏%𝟑] zone axis. 

Animation name Caption 

TEM_loop_evolution.m4v The expansion, migration and combination 
of dislocation loops during in situ TEM 
annealing at 400 °C. 

9.5.2. The sink preference of 𝒂-type dislocation loops 

Let us firstly examine the results of cascade simulations in a system containing only one 

𝑎-type interstitial or one 𝑎-type vacancy loop. The cascade-induced residual defects 

contain vacancies, SIAs and small clusters. The size of the defect clusters is limited with 
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less than 50 point defects, thus for a cluster has more than 50 point defects will be treated 

as a dislocation loop. In a-Zr, a cluster with about 50 point defects is equivalent to the 

size of 1 nm in radius, which is very difficult to observe using transmission electron 

microscopy (TEM). In addition, based on linear elastic theory [22], the distortion of a 

structure with distance from the core of a dislocation loop decays according to 1/r3, 

where r is the distance from the dislocation core. Hence, 50 is a safe and reasonable value 

to choose in this study. 

A Wigner-Seitz cell method has been used to identify the type of point defects. Based on 

the Wigner-Seitz cell method, a parameter called “occupancy” can be determined. For 

Wigner-Seitz cells contain no atoms are interpreted as vacancies, and the value of 

occupancy is 0; for prefect lattice atoms, occupancy is 1; for interstitials, occupancy is 

greater than 1 [19-21]. The advantage of using the Wigner-Seitz cell analysis is that it is 

space filling and independent on an arbitrary cutoff size [19]. An example to illustrate the 

visualization of point defects is shown in Figure A9-14. 
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Figure A9-14. The visualization of the residual defects using the Wigner-Seitz cell method. Vacancy: 

occupancy=0; interstitial: occupancy >1. 

For the cascade simulations in the present work, some vacancy or SIAs clusters, or even 

small dislocation loops could form. For example, Figure A9-15 (a) is a snapshot showing 

an 𝑎-type interstitial loop before the cascades. It is expected to form some point defects 

and small defect clusters after a collision cascades with one 50 keV PKA, and some 

results could also show that small dislocation loops were formed. As displayed in Figure 

A9-15 (b), it is also interesting to note that a small loop was formed near the top tip of the 

preexisting loop, and this newly formed loop was identified as an interstitial type with 

Burgers vector 1/6<044>3>. Thus, some cascade-induced SIAs were accumulated near 

the tip of the preexisting loop to form this 𝑐-component interstitial loop. 
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Figure A9-15. The snapshots before and after a collision cascade with a 50 keV PKA at 573 K. (a) 

Atomic configuration of an 𝒂-type interstitial loop before the cascade. (b) All displaced atoms after 

the collision cascade, and a 𝒄-component interstitial loop was formed adjacent to the preexisting loop. 

9.5.3. The sink preference of 𝒄-component dislocation loops 

Both 𝑐-component interstitial and vacancy loops were artificially created on the basal 

plane, and their Burgers vectors are determined as 1/6<22>03>. Figure A9-16 presents a 

close look of 𝑐-component loops after a collision cascades with a 50 keV PKA, and it is 

interesting to note some distinguishable behaviors between interstitial type and vacancy 

type loops. In Figure A9-16 (a), the cascade-induced small clusters near a pre-existing 𝑐-

component interstitial loop are generally interstitial type as well, while those clusters 

would be vacancy type when they formed near a pre-existing 𝑐-component vacancy loop 

as shown in Figure A9-16 (b). Another feature is that the collision cascades near 𝑐-

component dislocation loops may change the loops’ shape, and especially for 𝑐 -

component vacancy loops. As shown in Figure A9-16 (b), it forms a pyramidal shape of 

structure beneath the 𝑐-component vacancy loop. Furthermore, from our 12 independent 

collision cascade simulations, 10 of them form an 𝑎-type vacancy loop next to the 𝑐-

(a) (b)

<a>-type Interstitial loop <a>-type Interstitial loop

<c>-component Interstitial loop
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component vacancy loop, and the size of such 𝑎-type vacancy loop can be large as about 

7 nm in diameter. However, the plane and location of 𝑐-component loops are still very 

stable as they always stay in the basal plane during the cascade, which shows stronger 

stability than 𝑎-type loops during the cascades. 

 

Figure A9-16. The snapshots after a collision cascade with a 50 keV PKA at 573 K in the vicinity of (a) 

a 𝒄-component interstitial loop and (b) a 𝒄-component vacancy loop. Only displaced atoms are shown 

based on common neighbor analysis. Atoms are colored their strain energies. 

9.5.4. The sink preference of tilted GBs 

Figure A9-17 illustrates a simulation box in the vicinity of 2 grains (considering the 

periodic boundary condition) associated with 2 similar GBs. To properly create GBs in α-

Zr using MD, one needs to carefully calculate the rotated axes as well as the dimension of 

the box that parallel to the desired GBs to avoid unnecessary GBs forming on the 

interface of the simulated box due to the periodic boundary conditions. In the present 

work, only one type of GBs is investigated, and it would be interesting to explore more 

different types of GBs. Although the simulation work from Arihangmehr and Feghhi [23] 

suggested that the types of GBs can affect the sink efficiency and strength of GBs, the 

highest PKA’s energy is only 9 keV that could be too small to obtain rational results. In 
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this paper, we have demonstrated that the sink preference is sensitive to the total number 

of residual point defects, in particular for very low PKA’s energy. 

 

Figure A9-17. Atomistic configuration and lattice orientation of the simulated grain boundaries 

shown on 2D projection at 573 K, only displaced atoms are shown to indicate the position of the grain 

boundaries. The tilt GB has misorientation θ=30°. 
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9.5.5. The growth of vacancy loops under locally high concentration of vacancies 

 

Figure A9-18. The mean square displacement (MSD) per vacancy in different directions over the 

time trajectory for monovacancy, divacancy and trivacancy at 600 K and 1000K, respectively. 

The following visualization of loop growth is provided. 

Animation name Caption 

a-type_vacancy_loop_600K.mov The growth of a-type vacancy loop at 
600K. 

a-type_vacancy_loop_1000K.mov The growth of a-type vacancy loop at 
1000K. 

c-component_vacancy_loop_600K.mov The growth of c-component vacancy loop 
at 600K. 

c-component _vacancy_loop_1000K.mov The growth of c-component vacancy loop 
at 1000K. 
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9.5.6. The stability of 𝒂-type dislocation loops near the tilt GBs 

The relation between the loops’ Burgers vector and loops’ plane is given in Figure A9-19. 

This can indicate that the Burgers vector of both loops is neither parallel nor 

perpendicular to the plane of GBs. 

 

Figure A9-19. The relation between the loops’ Burgers vector and loops’ plane. 

An animation is presented here to show that Fe can help to stabilize the dislocation loop 

during collision cascades. 

Animation name Caption 

ZrFe_50keV_cascade_withFe_segregation.mov The cascade simulations of one PKA in 
the vicinity of one 𝑎-type vacancy loop 
and tilt grain boundaries at 573 K. 
There is Fe segregation to the 
dislocation loop. Only displaced atoms 
are shown. 
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Appendix A: Run simulations on SHARCNET and CAC 

Running MD simulations may require large number of CPUs and present a large time 

cost to finish, thus we took advantage of high-performance computer clusters from 

Compute Canada. There are two major consortia that we used: Shared Hierarchical 

Academic Research Computing Network (SHARCNET) and Centre for Advanced 

Computing (CAC). SHARCNET is a consortium led by Western University and CAC is a 

consortium led by Queen’s University. Here, a brief description about how to apply for 

an account and how to submit jobs in these two consortia will be provided. 
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Before applying for a consortium account, one needs to apply for a Compute Canada 

account in this website: https://ccdb.computecanada.ca/account_application. In order to 

complete the application, one needs to know the Compute Canada Role Identifier (CCRI) 

of the sponsor or supervisor who will be asked to confirm the role of the applicant. A 

CCRI is an identifier of the form abc-123-01. After obtaining a Compute Canada account, 

one can login the following website to apply for a consortium account: 

https://ccdb.computecanada.ca/security/login.  

To access SHARCNET and CAC systems, we need to use a Secure Shell (SSH) 

connection, which is a software package that enables secure system administration and 

file transfer. For Unix/Linux/OS X users, this SSH client is almost always installed, and 

one can simply open a terminal to access SHARCNET or CAC systems. For Windows 

users, one need to download software such as PuTTY and WinSCP, which are free to 

download. 

After SSH installation, one can access SHARCNET or CAC systems by typing the 

following commands in the shell: 

ssh sharcnet_account@orca.sharcnet.ca To access orca cluster in SHARCNET  

ssh cac_account@login.cac.queensu.ca  To access CAC 

There are some differences to submit jobs in these two systems, and some examples are 

shown here to illustrate.  

To submit a MD job in orca cluster in SHARCNET: 
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Each command is described here: 

Commands Definition 

sqsub Submit jobs 

-q mpi 
For parallel jobs using the Message Passing 

Interface (MPI) library 

-n 24 Request 24 CPUs 

--mpp=5G Request 5 G memory 

-o Output.out Name output file 

~/lammps-31Mar17/src/lammps Use a customized executable program 

-in Input.in Read from an input file 

More detailed information about working in SHARCNET system can be found in this 

website: https://www.sharcnet.ca/help/index.php/Knowledge_Base - What_is_MPI.3F. 

It is a little more complex to submit jobs in CAC system, and it is recommended to write 

a MPI job script to include job information. A typical MPI job script named “run_file” is 

shown here: 

#!/bin/bash 

#SBATCH --job-name=jobname 

#SBATCH -o output.out 

#SBATCH -e errorfile.err 

#SBATCH -N 1 

#SBATCH -n 24 

#SBATCH -c 1 

sqsub -q mpi -n 24 -r 5h --mpp=5G -o Output.out  lammps -in Input.in 



 208 

#SBATCH -t  1-10:00:00 

#SBATCH --mem=5G 

mpirun -np $SLURM_NTASKS lammps -in input_file.in 

In this case, all the job-related information is included in this script. To submit this job, 

we then can type the following command: 

 

More detailed information about working in CAC system can be found in this website: 

https://cac.queensu.ca/wiki/index.php/Main_Page. 

 

 

sbatch run_file 



 209 

Appendix B: Compile LAMMPS 

LAMMPS software is usually installed in SHARCNET and CAC systems, but it may not 

include a package that one needs or it may need an upgrade. In this case, we need to 

compile LAMMPS by ourselves. Here, a description about how to compile LAMMPS in 

SHARCNET and CAC systems is presented based on the author’s experience. 

First, we need to download LAMMPS software from this website: 

http://lammps.sandia.gov/download.html, and then we need to upload it to the user’s 

folder in SHARCNET or CAC system. To extract files from this compressed LAMMPS 

package, we can type: 

 

It will create a LAMMPS folder, and then we can go to the “src” directory in that folder. 

To compile LAMMPS, we can type the following command in this directory: 

make mpi OR make omp 

Either of them may work to generate LAMMPS executable file. 

To install a specific package inside LAMMPS, we need to re-compile LAMMPS. Let us 

take an example if we want to install a package called USER-MISC. First, we still need 

to navigate to “src” directory, and then we type: 

 

Then we type: 

make mpi OR make omp 

 

tar xvf lammps.tar 

make yes-user-misc 
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Appendix C: USEFUL MATLAB CODE 

• Burgers vector determination of dislocation loop in a-Zr 

Different types of loops can be formed during irradiation, and it is important to identify 

their Burgers vector. This MATLAB code can be used to determine Burgers vector of 

dislocation loops by constructing Burgers circuits through the loop. It is worth noting that 

the loop can be at any planes. The dump file here is the dump file generated by 

LAMMPS. 

%% read data 
% step 1: plot the loop 
% step 2: select the first atom of Burgers circuit based on the loop 
position 
% step 3: construct Burgers circuit along specific directions 
clear; 
A=txt2mat;  % read dump file 
A_BAD=A; 
A_BAD(A_BAD(:,7)==3,:)=[]; % apply bond-angle analysis to remove 
perfect atoms 
figure( 'color','white'); 
BAD_color=A_BAD(:,7); 
plot3k({A_BAD(:,3:5)},'Marker',{'o',4},'ColorData',BAD_color); 
ylabel('Y');  % Add a label to the left y axis 
xlabel('X'); 
zlabel('Z'); 
%% select the first atom of Burgers circuit 
A_new=A; 
A_new(isnan(A_new(:,1)),:)=[]; % remove NaN 
lattice=3.234; % lattice parameter of a-Zr 
No= dsearchn(A_new(:,3:5),[0 -50 0]); % select a atom that far away 
from the loop strain field 
id=A_new(No,1); 
atom=A_new(A_new(:,1)==id,3:5); % the coordinates of the selected atom 
(starting point) 
%% go x+ first and then y- 
% along x+ direction find x atoms in the circuit 
x=26; 
No_x=zeros(x,1); 
id_x=zeros(x,1); 
atom_x=zeros(x,3); 
distance_atom_x=zeros(x,1); 
for i=1:1:x 
    if i<2 
        No_x(i,:)= dsearchn(A_new(:,3:5),[atom(1,1)+i.*lattice 
atom(1,2) atom(1,3)]); % find a atom that closest to the above one 
along x direction (lattice a is exact shortest distance in this 
direction) 
        id_x(i,:)=A_new(No_x(i,:),1); 
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        atom_x(i,:)=A_new(A_new(:,1)==id_x(i,:),3:5); % the coordinates 
of the selected atom (starting point) 
        
distance_atom_x(i,:)=sqrt(sum((bsxfun(@minus,atom_x(i,:),atom(1,:))).^2
,2)); 
    else 
        No_x(i,:)= dsearchn(A_new(:,3:5),[atom_x(i-1,1)+lattice 
atom_x(i-1,2) atom_x(i-1,3)]); % find a atom that closest to the above 
one along x direction (lattice a is exact shortest distance in this 
direction) 
        id_x(i,:)=A_new(No_x(i,:),1); 
        atom_x(i,:)=A_new(A_new(:,1)==id_x(i,:),3:5); % the coordinates 
of the selected atom (starting point) 
        
distance_atom_x(i,:)=sqrt(sum((bsxfun(@minus,atom_x(i,:),atom_x(i-
1,:))).^2,2)); 
    end 
end 
% along y- direction find y atoms in the circuit 
y=26; 
No_y=zeros(y,1); 
id_y=zeros(y,1); 
atom_y=zeros(y,3); 
distance_atom_y=zeros(y,1); 
for j=1:1:y    % 40 becuase consider tilt case 
    if j<2 
        No_y(j,:)= dsearchn(A_new(:,3:5),[atom_x(i,1)-(lattice/2).*(-
1).^j atom_x(i,2)-j.*(sqrt(3)/2).*lattice atom_x(i,3)]); % find a atom 
that closest to the above one along x direction (lattice a is exact 
shortest distance in this direction) 
        id_y(j,:)=A_new(No_y(j,:),1); 
        atom_y(j,:)=A_new(A_new(:,1)==id_y(j,:),3:5); % the coordinates 
of the selected atom (starting point) 
        
distance_atom_y(j,:)=sqrt(sum((bsxfun(@minus,atom_y(j,:),atom_x(x,:))).
^2,2)); 
    else 
        No_y(j,:)= dsearchn(A_new(:,3:5),[atom_y(j-1,1)-(lattice/2).*(-
1).^j atom_y(j-1,2)-(sqrt(3)/2).*lattice atom_y(j-1,3)]); % find a atom 
that closest to the above one along x direction (lattice a is exact 
shortest distance in this direction) 
        id_y(j,:)=A_new(No_y(j,:),1); 
        atom_y(j,:)=A_new(A_new(:,1)==id_y(j,:),3:5); % the coordinates 
of the selected atom (starting point) 
        
distance_atom_y(j,:)=sqrt(sum((bsxfun(@minus,atom_y(j,:),atom_y(j-
1,:))).^2,2)); 
    end 
end 
% along x- direction find x_ atoms in the circuit 
x_=i; 
No__x=zeros(x_,1); 
id__x=zeros(x_,1); 
atom__x=zeros(x_,3); 
distance_atom__x=zeros(x_,1); 
for ii=1:1:x_ 
    if ii<2 
        No__x(ii,:)= dsearchn(A_new(:,3:5),[atom_y(j,1)-ii.*lattice 
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atom_y(j,2) atom_y(j,3)]); % find a atom that closest to the above one 
along x direction (lattice a is exact shortest distance in this 
direction) 
        id__x(ii,:)=A_new(No__x(ii,:),1); 
        atom__x(ii,:)=A_new(A_new(:,1)==id__x(ii,:),3:5); % the 
coordinates of the selected atom (starting point) 
        
distance_atom__x(ii,:)=sqrt(sum((bsxfun(@minus,atom__x(ii,:),atom_y(j,:
))).^2,2)); 
    else 
        No__x(ii,:)= dsearchn(A_new(:,3:5),[atom__x(ii-1,1)-lattice 
atom__x(ii-1,2) atom__x(ii-1,3)]); % find a atom that closest to the 
above one along x direction (lattice a is exact shortest distance in 
this direction) 
        id__x(ii,:)=A_new(No__x(ii,:),1); 
        atom__x(ii,:)=A_new(A_new(:,1)==id__x(ii,:),3:5); % the 
coordinates of the selected atom (starting point) 
        
distance_atom__x(ii,:)=sqrt(sum((bsxfun(@minus,atom__x(ii,:),atom__x(ii
-1,:))).^2,2)); 
    end 
end 
% along y+ direction find y_ atoms in the circuit 
y_=j; 
No__y=zeros(y_,1); 
id__y=zeros(y_,1); 
atom__y=zeros(y_,3); 
distance_atom__y=zeros(y_,1); 
for jj=1:1:y_    % 40 becuase consider tilt case 
    if jj<2 
        No__y(jj,:)= dsearchn(A_new(:,3:5),[atom__x(ii,1)-
(lattice/2).*(-1).^(jj+1) atom__x(ii,2)+jj.*(sqrt(3)/2).*lattice 
atom__x(ii,3)]); % find a atom that closest to the above one along x 
direction (lattice a is exact shortest distance in this direction) 
        id__y(jj,:)=A_new(No__y(jj,:),1); 
        atom__y(jj,:)=A_new(A_new(:,1)==id__y(jj,:),3:5); % the 
coordinates of the selected atom (starting point) 
        
distance_atom__y(jj,:)=sqrt(sum((bsxfun(@minus,atom__y(jj,:),atom__x(ii
,:))).^2,2)); 
    else 
        No__y(jj,:)= dsearchn(A_new(:,3:5),[atom__y(jj-1,1)-
(lattice/2).*(-1).^(jj+1) atom__y(jj-1,2)+(sqrt(3)/2).*lattice 
atom__y(jj-1,3)]); % find a atom that closest to the above one along x 
direction (lattice a is exact shortest distance in this direction) 
        id__y(jj,:)=A_new(No__y(jj,:),1); 
        atom__y(jj,:)=A_new(A_new(:,1)==id__y(jj,:),3:5); % the 
coordinates of the selected atom (starting point) 
        
distance_atom__y(jj,:)=sqrt(sum((bsxfun(@minus,atom__y(jj,:),atom__y(jj
-1,:))).^2,2)); 
    end 
end 
% plot burger circuit and dislocation loop 
A_new_ackland=A; 
A_new_ackland(isnan(A_new_ackland(:,1)),:)=[]; % remove NaN 
A_new_ackland((A_new_ackland(:,7)==3),:)=[]; % remove NaN 
burgers_vector=atom-atom__y(jj,:); 
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% Convert 3-index CUBIC system to 4-index HCP system (normal direction 
to plane) 
ratio=1.598;  % HCP c/a ratio 
A_four2three=[lattice -1/2*lattice 0;0 sqrt(3)/2*lattice 0;0 0 
ratio*lattice]; 
v3_hcp=A_four2three\burgers_vector'; 
u=1/3*(2*v3_hcp(1)-v3_hcp(2)); 
v=1/3*(2*v3_hcp(2)-v3_hcp(1)); 
t=-(u+v); 
w=v3_hcp(3); 
% v=3/w*v; 
% t=3/w*t; 
% u=3/w*u; 
% w=3; 
u=1/t*u; 
v=1/t*v; 
w=1/t*w; 
t=1; 
% v=1/u*v; 
% t=1/u*t; 
% w=1/u*w; 
% u=1; 
burg_4=[u v t w]; 
burgers_circuit=[atom_x;atom_y;atom__x;atom__y]; 
figure( 'color','white'); 
plot3k({burgers_circuit},'Marker',{'o',4},'ColorRange',[-100 100]); 
hold on; 
plot3k({atom},'Marker',{'*',8}); 
plot3k({atom__y(jj,:)},'Marker',{'^',8}); 
ylabel('Y');  % Add a label to the left y axis 
xlabel('X'); 
zlabel('Z'); 
clear text; 
textbp(['Burgers  vector  is <',num2str(burg_4) 
'>'],'FontSize',14,'FontName','Times'); 
textbp(['Burgers  vector  is <',num2str(burgers_vector) 
'>'],'FontSize',14,'FontName','Times'); 
color=zeros(size(A_new_ackland,1),1); 
plot3k({A_new_ackland(:,3:5)},'Marker',{'o',6},'ColorData',color); 
colorbar('off'); 
ylabel('Y');  % Add a label to the left y axis 
xlabel('X'); 
zlabel('Z'); 
Mag_BV=norm(burgers_vector); 
textbp(['Magnitude of the Burgers  vector  is ',num2str(Mag_BV) ' 
A'],'FontSize',14,'FontName','Times'); 
axis equal 
%% go y first that then x (this is to verify starting direction does 
not affect burgers vector) 
% along y- direction find y atoms in the circuit 
y=46; 
No_y=zeros(y,1); 
id_y=zeros(y,1); 
atom_y=zeros(y,3); 
distance_atom_y=zeros(y,1); 
for j=1:1:y    % 40 becuase consider tilt case 
    if j<2 
        No_y(j,:)= dsearchn(A_new(:,3:5),[atom(1,1)+(lattice/2).*(-
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1).^j atom(1,2)-j.*(sqrt(3)/2).*lattice atom(1,3)]); % find a atom that 
closest to the above one along x direction (lattice a is exact shortest 
distance in this direction) 
        id_y(j,:)=A_new(No_y(j,:),1); 
        atom_y(j,:)=A_new(A_new(:,1)==id_y(j,:),3:5); % the coordinates 
of the selected atom (starting point) 
        
distance_atom_y(j,:)=sqrt(sum((bsxfun(@minus,atom_y(j,:),atom(1,:))).^2
,2)); 
    else 
        No_y(j,:)= dsearchn(A_new(:,3:5),[atom_y(j-1,1)+(lattice/2).*(-
1).^j atom_y(j-1,2)-(sqrt(3)/2).*lattice atom_y(j-1,3)]); % find a atom 
that closest to the above one along x direction (lattice a is exact 
shortest distance in this direction) 
        id_y(j,:)=A_new(No_y(j,:),1); 
        atom_y(j,:)=A_new(A_new(:,1)==id_y(j,:),3:5); % the coordinates 
of the selected atom (starting point) 
        
distance_atom_y(j,:)=sqrt(sum((bsxfun(@minus,atom_y(j,:),atom_y(j-
1,:))).^2,2)); 
    end 
end 
  
% along x+ direction find x atoms in the circuit 
x=10; 
No_x=zeros(x,1); 
id_x=zeros(x,1); 
atom_x=zeros(x,3); 
distance_atom_x=zeros(x,1); 
for i=1:1:x 
    if i<2 
        No_x(i,:)= dsearchn(A_new(:,3:5),[atom_y(j,1)+i.*lattice 
atom_y(j,2) atom_y(j,3)]); % find a atom that closest to the above one 
along x direction (lattice a is exact shortest distance in this 
direction) 
        id_x(i,:)=A_new(No_x(i,:),1); 
        atom_x(i,:)=A_new(A_new(:,1)==id_x(i,:),3:5); % the coordinates 
of the selected atom (starting point) 
        
distance_atom_x(i,:)=sqrt(sum((bsxfun(@minus,atom_x(i,:),atom_y(j,:))).
^2,2)); 
    else 
        No_x(i,:)= dsearchn(A_new(:,3:5),[atom_x(i-1,1)+lattice 
atom_x(i-1,2) atom_x(i-1,3)]); % find a atom that closest to the above 
one along x direction (lattice a is exact shortest distance in this 
direction) 
        id_x(i,:)=A_new(No_x(i,:),1); 
        atom_x(i,:)=A_new(A_new(:,1)==id_x(i,:),3:5); % the coordinates 
of the selected atom (starting point) 
        
distance_atom_x(i,:)=sqrt(sum((bsxfun(@minus,atom_x(i,:),atom_x(i-
1,:))).^2,2)); 
    end 
end 
% along y+ direction find y_ atoms in the circuit 
y_=j; 
No__y=zeros(y_,1); 
id__y=zeros(y_,1); 
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atom__y=zeros(y_,3); 
distance_atom__y=zeros(y_,1); 
for jj=1:1:y_    % 40 becuase consider tilt case 
    if jj<2 
        No__y(jj,:)= dsearchn(A_new(:,3:5),[atom_x(i,1)+(lattice/2).*(-
1).^(jj+1) atom_x(i,2)+jj.*(sqrt(3)/2).*lattice atom_x(i,3)]); % find a 
atom that closest to the above one along x direction (lattice a is 
exact shortest distance in this direction) 
        id__y(jj,:)=A_new(No__y(jj,:),1); 
        atom__y(jj,:)=A_new(A_new(:,1)==id__y(jj,:),3:5); % the 
coordinates of the selected atom (starting point) 
        
distance_atom__y(jj,:)=sqrt(sum((bsxfun(@minus,atom__y(jj,:),atom_x(i,:
))).^2,2)); 
    else 
        No__y(jj,:)= dsearchn(A_new(:,3:5),[atom__y(jj-
1,1)+(lattice/2).*(-1).^(jj+1) atom__y(jj-1,2)+(sqrt(3)/2).*lattice 
atom__y(jj-1,3)]); % find a atom that closest to the above one along x 
direction (lattice a is exact shortest distance in this direction) 
        id__y(jj,:)=A_new(No__y(jj,:),1); 
        atom__y(jj,:)=A_new(A_new(:,1)==id__y(jj,:),3:5); % the 
coordinates of the selected atom (starting point) 
        
distance_atom__y(jj,:)=sqrt(sum((bsxfun(@minus,atom__y(jj,:),atom__y(jj
-1,:))).^2,2)); 
    end 
end 
% along x- direction find x_ atoms in the circuit 
x_=i; 
No__x=zeros(x_,1); 
id__x=zeros(x_,1); 
atom__x=zeros(x_,3); 
distance_atom__x=zeros(x_,1); 
for ii=1:1:x_ 
    if ii<2 
        No__x(ii,:)= dsearchn(A_new(:,3:5),[atom__y(jj,1)-ii.*lattice 
atom__y(jj,2) atom__y(jj,3)]); % find a atom that closest to the above 
one along x direction (lattice a is exact shortest distance in this 
direction) 
        id__x(ii,:)=A_new(No__x(ii,:),1); 
        atom__x(ii,:)=A_new(A_new(:,1)==id__x(ii,:),3:5); % the 
coordinates of the selected atom (starting point) 
        
distance_atom__x(ii,:)=sqrt(sum((bsxfun(@minus,atom__x(ii,:),atom__y(jj
,:))).^2,2)); 
    else 
        No__x(ii,:)= dsearchn(A_new(:,3:5),[atom__x(ii-1,1)-lattice 
atom__x(ii-1,2) atom__x(ii-1,3)]); % find a atom that closest to the 
above one along x direction (lattice a is exact shortest distance in 
this direction) 
        id__x(ii,:)=A_new(No__x(ii,:),1); 
        atom__x(ii,:)=A_new(A_new(:,1)==id__x(ii,:),3:5); % the 
coordinates of the selected atom (starting point) 
        
distance_atom__x(ii,:)=sqrt(sum((bsxfun(@minus,atom__x(ii,:),atom__x(ii
-1,:))).^2,2)); 
    end 
end 
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% plot burger circuit and dislocation loop 
A_new_ackland=A; 
A_new_ackland(isnan(A_new_ackland(:,1)),:)=[]; % remove NaN 
ackland=A_new_ackland(:,7); 
A_new_ackland((A_new_ackland(:,7)==3),:)=[]; % remove NaN 
burgers_vector=atom-atom__x(ii,:); 
% Convert 3-index CUBIC system to 4-index HCP system (normal direction 
to plane) 
ratio=1.598;  % HCP c/a ratio 
A_four2three=[lattice -1/2*lattice 0;0 sqrt(3)/2*lattice 0;0 0 
ratio*lattice]; 
v3_hcp=A_four2three\burgers_vector'; 
u=1/3*(2*v3_hcp(1)-v3_hcp(2)); 
v=1/3*(2*v3_hcp(2)-v3_hcp(1)); 
t=-(u+v); 
w=v3_hcp(3); 
u=1/v*u; 
t=1/v*t; 
w=1/v*w; 
v=1; 
% v=1/u*v; 
% t=1/u*t; 
% w=1/u*w; 
% u=1; 
burg_4=[u v t w]; 
burgers_circuit=[atom_y;atom_x;atom__y;atom__x]; 
figure_y=figure('color','white'); 
plot3k({burgers_circuit},'Marker',{'o',4},'ColorRange',[-100 100]); 
hold on; 
plot3k({atom},'Marker',{'*',8}); 
plot3k({atom__x(ii,:)},'Marker',{'^',8}); 
ylabel('Y');  % Add a label to the left y axis 
xlabel('X'); 
zlabel('Z'); 
% Create textarrow 
text(atom__x(ii,1)-50,atom__x(ii,2),atom__x(ii,3)+60,['Burgers  vector  
is <',num2str(burg_4) '>'],'FontSize',14); 
text(atom__x(ii,1),atom__x(ii,2),atom__x(ii,3)+30,['Burgers  vector  is 
<',num2str(burgers_vector) '>'],'FontSize',14); 
color=zeros(size(A_new_ackland,1),1); 
plot3k({A_new_ackland(:,3:5)},'Marker',{'o',6},'ColorData',color); 
colorbar('off'); 
ylabel('Y');  % Add a label to the left y axis 
xlabel('X'); 
zlabel('Z'); 
%% go y- first and then z- 
% along y- direction find x atoms in the circuit 
y=46; 
No_y=zeros(y,1); 
id_y=zeros(y,1); 
atom_y=zeros(y,3); 
distance_atom_y=zeros(y,1); 
for i=1:1:y    % 40 becuase consider tilt case 
    if i<2 
        No_y(i,:)= dsearchn(A_new(:,3:5),[atom(1,1)+(lattice/2).*(-
1).^i atom(1,2)-i.*(sqrt(3)/2).*lattice atom(1,3)]); % find a atom that 
closest to the above one along x direction (lattice a is exact shortest 
distance in this direction) 
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        id_y(i,:)=A_new(No_y(i,:),1); 
        atom_y(i,:)=A_new(A_new(:,1)==id_y(i,:),3:5); % the coordinates 
of the selected atom (starting point) 
        
distance_atom_y(i,:)=sqrt(sum((bsxfun(@minus,atom_y(i,:),atom(1,:))).^2
,2)); 
    else 
        No_y(i,:)= dsearchn(A_new(:,3:5),[atom_y(i-1,1)+(lattice/2).*(-
1).^i atom_y(i-1,2)-(sqrt(3)/2).*lattice atom_y(i-1,3)]); % find a atom 
that closest to the above one along x direction (lattice a is exact 
shortest distance in this direction) 
        id_y(i,:)=A_new(No_y(i,:),1); 
        atom_y(i,:)=A_new(A_new(:,1)==id_y(i,:),3:5); % the coordinates 
of the selected atom (starting point) 
        
distance_atom_y(i,:)=sqrt(sum((bsxfun(@minus,atom_y(i,:),atom_y(i-
1,:))).^2,2)); 
    end 
end 
% along z- direction find z atoms in the circuit 
z=52; 
No_z=zeros(z,1); 
id_z=zeros(z,1); 
atom_z=zeros(z,3); 
distance_atom_z=zeros(z,1); 
for j=1:1:z    % 40 becuase consider tilt case 
    if j<2 
        No_z(j,:)= dsearchn(A_new(:,3:5),[atom_y(i,1)-(lattice/2).*(-
1).^j atom_y(i,2) atom_y(i,3)-j.*lattice*(ratio/2)]); % find a atom 
that closest to the above one along x direction (lattice a is exact 
shortest distance in this direction) 
        id_z(j,:)=A_new(No_z(j,:),1); 
        atom_z(j,:)=A_new(A_new(:,1)==id_z(j,:),3:5); % the coordinates 
of the selected atom (starting point) 
        
distance_atom_z(j,:)=sqrt(sum((bsxfun(@minus,atom_z(j,:),atom_y(i,:))).
^2,2)); 
    else 
        No_z(j,:)= dsearchn(A_new(:,3:5),[atom_z(j-1,1)-(lattice/2).*(-
1).^j atom_z(j-1,2) atom_z(j-1,3)-lattice*(ratio/2)]); % find a atom 
that closest to the above one along x direction (lattice a is exact 
shortest distance in this direction) 
        id_z(j,:)=A_new(No_z(j,:),1); 
        atom_z(j,:)=A_new(A_new(:,1)==id_z(j,:),3:5); % the coordinates 
of the selected atom (starting point) 
        
distance_atom_z(j,:)=sqrt(sum((bsxfun(@minus,atom_z(j,:),atom_z(j-
1,:))).^2,2)); 
    end 
end 
% along y+ direction find y_ atoms in the circuit 
y_=i; 
No__y=zeros(y_,1); 
id__y=zeros(y_,1); 
atom__y=zeros(y_,3); 
distance_atom__y=zeros(y_,1); 
for ii=1:1:y_    % 40 becuase consider tilt case 
    if ii<2 
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        No__y(ii,:)= dsearchn(A_new(:,3:5),[atom_z(j,1)+(lattice/2).*(-
1).^(ii+1) atom_z(j,2)+ii.*(sqrt(3)/2).*lattice atom_z(j,3)]); % find a 
atom that closest to the above one along x direction (lattice a is 
exact shortest distance in this direction) 
        id__y(ii,:)=A_new(No__y(ii,:),1); 
        atom__y(ii,:)=A_new(A_new(:,1)==id__y(ii,:),3:5); % the 
coordinates of the selected atom (starting point) 
        
distance_atom__y(ii,:)=sqrt(sum((bsxfun(@minus,atom__y(ii,:),atom_z(j,:
))).^2,2)); 
    else 
        No__y(ii,:)= dsearchn(A_new(:,3:5),[atom__y(ii-
1,1)+(lattice/2).*(-1).^(ii+1) atom__y(ii-1,2)+(sqrt(3)/2).*lattice 
atom__y(ii-1,3)]); % find a atom that closest to the above one along x 
direction (lattice a is exact shortest distance in this direction) 
        id__y(ii,:)=A_new(No__y(ii,:),1); 
        atom__y(ii,:)=A_new(A_new(:,1)==id__y(ii,:),3:5); % the 
coordinates of the selected atom (starting point) 
        
distance_atom__y(ii,:)=sqrt(sum((bsxfun(@minus,atom__y(ii,:),atom__y(ii
-1,:))).^2,2)); 
    end 
end 
% along z+ direction find z_ atoms in the circuit 
z_=j; 
No__z=zeros(z_,1); 
id__z=zeros(z_,1); 
atom__z=zeros(z_,3); 
distance_atom__z=zeros(z_,1); 
for jj=1:1:z_    % 40 becuase consider tilt case 
    if jj<2 
        No__z(jj,:)= 
dsearchn(A_new(:,3:5),[atom__y(ii,1)+(lattice/2).*(-1).^(jj+1) 
atom__y(ii,2) atom__y(ii,3)+jj.*(lattice*ratio/2)]); % find a atom that 
closest to the above one along x direction (lattice a is exact shortest 
distance in this direction) 
        id__z(jj,:)=A_new(No__z(jj,:),1); 
        atom__z(jj,:)=A_new(A_new(:,1)==id__z(jj,:),3:5); % the 
coordinates of the selected atom (starting point) 
        
distance_atom__z(jj,:)=sqrt(sum((bsxfun(@minus,atom__z(jj,:),atom__y(ii
,:))).^2,2)); 
    else 
        No__z(jj,:)= dsearchn(A_new(:,3:5),[atom__z(jj-
1,1)+(lattice/2).*(-1).^(jj+1) atom__z(jj-1,2) atom__z(jj-
1,3)+(lattice*ratio/2)]); % find a atom that closest to the above one 
along x direction (lattice a is exact shortest distance in this 
direction) 
        id__z(jj,:)=A_new(No__z(jj,:),1); 
        atom__z(jj,:)=A_new(A_new(:,1)==id__z(jj,:),3:5); % the 
coordinates of the selected atom (starting point) 
        
distance_atom__z(jj,:)=sqrt(sum((bsxfun(@minus,atom__z(jj,:),atom__z(jj
-1,:))).^2,2)); 
    end 
end 
% plot burger circuit and dislocation loop 
A_new_ackland=A; 
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A_new_ackland(isnan(A_new_ackland(:,1)),:)=[]; % remove NaN 
A_new_ackland((A_new_ackland(:,7)==3),:)=[]; % remove NaN 
burgers_vector=atom-atom__z(jj,:); 
% Convert 3-index CUBIC system to 4-index HCP system (normal direction 
to plane) 
ratio=1.598;  % HCP c/a ratio 
A_four2three=[lattice -1/2*lattice 0;0 sqrt(3)/2*lattice 0;0 0 
ratio*lattice]; 
v3_hcp=A_four2three\burgers_vector'; 
u=1/3*(2*v3_hcp(1)-v3_hcp(2)); 
v=1/3*(2*v3_hcp(2)-v3_hcp(1)); 
t=-(u+v); 
w=v3_hcp(3); 
% 
u=1/v*u; 
t=1/v*t; 
w=1/v*w; 
v=1; 
% u=1/t*u; 
% v=1/t*v; 
% w=1/t*w; 
% t=1; 
% v=3/w*v; 
% t=3/w*t; 
% u=3/w*u; 
% w=3; 
% v=1/w*v; 
% t=1/w*t; 
% u=1/w*u; 
% w=1; 
burg_4=[u v t w]; 
burgers_circuit=[atom_y;atom_z;atom__y;atom__z]; 
figure1=figure( 'color','white'); 
plot3k({burgers_circuit},'Marker',{'o',4},'ColorRange',[-100 100]); 
hold on; 
plot3k({atom},'Marker',{'*',8}); 
plot3k({atom__z(jj,:)},'Marker',{'^',8}); 
ylabel('Y');  % Add a label to the left y axis 
xlabel('X'); 
zlabel('Z'); 
% Create textarrow 
clear text; 
text(-50,150,['Burgers  vector  is <',num2str(burg_4) 
'>'],'FontSize',14); 
text(-50,100,['Burgers  vector  is <',num2str(burgers_vector) 
'>'],'FontSize',14); 
color=zeros(size(A_new_ackland,1),1); 
plot3k({A_new_ackland(:,3:5)},'Marker',{'o',6},'ColorData',color); 
colorbar('off'); 
ylabel('Y');  % Add a label to the left y axis 
xlabel('X'); 
zlabel('Z'); 
Mag_BV=norm(burgers_vector); 
text(-50,200,['Magnitude of the Burgers  vector  is ',num2str(Mag_BV) ' 
A'],'FontSize',14); 
axis equal 
%% go x+ first and then z- 
% along x+ direction find x atoms in the circuit 
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x=20; 
No_x=zeros(x,1); 
id_x=zeros(x,1); 
atom_x=zeros(x,3); 
distance_atom_x=zeros(x,1); 
for i=1:1:x 
    if i<2 
        No_x(i,:)= dsearchn(A_new(:,3:5),[atom(1,1)+i.*lattice 
atom(1,2) atom(1,3)]); % find a atom that closest to the above one 
along x direction (lattice a is exact shortest distance in this 
direction) 
        id_x(i,:)=A_new(No_x(i,:),1); 
        atom_x(i,:)=A_new(A_new(:,1)==id_x(i,:),3:5); % the coordinates 
of the selected atom (starting point) 
        
distance_atom_x(i,:)=sqrt(sum((bsxfun(@minus,atom_x(i,:),atom(1,:))).^2
,2)); 
    else 
        No_x(i,:)= dsearchn(A_new(:,3:5),[atom_x(i-1,1)+lattice 
atom_x(i-1,2) atom_x(i-1,3)]); % find a atom that closest to the above 
one along x direction (lattice a is exact shortest distance in this 
direction) 
        id_x(i,:)=A_new(No_x(i,:),1); 
        atom_x(i,:)=A_new(A_new(:,1)==id_x(i,:),3:5); % the coordinates 
of the selected atom (starting point) 
        
distance_atom_x(i,:)=sqrt(sum((bsxfun(@minus,atom_x(i,:),atom_x(i-
1,:))).^2,2)); 
    end 
end 
% along z- direction find z atoms in the circuit 
z=32; 
No_z=zeros(z,1); 
id_z=zeros(z,1); 
atom_z=zeros(z,3); 
distance_atom_z=zeros(z,1); 
for j=1:1:z    % 40 becuase consider tilt case 
    if j<2 
        No_z(j,:)= dsearchn(A_new(:,3:5),[atom_x(i,1)-(lattice/2).*(-
1).^j atom_x(i,2) atom_x(i,3)-j.*lattice*(ratio/2)]); % find a atom 
that closest to the above one along x direction (lattice a is exact 
shortest distance in this direction) 
        id_z(j,:)=A_new(No_z(j,:),1); 
        atom_z(j,:)=A_new(A_new(:,1)==id_z(j,:),3:5); % the coordinates 
of the selected atom (starting point) 
        
distance_atom_z(j,:)=sqrt(sum((bsxfun(@minus,atom_z(j,:),atom_x(i,:))).
^2,2)); 
    else 
        No_z(j,:)= dsearchn(A_new(:,3:5),[atom_z(j-1,1)-(lattice/2).*(-
1).^j atom_z(j-1,2) atom_z(j-1,3)-lattice*(ratio/2)]); % find a atom 
that closest to the above one along x direction (lattice a is exact 
shortest distance in this direction) 
        id_z(j,:)=A_new(No_z(j,:),1); 
        atom_z(j,:)=A_new(A_new(:,1)==id_z(j,:),3:5); % the coordinates 
of the selected atom (starting point) 
        
distance_atom_z(j,:)=sqrt(sum((bsxfun(@minus,atom_z(j,:),atom_z(j-
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1,:))).^2,2)); 
    end 
end 
% along x- direction find x_ atoms in the circuit 
x_=i; 
No__x=zeros(x_,1); 
id__x=zeros(x_,1); 
atom__x=zeros(x_,3); 
distance_atom__x=zeros(x_,1); 
for ii=1:1:x_ 
    if ii<2 
        No__x(ii,:)= dsearchn(A_new(:,3:5),[atom_z(j,1)-ii.*lattice 
atom_z(j,2) atom_z(j,3)]); % find a atom that closest to the above one 
along x direction (lattice a is exact shortest distance in this 
direction) 
        id__x(ii,:)=A_new(No__x(ii,:),1); 
        atom__x(ii,:)=A_new(A_new(:,1)==id__x(ii,:),3:5); % the 
coordinates of the selected atom (starting point) 
        
distance_atom__x(ii,:)=sqrt(sum((bsxfun(@minus,atom__x(ii,:),atom_z(j,:
))).^2,2)); 
    else 
        No__x(ii,:)= dsearchn(A_new(:,3:5),[atom__x(ii-1,1)-lattice 
atom__x(ii-1,2) atom__x(ii-1,3)]); % find a atom that closest to the 
above one along x direction (lattice a is exact shortest distance in 
this direction) 
        id__x(ii,:)=A_new(No__x(ii,:),1); 
        atom__x(ii,:)=A_new(A_new(:,1)==id__x(ii,:),3:5); % the 
coordinates of the selected atom (starting point) 
        
distance_atom__x(ii,:)=sqrt(sum((bsxfun(@minus,atom__x(ii,:),atom__x(ii
-1,:))).^2,2)); 
    end 
end 
% along z+ direction find z_ atoms in the circuit 
z_=j; 
No__z=zeros(z_,1); 
id__z=zeros(z_,1); 
atom__z=zeros(z_,3); 
distance_atom__z=zeros(z_,1); 
for jj=1:1:z_    % 40 becuase consider tilt case 
    if jj<2 
        No__z(jj,:)= 
dsearchn(A_new(:,3:5),[atom__x(ii,1)+(lattice/2).*(-1).^(jj+1) 
atom__x(ii,2) atom__x(ii,3)+jj.*(lattice*ratio/2)]); % find a atom that 
closest to the above one along x direction (lattice a is exact shortest 
distance in this direction) 
        id__z(jj,:)=A_new(No__z(jj,:),1); 
        atom__z(jj,:)=A_new(A_new(:,1)==id__z(jj,:),3:5); % the 
coordinates of the selected atom (starting point) 
        
distance_atom__z(jj,:)=sqrt(sum((bsxfun(@minus,atom__z(jj,:),atom__x(ii
,:))).^2,2)); 
    else 
        No__z(jj,:)= dsearchn(A_new(:,3:5),[atom__z(jj-
1,1)+(lattice/2).*(-1).^(jj+1) atom__z(jj-1,2) atom__z(jj-
1,3)+(lattice*ratio/2)]); % find a atom that closest to the above one 
along x direction (lattice a is exact shortest distance in this 
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direction) 
        id__z(jj,:)=A_new(No__z(jj,:),1); 
        atom__z(jj,:)=A_new(A_new(:,1)==id__z(jj,:),3:5); % the 
coordinates of the selected atom (starting point) 
        
distance_atom__z(jj,:)=sqrt(sum((bsxfun(@minus,atom__z(jj,:),atom__z(jj
-1,:))).^2,2)); 
    end 
end 
% plot burger circuit and dislocation loop 
A_new_ackland=A; 
A_new_ackland(isnan(A_new_ackland(:,1)),:)=[]; % remove NaN 
A_new_ackland((A_new_ackland(:,7)==3),:)=[]; % remove NaN 
burgers_vector=atom-atom__z(jj,:); 
% Convert 3-index CUBIC system to 4-index HCP system (normal direction 
to plane) 
ratio=1.598;  % HCP c/a ratio 
A_four2three=[lattice -1/2*lattice 0;0 sqrt(3)/2*lattice 0;0 0 
ratio*lattice]; 
v3_hcp=A_four2three\burgers_vector'; 
u=1/3*(2*v3_hcp(1)-v3_hcp(2)); 
v=1/3*(2*v3_hcp(2)-v3_hcp(1)); 
t=-(u+v); 
w=v3_hcp(3); 
% u=1/v*u; 
% t=1/v*t; 
% w=1/v*w; 
% v=1; 
% u=1/t*u; 
% v=1/t*v; 
% w=1/t*w; 
% t=1; 
v=3/w*v; 
t=3/w*t; 
u=3/w*u; 
w=3; 
% v=1/w*v; 
% t=1/w*t; 
% u=1/w*u; 
% w=1; 
burg_4=[u v t w]; 
burgers_circuit=[atom_x;atom_z;atom__x;atom__z]; 
figure1=figure( 'color','white'); 
plot3k({burgers_circuit},'Marker',{'o',4},'ColorRange',[-100 100]); 
hold on; 
plot3k({atom},'Marker',{'*',8}); 
plot3k({atom__z(jj,:)},'Marker',{'^',8}); 
ylabel('Y');  % Add a label to the left y axis 
xlabel('X'); 
zlabel('Z'); 
plot3k({A_new_ackland(:,3:5)},'Marker',{'o',6},'ColorData',A_new_acklan
d(:,7)); 
colorbar('off'); 
ylabel('Y');  % Add a label to the left y axis 
xlabel('X'); 
zlabel('Z'); 
Mag_BV=norm(burgers_vector); 
text(-50,150,['Burgers  vector  is <',num2str(burg_4) 
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'>'],'FontSize',14); 
text(-50,100,['Burgers  vector  is <',num2str(burgers_vector) 
'>'],'FontSize',14); 
text(-50,50,['Magnitude of the Burgers  vector  is <',num2str(Mag_BV) 
'>'],'FontSize',14); 
axis equal 
 

 

• Convert dump file to data file 

To restart a simulation using LAMMPS, we can use restart file or data file. However, in 

some cases, we need to artificially create or delete some atoms to form some specific 

defects in the system. Thus, the corresponding file is generally dump file. This code can 

be used to convert a dump file to a data file that can be read by LAMMPS. 

% read dump file and convert it to data file that can be read by LAMMPS 
% dump file format requirement: atom ID, atom type, x, y, z. 
clear 
dump=txt2mat; 
dump(isnan(dump(:,1)),:)=[]; % remove NaN 
[Natoms,c]=size(dump); 
[file,path] = uiputfile('datafile.data'); 
fid = fopen([path file], 'w'); 
tic; 
line1='LAMMPS data file'; 
line2=' '; 
line3=[num2str(Natoms) ' atoms']; 
line4='1 atom types'; 
line5=' '; 
line6=[num2str(min(dump(:,3))) ' ' num2str(max(dump(:,3))) ' xlo xhi']; 
line7=[num2str(min(dump(:,4))) ' ' num2str(max(dump(:,4))) ' ylo yhi']; 
line8=[num2str(min(dump(:,5))) ' ' num2str(max(dump(:,5))) ' zlo zhi']; 
line9=' '; 
line10='Masses'; 
line11=' '; 
line12='1 91.224000';   %  Zr: 91.224000 
line13=' '; 
line14='Atoms # atomic'; 
line15=' '; 
fprintf(fid,'%s\n', line1); 
fprintf(fid,'%s\n', line2); 
fprintf(fid,'%s\n', line3); 
fprintf(fid,'%s\n', line4); 
fprintf(fid,'%s\n', line5); 
fprintf(fid,'%s\n', line6); 
fprintf(fid,'%s\n', line7); 
fprintf(fid,'%s\n', line8); 
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fprintf(fid,'%s\n', line9); 
fprintf(fid,'%s\n', line10); 
fprintf(fid,'%s\n', line11); 
fprintf(fid,'%s\n', line12); 
fprintf(fid,'%s\n', line13); 
fprintf(fid,'%s\n', line14); 
fprintf(fid,'%s \n', line15); 
fprintf(fid,[repmat('%d %d %.3f %.3f %.3f  \t', 1, 1) '\n'], dump'); 
fclose(fid); 
toc 
 


