Computer Modelling of
Point Defects
in
Hexagonal-Close-Packed Metals

This thesis is submitted in accordance with the
requirements of the University of Liverpool for the

degree of Doctor in Philosophy by

Elizabeth May Mercer Calder

21/12/92

Department of Materials Science and Engineering
University of Liverpool
P.O. Box 147

Liverpool L69 3BX




Abstract

Computer Modelling of Point Defects
in Hexagonal-Close-Packed Metals

Elizabeth May Mercer Calder
Department of Materials Science and Engineering

University of Liverpool

Three new n-body potentials were used to investigate the stability and structure of single vacancies,
single interstitials and interstitial clusters, containing up to nine atoms, in hexagonal-close-packed
metals. Potentials for Mg and Zr were developed by Igarashi et al. (1991) and a Ti potential was
developed by Ackland (1992). The defects were modelled using a molecular statics model, in an atom
block containing up to 4000 atoms, on the IBM 3081 at Liverpool. The pressure-volume response of
all the potentials was examined. The potentials of Igarashi et al. were hard, whilst the Ackland Ti
potential showed a pressure-volume response close to that of the real metal and was the most realistic
potential used. Attempts to soften the Igarashi et al. potentials were made, but this was unsuccessful
and they were finally used in their original form. The n-body potentials favour different stable single
interstitial sites than were found previously using pair potentials. The basal crowdion (BC) interstitial
was stable in the Ackland Ti potential and metastable in all the other potentials, this site was found to
be energetically degenerate with the basal split (BS) interstitial. Stable interstitial clusters were created
by putting random arrangements of interstitials into the model crystal and allowing it to relax. Until a
cluster size of six was reached no attempt was made to produce a particular structure. Stable defect
clusters did not necessarily consist of collections of the most stable single interstitial, At small cluster
sizes defect configurations in the hard potentials lay between the basal planes with the atoms in
octahedral positions whereas in the less hard potentials the interstitials lay in the basal plane. In the
latter arrangement the interstitials in the basal plane took up positions identified as having perfect
dislocation loop character with Burgers vector b = 1/3<1120>. As the clusters increased in size all of
the potentials started to show the same cluster as the most stable namely the dislocation loop on
{1120} with b = 1/3<1120>, with the interstitials in this structure all in BC or BS positions. The

differing c/a ratios of the potentials used had no noticeable effect on the defects produced.
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Introduction

Chapter 1 - Introduction

1.0 Introduction

The environment inside a nuclear reactor is very severe. Materials are exposed to high temperatures and
intense bombardment with high energy neutrons, a combination which leads to permanent and
detrimental changes in the crystal structure of the components which make up the reactor. The effects of
particle bombardment are also important in areas such as the semiconductor industry where substrate
materials can be exposed to large doses of high energy ions during device fabrication, and in the surface

treatment of metals using ion systems.

Over the last forty or fifty years a great deal of research has been performed on the materials that go
into nuclear reactors, the major group of which is metals. Both cubic and hexagonal close packed
(h.c.p.) metals are used in reactor construction. Steels are used for pressure vessels and the core support
structure, and both steels and hexagonal metals are used in fuel cladding. The latter requires material
with low neutron capture cross section, for example a mixture of magnesium and oxide is used in

Magnox reactors and Zircaloy, which as the name suggests is a zirconium alloy is used in the PWR,

1.1 Radiation Damage

When an energetic particle such as an ion, an electron or a neutron enters a metal then there is a chance
it will eventually interact with a lattice atom. The distance the incident particle penetrates before the
encounter is a function of its energy, mass and the collision cross section, for example energetic
neutrons will penetrate a lattice up to a depth of several centimetres whereas metallic ions will suffer a
collision within about 10 nm of the surface. The collision will cause a sharing of the kinetic energy
between the incident and target particles. If the energy transferred to the atom is much greater than E g4,
the threshold displacement energy, the atom will leave its perfect lattice site, creating a vacancy, and can
move through the crystal to collide with another atom also knocking it out of position. These displaced

energetic atoms collide with other lattice atoms, until eventually the energy transferred to the next atom
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is less than the threshold displacement energy. This sequence of events is called a collision cascade. The
type of radiation affects the distribution of cascades that can form, neutrons will produce a number of
collision cascades over large depths in a metal whereas ions will normally produce only one near the
surface. The cascades are thought to consist of a central region rich in vacancies surrounded by a mantle
of interstitials, a structure postulated by Seeger (1958,1962) which has since been confirmed by field
ion microscopy and computer simulations. The cascade process caused by an energetic ion is shown
schematically in fig. 1. Electron bombardment on the other hand does not produce cascades but creates

very many interstitial/vacancy pairs known as Frenkel defects.

There are various processes which can occur after the initial displacements. The cascade may remain in
its uncollapsed state or the vacancy rich region may collapse to form a small vacancy loop. Also, as
interstitial point defects are mobile at reactor temperatures some Frenkel pairs can recombine leaving
behind a nominally perfect lattice structure. Alternatively, the highly mobile interstitials can migrate to
sinks such as the surface of the metal, precipitates or dislocations in order to relieve the strain around
them. The interstitials may also aggregate together and form interstitial dislocation loops. This
clustering of point defects disrupts the crystalline structure of the metal and causes a phenomenon called
irradiation growth. The migration of point defects to clusters and other sinks also leads to effects such

as irradiation creep and void swelling.

The initial defect state is formed in a matter of picoseconds, so it is not possible to examine
experimentally how a structure such as an interstitial dislocation loop first evolves from a cluster.
Understanding such processes from first principles can help in the development of improved materials
for use in high radiation environments. To determine how a defect structure is formed it is necessary to
use a theoretical modelling method and the method used in the present work consists of a model h.c.p.
lattice, with a potential describing the interactions between the atoms. Defects are introduced into the
model crystal and the atoms are allowed to move to their lowest energy positions under the influence of
the potential. Due to the reduced symmetry of the hexagonal system compared to the cubic system it
has always been difficult to generate the model potentials required, however the fairly recent

development of the n—body potential (Finnis and Sinclair, 1984) has resulted in more accurate h.c.p.
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potentials becoming available. The aim of the present study is to take a selection of these new
potentials and use them to investigate possible single self-interstitial configurations, and the structures
of small clusters of these interstitials in the three model metals titanium, magnesium and zirconium.
These results will be compared with those produced using older pair potentials. All sites in a crystal
lattice are equivalent for a single vacancy point defect, but there are several possible single interstitial
atom sites. Many theoretical investigations have been done concerning cubic metals, resulting in a
consensus of opinion over which single interstitial sites are most stable, however less work has been
performed on h.c.p. metals with the result that there is still dispute about which self-interstitial sites

are most stable in these cases.

1.2 Structure Of The Thesis

The rest of this thesis is structured as follows. Chapter 2 provides a general theoretical background. It
describes the three foundation stones upon which the study is based, these are the potentials, the defects
and the computer model. The essential requirements of a potential are defined first with the two forms
used in this study explained in more detail, namely the long-standing pair potential and the newer
n-body potential. The crystallography of the hexagonal system and its associated defects are examined
next, with emphasis being placed on vacancy and interstitial point defects and dislocation loops, all of
which can be induced by high energy particle bombardment. The final section in this chapter describes
the basics of the molecular statics computer model used in this investigation and mentions briefly the
more computer intensive molecular dynamics method. Scientific literature from the last thirty years
was searched for theoretical and experimental investigations of the possible sites of single interstitial
atoms in h.c.p. metals, and the findings are reviewed in chapter 3. The first section deals with studies
performed using pair potentials and the second covers work using n-body potentials. Both sections are
subdivided by whether a molecular statics or dynamics model was used and where possible, by the
metal actually modelled. Most of the work to date has used pair potentials with a molecular statics
method. Experimental evidence of single interstitial sites is examined and the results of the two areas of

investigation are compared.
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Chapter 4 deals with the specific models used in this study. The potentials are described first. These are
the na56 pair potential (Bacon and Liang,1986), and the n-body potentials of Igarashi et al. (1991) and
Ackland (1992). The pressure-volume response of model crystals based on these potentials is examined
here and the efforts employed to improve their behaviour are discussed. The next area covered is that of
the XLITE computer routines themselves. The programs are not analysed individually, but the methods
of crystallite construction, defect introduction, energy calculations, and relaxation procedure are
described, as are the adaptations made to the routines when the use of n-body potentials was adopted.
With the groundwork covered, chapters 5 and 6 go on to present the results obtained from this
investigation. Results are presented both numerically, in the form of tables, and pictorially, in the form
of projections of atomic planes. Chapter 5 deals with vacancies, for vacancy energies are required as part
of the characterisation of the selected potentials, single interstitials and di-interstitials. The single
interstitial configurations and energies found were compared with those found in the previous studies
reviewed in chapter 3. Di-interstitial configurations are of great importance as they are the nucleation
sites from which an interstitial loop can grow. Chapter 6 goes on to deal with interstitial clusters
comprising of up to 9 atoms. These are related to the stable configurations of the single interstitials
and di-interstitials found in chapter 5. Chapter 7 draws together the discussions from earlier chapters
and examines the way in which the binding energy per interstitial changes as cluster size increases.

Chapter 8 summarises the main conclusions and comments on possibilities for further work.
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Fig. 1. Schematic diagram of an energetic ion causing a collision
cascade in a metal.
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Chapter 2 Potentials, Crystal Defects and Computer Modelling

2.0 Introduction

Although nowadays it is theoretically possible to calculate the interactions of atoms from first
principles, in reality it is a near impossible task and, accordingly, more simple models have been
developed. The model used in this study is based around the assumption that the interaction between
two bodies is a function of the distance separating them, the atoms are represented by points in space
and the equation describing the interaction between them is referred to as the interatomic potential. The
energy of the model crystal can then be obtained by summing the interactions of all the atoms in that
crystal. Early potentials, referred to as semi-empirical potentials were simple inverse power laws where
the appropriate coefficients were determined by matching various physical results. The advent of
computing led to the more widespread use of empirical potentials where a functional form is assumed
to a short range potential, which is then represented by a series of spline-polynomials, the parameters

of which are fitted using experimental data.

H.c.p. metals are widely used in the nuclear industry because of their mechanical properties, their
resistance to corrosion and their low neutron capture cross section. There have been many studies
involving the simulation of lattice defects in cubic metals, however similar studies in h.c.p. metals are
thinner on the ground. This is mainly due to the fact that the structure possesses lower symmetry than
the cubic structure and the varying c/a lattice parameter ratios of different metals must be simulated.
These factors make models difficult to develop and many of the potentials developed to date, although
they may be referred to as modelling a specific metal, are often better seen as modelling a general h.c.p.

metal,

One of the most common types of defect observed in an irradiated metal is the dislocation loop. This is
formed in a matter of picoseconds so that only the final structure is ever seen experimentally. There are
many experimental methods available to study the behaviour of defects in a metal, but these all involve

the production of many of these defects. It is not possible to study the behaviour, nucleation and

17



Chapter 2

growth of an individual defect this way. Computer modelling is an ideal method available to study the
initial stages of nucleation and growth of defects in materials and there are two models commonly in
use. Molecular statics modelling is an inexpensive method of studying the ground state configuration
of various defects and the lattice surrounding them and is suitable for studying individual point defects,
grain boundaries, dislocations etc. Molecular dynamics is a more expensive technique requiring high
powered computing facilities but is able to follow the motion of atoms through a crystal, along with
the associated collisions, enabling ‘snapshots’ to be taken at selected time intervals of the growth of
the defect. However any computer model is only as good as the potential that is used to simulate the

interactions between atoms.

2.1. Potentials

Potentials are designed to fulfil as many of the physical properties of the material being modelled as
possible. In studies such as this where the model is being used to investigate the properties of point
defects suitable parameters are elastic constants, stacking fault energy, phonon dispersion curves and the
cohesive energy all of which describe the properties of the bulk crystal, and the vacancy formation
energy which is a property related to the individual atoms in the crystal. The pressure-volume
characteristics of the model potential are often also investigated. The potential must also describe a
crystal which is stable with respect to deformation. It must be stable with respect to small elastic
strains which ensures the correct ¢/a ratio for the model and also be stable with respect to large
homogeneous strains. Furthermore it must exhibit a positive stacking fault energy. If this last criterion
is not fulfilled for an h.c.p. structure then the f.c.c. structure is more stable. When a potential is being
developed a balance has to be struck between the complexity of the equation of the potential where the
addition of extra terms will ‘fine tune’ the potential and the time that the computer is going to need to
perform the calculation. The range of the potential is another factor seriously affecting the running time
of a program, as to obtain the final energy of the crystal the sum of the interactions of all the lattice
atoms with all atoms within the range of the potential is taken. If the range of the potential is very
long then a very large number of calculations will need to be performed, if the range is too short then

the potential will not accurately describe the material. This conflict of interests between running time
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and accuracy is at present one of the weaker points of computer simulation. Although the potentials
used in this study model only pure metals, potentials have also been developed to study ionic crystals,

covalent solids, alloys and intermetallic compounds.

2.1.1. The Pair Potential

The basic principle underlying all pair potentials is that the force between any two atoms is solely a
function of the distance between them. There is a great variety of potential functional forms that come
under the umbrella of pair potentials both for semi-empirical and empirical types (Johnson, 1973). The

form of the general pair potential equation for the total energy, Up, of a block of atoms is

Up=Ll3VR®R;
23 @1

where R; = is the distance between atoms i and j. The sum of the interactions is halved to ensure that
interactions between any two atoms are not counted twice. If V in equation (1) is plotted against
distance R; jacurve of the form shown schematically in fig 2.1.1 is produced. At very large values of
R there is no interaction between the atoms at all. As the atoms move closer together they start to
attract each other. The force between two atoms is given by F = -dV/dR. The force of attraction reaches
a maximum as is indicated by the potential well which occurs at around the nearest neighbour spacing.

If the atoms attempt to move even closer together they start to experience a repulsive force which

prevents the atoms touching each other.

As mentioned in the Introduction a critical factor in the suitability of a potential is its range of
interaction. In order to model h.c.p. crystal structure the potential must extend beyond the second set of
neighbours, as up to this distance the structure of f.c.c. and h.c.p. crystals is identical. Potentials must
be adjusted so that both they and their first derivatives come to zero at a sensible distance. For example
Bacon and Liang (1986) truncated their Lennard-Jones potential between the eighth and ninth neighbour
atom shells of the crystal, so that any atom interacted with 56 near neighbours in the perfect crystal.

Conversely Johnson and Beeler (1981) developed a short-range potential with elastic constants similar
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to those of titanium. This was truncated between the second and third neighbour shells, and while
adequate for investigating stable positions of point defects in the h.c.p. structure, gave an I, stacking
fault energy of zero making it unsuitable to investigate dislocations on the basal plane. (Bacon and

Liang, 1986).

Taylor (1981) wrote a critique of the practice of fitting pair potentials to experimental data. He noted
that a series of empirical potentials developed for Cu were very different in shape when plotted on the
same axes. Pseudopotentials developed from first principles have been developed for simple metals such
as Al and Na where the ion-core electrons do not overlap with those of neighbouring atoms to any
significant degree. These potentials have either a very shallow or a positive minimum at the nearest
neighbour distance, contradicting the assumption that there must be a deep negative well at this
spacing, and they are much longer range than most pair potentials. Whilst deploring the lack of
accommodation of electron behaviour in empirical pair potentials, Taylor does however concede that the
fundamental theory of a metal such as Al is well understood and that the interactions of the electrons of

other metals, such as the transition metals, cannot be so easily expressed.

Most pair potentials used for h.c.p. metals have tended to describe a crystal with a near-ideal c/a ratio
(1.633). They have been useful in indicating which interstitial configurations may be likely to occur
but because they take no account of the density of electrons around atoms in the crystal, i.e. the
volume effects, they can give erroneous results, a major one being that pair potentials are unable to
match both the cohesive energy and the vacancy formation energy as they give a vacancy formation
energy approximately equal to the cohesive energy, whereas it has been experimentally determined as
being about 1/3 of the cohesive energy. Pair potentials are also unable to model the elastic constants
satisfactorily. If the internal stresses in the model crystal are zero then the potential is known as an
“equilibrium™ potential and the corresponding elastic constants satisfy the Cauchy relation Cy 3 = Cyy4,
unfortunately no real h.c.p. metals satisfy this relationship, so non-equilibrium potentials are
sometimes used where the lattice parameters are reduced until the internal pressure equals the Cauchy

pressure P 1)‘2(C1 3-C4 4).
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2.1.2. N-Body Potentials

As indicated previously there had long been a need for more sophisticated types of potentials. Pair
potentials, which calculated energy solely as a function of atom separation, whilst being suitable for
ionic crystals were inadequate for simulating metals and attempts were made to solve this problem by
two sets of authors, Finnis and Sinclair (1984) and Daw and Baskes (1984). These new empirical
potentials took into account this factor of the electron density within the crystal. The Finnis and
Sinclair method, developed for the b.c.c. metals V, Nb, Ta, Cr, Mo, W, and Fe, involved the
incorporation of a simple model of the essential band character of metallic cohesion. The simplest
description of band character is the second moment approximation to the tight-binding model in which
the cohesive energy per atom varies as Yz where z is the atomic coordination. The Finnis-Sinclair
model is referred to as the F-S model. The Daw and Baskes model, developed for the f.c.c. metals Ni
and Pd, used a different theoretical foundation and viewed every atom in the solid as being embedded in
a host consisting of all other atoms. This enabled the cohesive energy to be determined form the
embedding energy which is electron density dependent. The Daw and Baskes model is referred to as the
embedded atom method or E. A. M. It is interesting to note that although the theoretical bases of these
theories are different, the final functional form is virtually identical and they are both known as many-
body or n-body potentials. Both sets of authors expressed the total internal energy of a system as the
sum of two terms. a) A repulsive term which was viewed as the atom core-core interaction, this had the
same functional form as the pair potential outlined in the previous section. b) A n-body or cohesive
term which was attractive over all separations. It is assumed in pure metals that all the cohesive energy
is provided by this second term. The term representing the electronic density in the n-body part is
another pair potential. Both these models gave a more realistic value of the vacancy formation energy
than the simple pair potential models. The fact that the n-body models comprise of calculations based
on two pair potentials means that energy calculations are not computer intensive and the methods are
therefore quick and easy to use. As the n-body potentials used in this study were developed along the
lines of the F-S model this system will be outlined here, although the area of difference between the

F-S and E. A. M. models will be highlighted.
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The general form of the crystal energy using a n-body potential is
Utor=Up + Uy 22)
where Up represents the repulsive core-core interaction and Uy; is the cohesive n-body part. Expanding

this gives

Utot =12 Zj; V(R;) - A Z; £ (2.3)
where Pi=Z; ¢ R;)) 2.4)

A is a positive constant and p; is the density term which is summed over all the atoms in the crystal. It
can be seen that the repulsive part has the same functional form as the pair potential described in the
previous section. It is in the n-body part that the difference between the F-S and the E. A. M. models is
seen. The function, f, in the F-S model is a square root whereas in the E. A. M. model it is another
more complicated function different for each model metal. It is a linear function for elements such as
He, but for metals takes the form of a empirical cubic spline function. ¢ is another pair potential and
Finnis and Sinclair interpreted ¢(R) as a sum of squares of overlap integrals but indicated that other
possible interpretations of the term were possible. These were 1) that p; was the local electronic charge
density at a site i constructed by a rigid superposition of atomic charge densities ¢. This is another way
of representing the E. A. M. model. The atom at site i is assumed to be, to a first approximation, the
same as if it were in a uniform electron gas of that density whence it is possible to calculate and
tabulate values for f(p). 2) p; can also be interpreted as a measure of the local density of atomic sites i.
e. Uy represents a volume—dependent energy. An important feature of both the F-S and E. A. M.
potentials is that a strengthening of bonds between atoms occurs as the density of atoms decrease, such
as at a surface. This is responsible for the inward surface relaxation of the outermost atoms in pure
metals, an observation which agrees with experiment and is the reverse of that usually found using pair

potentials. A schematic plot of V and ¢ in a general n-body potential is shown in fig 2.1.2.

Expressions for the calculation of parameters such as the elastic moduli, the bulk modulus and the
forces and force constants can be found in the Finnis and Sinclair (1984) paper. Finnis and Sinclair also

noted that it was possible to express this new n-body potential as an effective pair potential if the
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second and higher derivatives of f are ignored

VerfR)=V(R)-2Af ¢ R) (2.5)
where f' is the first derivative of f with respect to p. Finnis and Sinclair fitted the two parts of their
potential slightly differently. The repulsive part consisted of a quartic polynomial whilst the cohesive
part consisted of a quadratic. The cut off radius of both parts lay between the second and third
neighbours. Their potentials for the b. c. ¢ metals were fitted to the lattice parameter, the cohesive

energy, the elastic constants, the Cauchy pressure and the bulk modulus.

Subsequently Ackland and Thetford (1987) and Rebonato et al. (1987) published methods to adapt the
repulsive core-core interaction parts of the Finnis and Sinclair b.c.c. potentials so as to make their
behaviour more realistic at close atom separation without affecting the elastic properties of the model.
These adaptations are explained further in section 4.2.5. These papers compared the pressure volume

characteristics of the potentials with experimental data,

Ackland, Tichy, Vitek and Finnis (1987) adapted the original F-S potential for the f.c.c. metals Cu, Ag,

Au and Ni. They chose cubic splines to represent the two parts of the n-body potential.

Vi) =Z, Ay Ry -03 HRyy -1) (2.6)
0@ =2, By Ry -1? H Ry -1 @2.7)

R,k and Ry, are knot points chosen such that R ;1 >Rys . . >R, and Ry >Rpya. . >Ry, and H(x) =0
when x<0 and =1 when x>0, n=6 and m=2. Ackland et al. fitted their potentials to the lattice parameter,
the cohesive energy, the elastic constants, the vacancy formation energy and stacking fault energies.
R,6 was set to be equal to the nearest neighbour distance. They fitted their Ag parameter using the
pressure-volume relationship calculated by Christensen and Heine (1985) so that their potential was as
accurate as possible in the region of atomic separations closer than the equilibrium value. The
potentials were generated so that the f.c.c. structure was stable over the h.c.p. structure; however the

potentials were not explicitly tested against any other structure.
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2.2.The Hexagonal Lattice and Point Defects

2.2.1 Hexagonal Crystallography

The arrangement of atoms in the h.c.p. cell is shown in fig. 2.2.1. Indexing of the hexagonal lattice is
normally done by the Miller-Bravais method. Other indexing methods are available, and these have been
reviewed by Partridge (1967). In the Miller-Bravais method four axes are used to define the hexagonal
cell ay, a and a3 which are all within the basal plane and are of the same length, and ¢ which is
perpendicular to the basal plane and whose length relative to a varies from metal to metal. These axes
are shown in fig. 2.2.2. Both directions and planes are represented using the notation (h.k.i,l) where the
relationship between the first three indices is h+k=-i. Fig. 2.2.3. show some common directions whilst
fig. 2.2.4. shows some common planes. Unlike cubic metals where the index of a normal to a plane is
the same as the index of that plane, in the hexagonal structure there is not always a simple relationship
between directions and planes. If the plane has the index {0001} or {hkiO} then the index of the normal
is the same as that of the plane but for any other plane the direction of the normal is given by

hki (3/2@/c)?].

If one represents the atoms in the structure as hard spheres then a close—packed hexagonal arrangement
has a ratio between the ¢ and a axes of V8/3 or 1.633. This value is called the ideal c/a ratio. In reality
no pure metals have this ratio and actual c/a ratios vary between 1.57 and 1.89. Atomic packing of
(0001) planes in hexagonal close—packed metals consists of alternate ABABAB layers of atoms as
shown in fig 2.2.5.a-c. These show perfect stacking in the h.c.p. system looking along three
orthogonal directions, [T12T0], [10T0] and [0001]. The open octahedral channel, a feature of h.c.p.
metals, is indicated in the [0001] view of the stacking sequence. This style of projection will be used to
present the results from this study. As well as the AB layers of atoms it is also possible for the atoms
to stack in a C layer. ABCABC stacking is seen in f.c.c. metals but in h.c.p. metals the inclusion of
atoms stacking in this layer constitutes a stacking fault. Figure 2.2.6a-c shows an h.c.p. crystal with a
stacking fault, looking along the same three orthogonal directions where an extra layer of atoms has

been inserted as a C layer. This type of stacking fault where an extra layer of atoms has been inserted
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into the crystal is an example of an extrinsic stacking fault, denoted E. There are two other types of
stacking fault possible in h.c.p. metals, these are both intrinsic faults and are denoted Iy and Iy The I;
fault is can be explained as the removal of a basal layer followed by a slip of 1/3<10T0> of the crystal
above the fault. e.g.

ABABABAB —+ ABABBABA —+ ABABCBCB
The I fault results from a slip of 1/3<10T0> in a perfect crystal and can be expressed as

ABABABAB —+ ABABCACA
The main contribution to the stacking fault energy y is from the change in the second neighbour
sequences of the planes. There is one change for I}, two for I, and three for E so to a first

approximation the ratio of stacking fault energies is Y ~ 3/2yy, ~ 3yy,-

2.2.2 Point Defect Properties

There are two types of point defects in pure metals, the vacancy and the interstitial. A vacancy can be
thought of as a empty site in a crystal lattice, the atoms surrounding that site will relax in towards the
vacancy, the volume taken up by the vacancy is described by the relaxation (V,) or formation (V)
volume and is expressed relative to the volume per atom in a perfect lattice, Q.

Ve=Q- VY,

Vif =-Q+ Vir
A vacancy generally has a relaxation volume of about -0.1 =+ -0.4 Q. An interstitial is an extra atom
in the crystal lattice. The formation volume is typically 0.5 Q and thus the relaxation volume for an
interstitial is about 1.5 . The creation of an interstitial may produce a vacancy in the lattice the two
defects together are referred to as a Frenkel pair. In any lattice at T>0 there is always a non-zero
equilibrium concentration of point defects. This can be explained using thermodynamics. The change in
free energy associated with the introduction of n defects into a lattice is

AF = nEg -TAS
where Eg is the formation energy of a defect and AS is the change in entropy. The energy increase
caused by the formation of a defect is offset by a corresponding increase in entropy. The equilibrium

concentration of defects in a metal is given by
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C ~ exp (-E¢/ kT)
where k is Boltzmann’s constant. Whereas the formation energy of a vacancy is ~1 eV the formation
energy of an interstitial is higher at ~4 eV, so at all temperatures C,>>C; and the equilibrium
concentration of interstitials at room temperature can be regarded as negligible. Both interstitials and
vacancies can migrate in a crystal, although the migration energy for interstitials is about 10 times
smaller than than that for vacancies so that, for example, at room temperature interstitials in a metal
are very mobile whereas vacancies are virtually immobile. This difference can be demonstrated by
calculating the number of successful jumps, v, made by a defect each second.

v = Aexp (-E,, / kT)
A incorporates the Debye frequency and a geometric factor and approximates to 1014 s-1, E_ is the
migration energy of the point defect, which is of the order of 1 eV for vacancies and 0.1 eV for

interstitials. This makes v ~ 10-3 51 for vacancies and ~ 1012 s-! for interstitials at room temperature.

It is obvious that the only place that a vacancy can reside in a crystal is on a lattice site and in pure
metals all sites are equivalent. The picture is not so simple for interstitials as there are a variety of
possible sites they may occupy. They may fit into empty space in the lattice for example into
octahedral or tetrahedral holes, or they may take up a dumbbell configuration where they share a lattice
site with another atom. Interstitials in cubic metals are known to form dumb-bell configurations, these
are along the <100> directions in f.c.c. metals and along <110>in b.c.c. metals (Balluffi, 1976). There
is also the possibility of an excited metastable interstitial in both cases. In f.c.c. metals this is the
crowdion along a <110> direction whilst in b.c.c. metals it is the crowdion along the <111> direction
(Johnson, 1973) It is not yet known where the stable interstitial sites are in h.c.p. metals.

The configuration, stability and mobility of point defects are all interrelated and well known method of
studying the mobility of point defects is by studying the changes in electrical resistivity of a sample
irradiated with high energy electrons at around 4K as the temperature is slowly increased to 500-600K.
The residual electrical resistivity of a material is proportional to the concentration of all irradiation
induced point defects.

Ap =Z; d ppl

where ¢ is the concentration of all defects of configuration j and pgl is their relative resistivity
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contribution. A study of Ap with temperature gives information about defect reactions, for example if
interstitials and vacancies recombine the concentration of defects drops along with a corresponding drop
in Ap. The annealing curve for Zr is shown in fig 2.2.7. The different peaks represent recombination of
defects by different mechanisms. Five different annealing stages are recognised in metals, and hexagonal
and cubic metals both show the same form of resistivity curves. The resistivity measurements described
here are from work performed by Vialaret et al. (1975) on zirconium, the temperatures quoted are
approximate as the precise temperature of each stage is dependent on the type of radiation used. There
are two schools of thought about how this curve should be interpreted, these are the one and two
interstitial models and the curve will be explained first in terms of the one interstitial model, then the

differences between this and the two-interstitial model will be pointed out,

Stage I - (0-150K in Zr) Here this is split into substages I,, IB, IC, ID. Igand I E, Some materials such
as Zn can show up to nine substages (Myrha, 1977). Stages I, - Ic are correlated with the
recombination of Frenkel pairs, possibly along different crystallographic directions. Stage I 5 is not
observed in figure 2.2.7. Stage Ipy is correlated with a vacancy lying outside the recombination volume
recombining with its own interstitial and stages Ig and Ig are correlated with interstitials combining
with vacant sites previously occupied by a different atom. If interstitials are clustered they will survive
stage I recovery (Schilling, 1975) and if the interstitials are trapped around solute atoms then stages I
- Ip will not necessarily occur.

Stage II - (150-250K in Zr) This is due to the long range migration of interstitials and to interstitials
breaking away from solute traps. Interstitial clusters may grow and form loops, the growth of these
clusters continues through the following stages.

Stage III (250-300K in Zr) This is the onset of the migration of vacancies, which are just starting to
become mobile, these may annihilate with interstitials in loops, go to sinks or form vacancy clusters.
Stage IV (350-400K in Zr) In this stage the vacancy clusters continue to grow in size and may become
visible in the electron microscope.

Stage V (above 400K in Zr) Here the vacancy clusters start to evaporate, the released vacancies combine

with interstitial dislocations leaving a completely recovered crystal.
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The two interstitial model interprets stage Ig as being due to the onset of mobility of an excited
metastable interstitial, which means that stage III is then due to the onset of mobility of the most
stable interstitial and vacancies do not now become mobile until stage IV (Frank & Seeger, 1986). The
argument over which of these models exists in cubic metals is bitter and protracted and no experimental
evidence has yet been produced that conclusively favours one model over the other. The same situation
exists in the h.c.p. metals. Vialaret et al. comment on the existence of the one and two interstitial
models but seem to favour the one interstitial model in the analysis of their results. Frank (1988)

argues strongly in favour of the two interstitial model.

Titanium has a recovery spectrum very similar to that of Zr, but magnesium shows migration of
defects at much lower temperatures than Ti or Zr. Like cubic metals Au, Nb and V, Mg does not have a
very well defined stage 1, possibly indicating that it is not possible to freeze in individual interstitials
and that interstitial clustering is observed at the lowest irradiation temperatures. Stage III recovery in

Mg begins at about 130K and stage IV recovery starts between 200 & 300K (Frank, 1988)

The stable interstitial sites in cubic metals have been determined experimentally, and these positions
have been borne out by simulations of cubic metals using both molecular statics and dynamics. It has
not yet been possible to unambiguously determine the stable positions of interstitial atoms in the

hexagonal structure using experimental methods and therefore only simulated stability data is available.

2.2.3. Interstitial Configurations in the H.C.P. Lattice

A number of possible positions for interstitial sites in h.c.p. metals have been proposed by various
authors over the years, but the seven initial sites used in these studies were those postulated by

Johnson and Beeler (1981) they are listed below and are shown in fig 2.2.8. :-

C - The crowdion out of the basal plane
BC - The crowdion in the basal plane

T - The interstitial in a tetrahedral hole
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BT -The interstitial in the basal plane below the tetrahedral site
O -The interstitial in an octahedral hole

BO - The interstitial in the basal plane below the octahedral site
S - The dumbbell interstitial along the ¢ axis

2.2.4 Dislocation loops in h.c.p. metals

As mentioned in chapter 1 in the description of radiation damage in metals, one type of defect formed
by the bombardment of a metal with energetic particles is the dislocation loop. There are two types of
loop commonly seen in h.c.p. materials, those with their habit planes on the (0001) basal planes and
those with their habit planes on the {1070} prism planes. The loops formed may be either vacancy or

interstitial loops and may either be faulted or perfect.

Interstitial loops are formed under high dose (>1012 ions/cm?2) ion irradiation and in electron and
neutron irradiation. For loops to form two things are necessary, the formation of a critical sized nucleus
and a sufficient flux of the point defects in question. The binding energy of interstitials is high enough
that a di-interstitial is stable and acts as a loop nucleation site. In cubic metals interstitials tend to form
on the closest packed planes in the form of platelets, hexagonal materials are not limited to just these
planes and loops also nucleate on other high index planes. The closest packed planes in h.c.p. metals
are dictated by the c/a ratio of the individual metal. For c/a > V3 the closest packed planes are the
{0001} basal planes whilst for c/a < V3 the closest packed planes are the {1070} prism planes. Studies
of the position and Burgers vectors of interstitial loops in h.c.p. metals have been performed by various

authors on metals which were irradiated by neutrons or electrons.

Owing to the use of Zr alloys in fuel cladding in nuclear reactors there has been much interest in the
structure of defects in this metal. Kelly and Blake (1973) found both vacancy and interstitial loops with
b = 1/3<1120> in neutron irradiated Zr. The loop normals were either 1/3<1120> or were tilted by up

to 35° towards {2071},
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By the mid 70’s there was some disagreement over the existence in Zr of loops with a c-component to
their Burgers vector and a ‘round-robin” experiment was devised between 5 laboratories to try and clarify
the situation (Northwood et al.,1979). The researchers investigated neutron irradiated Zr and zircaloy-2.
Both vacancy and interstitial loops were found and the vacancy type were present in excess. All the
loops found had b = 1/3<1120> and tended to lie on the prism planes there were no c-component loops
present in any of the specimens. These researchers also found elliptical loops aligned in the same

manner as those later found by Jostsons et al. (1980) in Ti.

Griffiths, Loretto and Smallman I (1983) investigated electron irradiated single crystal Zr. They found
both vacancy and interstitial loops with b = 1/3<1120> which appeared to nucleate on the { 1070} and
{10T1} planes, some loops were observed which had b = 1/3<1123> and a very few had b =
1/6<2023>. The loops which had a b with a c-component grew on non-basal planes, there was no
evidence of any loops growing on basal planes. Griffiths, Loretto and Smallman II (1983) discussed the
possible methods of growth and nucleation of c-component loops. They suggested the loops nucleated
on {1071} and by the successive insertion of two planes of atoms the following reaction would occur
1/6[2023] + 1/6[0223] = 1/3[1123]

and suggested that a stress-relief mechanism nucleated the damage. No vacancy loops were seen with a
c-component in the Burgers vector. A further investigation by Griffiths et al. (1984), again using single
crystal Zr noted that there was a tendency for interstitial loops to have their Burgers vector
perpendicular to the foil normal, whilst vacancy loops had b parallel to the foil normal. Loops were
again found with b = 1/3<1120> and n lying between < 1T0T> and <1T00> in a foil where the normal
was approximately [2314] In a foil of normal n approximately [0T16], i. e. close to a prism
orientation a significant number of loops with b = 1/3<1123> were seen. Where the foil normal was
~[0001] vacancy loops with b = 1/2[0001] were seen. These results were explained in terms of stress
relief, i. e. the loops were formed so as to relieve a tensile stress parallel to the foil surface generated as

a result of oxidation.

Jostsons, Blake and Kelly (1980) investigated loops in Ti irradiated with ~1 MeV electrons at 400°C.

Both vacancy and interstitial loops were found, the vacancy loops were more numerous than the
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interstitial loops, but were smaller in size. The authors felt that the total number of defects associated
with each type of loop was approximately equal. All loops found had b = 1/3<1120>, the loop
normals (n) tended to lie near <10T0>. The loops were elliptical with the major axis in the [0001]
direction and the minor axis in the basal plane. The tendency for the loop normals to lie near <10T0>
was ascribed to the nucleation of faulted edge loops on { 10T0} with the perfect b arising from a shear
across the faulted loops by the reaction suggested by Foll and Wilkens (1977)
1/2[1070] + 1/6[12T0] = 1/3[1120]

although at the time there were no observations of dislocations with b = 1/6[12T0] or 1/2[10T0] in the
h.c.p. metals. Their final conclusions were that only 1/3<1120> Burgers vectors existed in their
sample, the loops had non-edge character, the loop normals had a range of scatter with a tendency to
rotate to one of the neighbouring <10T0> directions, the loops were elliptical with the loop major axis
near [0001]. The loop populations were mixed vacancy and interstitial in character.

Hossain and Brown (1977) irradiated Mg with electrons at room temperature. Perfect loops were found
with b = 1/3<1120> extended in the <1T00> directions. They were not able to accurately identify the
habit plane of the loops, the habit plane normal was not parallel to b and they calculated that the
maximum possible angle between b and n was 45°. Wolfenden, Herschbach, Miiller and Stober (1978)
found vacancy loops in neutron irradiated Mg extended in the <1120> direction. A study of interstitial
loops in electron irradiated Mg-0.2% Mn alloy showed them forming on basal and {1011} planes with
b = 1/2[0001] and 1/3<1120> (Eyre et al.,1981). The plane on which loops form seems very dependent

on the impurity levels in the metal.

Griffiths, Loretto and Smallman (1983) found vacancy and interstitial loops with b = 1/3<1120> in
electron irradiated Zr, they felt that the loops probably nucleated on {1070} and { 1071} planes although
the majority of loop habit planes could not be determined. Like other authors they observed a small

number of loops with a ¢ component.

Phythian, Eyre, Bacon and English (1987) investigated the collapse of displacement cascades to form
vacancy loops in heavy ion irradiated Ru which has a c/a ratio of 1.58. They found the majority of

cascades collapsed to form imperfect loops on the { 10T0} prism planes with b = 1/2<10T0> and
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