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This Thesis describes the damage produced in copper single crystals

when they are irradiated with neutrons from a nuclear reactor, and

shows that the morphology of the. damage is dependent on the temper-

ature of irradiation.

The production of point defects in the initial stages of the bombard-

ment and their subsequent diffusion is described in Chapter One«

Chapter Two describes the techniques used to etch and thus cake

visible the damage regions. The defect clusters were examined with

a microscope. Â typical selection of micrographs of the damage is

presented and discussed in Chapter Three.

In the final chapter, Chapter Fours the results of the present work

are discussed in the light of work done by other research workers.

The Thesis ends with a brief suggestion for future work to be carried

out on neutron irradiated copper single crystals.

Some of the material in this Thesis has been accepted for publication

in the Philosophical Magazine. ( F.J. Jackson, K.E. Black,

P.D.K. Nathanscn, and D. Spalding 1977).
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CHAPTER ONE

1
SS

NEUTRON RADIATION DAMAGE IN METALS

SUMMARY

In this chapter we discuss the effects of bombarding a metal with

energetic particles, with special emphasis on the neutron bombard-

ment of copper.

The bombarding part vie strikes a primary 'knock-on' atom which

produces secondary «v¿ . ossibly more knock-on atoms. Displacement

spikes are mentioned. The modification of these displacement spikes

by diffusion of point defects away from them is then discussed. The

interaction of these diffusing point defects with dislocations is

discussed.

Finally the nature of the damage formed by point defect migration

is described and references are given to experimental observation on

crystals irradiated at various temperatures, and to experimental

evidence of the interaction between point defects and grown-in dis-

locations .

I



1.1 INTRODUCTION

When metal crystals are irradiated with energetic particles, atoms may

be knocked out of their normal lattice sites by the bombarding parti-

cles. Impurities may be introduced by nuclear transmutations as the

bombarding ions or particles come to rest in the material. As a result

of bombardment the irradiation of solids is likely to change their

properties, such as electrical resistivity and mechanical strength.

Much of the current interest in the effects of irradiation has been

aroused by the widespread use of nuclear reactors in which structural

materials are subjected to continuous irradiation.

Two questions are raised by the phenomena observed in irradiated solids.

Firstly what kind of defects are produced, and secondly how do the

defects introduced by irradiation alter the properties of the solids.

Examples of irradiation induced changes are as follows:

I:

Critical Shear Stress; Blewitt, Coltman, Jamison and Redman (I960)

found that after neutron irradiation the critical sheer stress, a

of heavy f .c.c. metals is increased by up to 600% depending on the

neutron dose.

ess

Resistivity: Horak and Blewitt (1975) calculate a value of
—92,41 x 10 fi cm for the increase in resistivity due to fast neutron

bombardment of copper.

Swelling; Heavy neutron bombardment has been observed to cause swelling

in the irradiated material so producing a decrease in its density.

Creep; The creep rate of a crystal under stress is enhanced by irradi-

ating it with fast neutrons.

The theory of both swelling and creep, based on the interaction between

wmmmmm^
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point defects and dislocations (which is of particular relevance

here), is discussed by Heald and Speight (1975) ). (See Chapter 4)

Coltman, Klabunde, Redman and Southern (1972) have reviewed the

effects of radioactive decay on irradiated metals and this will not

be discussed further.

1,2 DAMAGE AT THE POINT OF IMPACT

1.2,1 INTRODUCTION

J
1
1
• •a

3

From heats of sublimation it is known that atoms are bound in solids

with energies which are generally about 5eV. More energy is needed

to displace an atom from a lattice site within the solid. When an

atom is displaced it moves into an interstitial site. The displace-

ment energy must be sufficient to break the bonds between the atom

and its former neighbouring atoms. There is also a potential barrier

between the lattice site and a stable interstitial site which increases

the amount of energy needed to produce the interstitial.

« 1

Huntington (1954) finds that the energy required to displace an atom

depends on the direction (relative to the crystal lattice) in which

an atom is displaced, and lies between 18 and 43eV. For the displace-

ment energy» E,, of copper Seitz (1949) suggested a value of 25eV.

Smallman (1963) has calculated that if copper were irradiated for 10
13 ~2 —1sees in a neutron flux of 10 cm s (typical of conditions in a

reactor), the chances of a given atom being hit would be 4 x 10 i.e.

1 atom in 250,000 would have its nucleus struck.

1.2.2 THE COLLISION EVENT

Here we consider the process of bombardment by neutrons, since these

were the bombarding particles utilised in the work described in this

thesis.

The amount of energy imparted to a nucleus of mass m_ by an incident

pi7
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neutron of mass m having initial energy E, depends on the type of

collision. For most metals the collision is purely elastic and the

struck nucleus will have equal probability of receiving any kinetic

energy between zero and the maximum E given by equation 1.1

E
max

.E 1.1

This equation may in turn be written in the form

max
i + A y

.E — 1.2

where A m2 is almost identical with the mass number of the

nucleus. The most energetic neutrons available in a reactor environ-

ment can impart an energy of as much as 2 x 10 eV to a copper atom

initially at rest. (Smallman 1963). This struck atom, known as a

primary 'knock-on' atom, as well as the incident neutron will continue

to move through the lattice, undergoing further collisions and causing

more displacements until the energy transferred in each collision is

less than the displacement energy, E,.

1.2.3 THE MSAN FREE PATH OF AN ENERGETIC PARTICLE IN THE LATTICE

Brinkman (1954) calculated the mean free path between displacement

collisions to be less than the interatomic distance for the majority

of the knock-on atoms« This calculation led Brinkman to the concept

of a displacement spike which will be discussed below. Seeger (1958)

calculated the mean free path to be slightly larger (a factor of less

than ten times) than that calculated by Brinkman. According to

Seegers model at the beginning of the path cf a fast knock-on

particle, the mean free path between displacement collisions is

sufficiently large to generate isolated vacancies. At the end of its

path he proposes that there is a 3-dimensional region in which a

considerable fraction of the atoms have been displaced.

^"?*r=W^"T~rT^r
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Pig 1.1

Intermediate stage (unstable) of the

formation of a displacement spike,

according to Brinkman (1954).
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1.2.4 THE DISPLACEMENT SPIKE

Brinkman pictures the displacement spike as follows:

(Fig 1.1) A high-energy incident particle initially creates a

multiple vacancy or void, surrounded by a shell of interstitials-

Because this situation is unstable, some of the interstitials near

the void collapse back into it and the original lattice is partly

restored. Nevertheless, the majority of atoms affected by the

spike have been displaced from their original lattice sites.

Kinchin and Pease (1955) report that the size of a displacement

spike is dependent on the amount of remaining energy available to the

moving atom at the point where one displacement collision occurs for

every interatomic distance travelled. This remaining energy is

distributed in the displacement spike with an average energy of leV

per atom. They estimate the average size of a displacement spike

produced by 2 MeV neutrons in copper to be 75 A in diameter, which

would contain 2 x 1C atoms.

Brinkinan suggests Chat the main defects introduced by such spikes

would be small dislocation loops, and a stnall number of interstitial

atoms and vacancies quenched in on solidification.

1.2.5 THE THERMAL SPIKE

When a moving atom is finally halted its remaining excess energy is

dispersed in a small region in the lattice as vibrational energy.
"•12For times of the order of 10 seconds the metal in this region can

be melted. It then solidifies with largely the same structure as the

parent lattice. This locally heated region Seitz (1949) named a

"thermal spike".

Smallman (1963) calculates that a 25eV thermal spike could heat about

100 atoms of copper to the melting point. This corresponds to a

spherical region with a radius of about 7,5 Ä*. Seitz (1962) doubts

that melting actually takes place, because of the short duration of

IIS
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the heat pulse ( 10 - 10 seconds ), but points out that the

heat produced may or may not give rise to an annealing of the

primary damage or cause additional quenching damage.

The damage produced by neutrons is not completely understood either

in terms of a displacement-spike model or a thermal-spike model.

It is quite possible that both models should be used simultaneously,

as suggested by Kinchin and Pease (1955), for the primary knock-*

ons have energies from E ¿ to E m , and the low energy knock-ons can

be regarded best on the collision model. Evidence that fast neutron

damage can be regarded as a mixture of isolated interstitials and

relatively larger volumes of concentrated damage was initially

provided by Berraan (1951) and Klemens (1951) in studies on quartz.

1.2.6 INFLUENCE OF THE LATTICE ON THE DAMAGE

Lattice geometry may affect the process in two ways. Firstly,

Silsbee (1957) pointed out that there is a strong tendency toward

focussing in the propagation of momentum along densely packed rows

of atoms in a well-ordered lattice, (see Fig 1.2). Seitz (1962)

feels that the focussing collision may help explain the appearance

of damage at dislocations since these collisions provide a means

whereby small energies can be transferred over large distances.

A second effect (of the lattice geometry) is channelling. This occurs

when a particle is projected into a "channel1 between rows of atoms.

(see Fig 1.3).

The channelled particle undergoes glancing collisions with the rows

of atoms. The importance of this channelling effect according to

Thompson (1969) is that the trajectory slows down gradually, giving

its energy to many thousands of secondaries, none of which receives

enough to be displaced. It can also travel far from its vacancy-

pair.

The effects of channelling and focussing, however, play a minor role

in neutron irradiation damage under present conditions. (Robinson

1971).

J



10

Fig 1.2 The mechanism of focussing collisions.

"The sphere of diameter d centred at A and B are

replaced by a point at A and a sphere of radius

d centred at B. If contact occurs when the centre

of the first sphere is at P, the collision point,

the velocity of B after impact lies along PB".

(Nabarro 1967 page 379).

Fig 1.3

Channelling between a pair of atomic rows.

(Thompson 1969 page 179).

mm
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1.3 CONCLUSIONS

It can be seen that the consequence of bombarding a metal with

energetic neutrons is to produce many small regions of intense

disarrangement of the lattice (displacement spikes) which initially

are the loci of large numbers of point defects.

These point defects may then diffuse through the lattice, interacting

with existing defects, «combining or collecting to form larger

aggregates.

Some of these processes vill be discussed in the following sections.

1.4 MODIFICATION OF THE DISPLACEMENT SPIKE BY DIFFUSION

1.4.1 THEORY

After the initial collision spike has been formed point defects

diffuse away from it and form complex aggregates elsewhere in the

lattice.

The motion of these defects is described by Ficks First law of

diffusion which status that particles move from a region of high

concentration to one of lower concentration.

For example, if the x-axis is parallel to the concentration gradient,

an equation for the flow of matter is given by:

dC
dx 1.3

where J is the net flux of atoms across unit area of a plane at any

instant and D is the diffusion coefficient. By differentiating both

sides of Ficks First law with respect to x and noting that

£ J x equals the rate of diminution of the amount of foreign
xyz 3x
material per unit volume, (Zwikker 1954) we obtain Ficks Second law:
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at
D V2C 1.4

i.e. the concentration changes fastest where the concentration

gradient varies fastest.

These two laws of diffusion describe the behaviour of defects outside

a thermal or displacement spike«

Dr, the d
4¿fusion coefficient, depends on the energies of formation,

E,, .id migration, E , of the diffusing particles, r, and is given by

the following expression;

— 1.5

where D depends on the frequency of atomic vibrations.

The values £, and E in table 1.1 for vacancies have bee« obtained£ m
from Bourassa and Lengeler (1976), and for interstitials from

Thompson (1969).

Energies of formation, E,, and migration, E , for

interstitials and vacancies in Copper.

Table 1.1

(eV) (eV)

Interstitial 4,0 * 0,5 0,05 - 0,05

Vacancy 1,27 - 0,05 0,74 - 0,08

1,4.2 AN ESTIMATE OF DIFFUSION DISTANCES

The point defects migrate away from the spikes and, depending on the

temperature, condense to fors defect clusters.
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Before considering the type of defect clusters that are formed,

the distance that point defects can diffuse away from their

origins at various temperatures are estimated.

Using a relation between the jump frequency n, and the temp-

erature (Thompson 1969 page 257) we may write;

- E / kT) 1.6
m I

13 -1vhere the attempt frequency n is of the order 10 s .

is the activation energy of migration and k the Boltzmann

constant.

Usine the values of E v and E x from table 1.1 above, the jumpmm
frequency can be calculated for a particular temperature T.

From n the distance travelled by the point defect through the

lattice per unit time, d, can be calculated from equation 1.7.

Since the process is a random walk,

n . a — 1.7

a is the lattice spacing of magnitude 2,55 x 10 m in copper

On substitution into equations 1.6 and 1.7 using n = 1013 seconds

the results in table 1.2 are obtained, (see also Fig 1.4 for the

graph of d. vs temperature).
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Table 1.2

Values for the jump frequency for a defect, n, and the

diffusion distance per unit time, d, are given for

particular temperatures.

TEMP (°K)

723

673

573

473

423

n. (s-W12

4.5

4,2

3,6

2,9

2.5

d. (urn.s )

540

524

486

436

406

\

7

3

3

1.
1.

(s"1)

xlO7

xlO7

xlO6

3xlO5

5xlO4

d (urn. s )

•v 2

<\- 1

<v 0,5

«v. 0,09

•v. 0,03

These values will be discussed further in Chapter 4*

1.5 INTERACTION OF POINT DEFECTS AND DISLOCATIONS

In the vicinity of edge dislocations there are both regions of

compression and regions of dilation (see Fig 1.5).

In the stress field of such a dislocation a point defect, regarded

as a centre of dilation producing a local volume change AV, will

interact with the dislocation with an energy which varies with

distance r from the dislocation and the angle 6 _r makes with the

glide plane according to equation 1.8

E ( r>e ) =
3(1 - v)

u AV bsin8

r

1.8

where u is the shear modulus, v Poisson1 s ratio and b the Burgers

vector of the dislocation.

Point defects interact strongly with edge dislocations (Fig 1.5) .

They interact only weakly with screw dislocations, around which less

dilation and compression exists.
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Fig 1.5 Stress field around an edge dislocation.

•S

I

-a:

~-i

I

A ; region of compression

B : region of dilation

Vacancies are attracted to regions of compression, such as A,

and are repelled from regions of dilation such as B, Conversely

interstitials are repelled from compressed regions and attracted

to expanded regions. The forces of attraction vary as r where

r is the separation between dislocation and point defects.

Evidence that diffusing point defects do indeed interact strongly

with dislocations is presented where appropriate when reviewing

the morphology of radiation damage in section 1.6 below.

1.6 THE NATURE OF DAMAGE FORMED BY POINT DEFECT MIGRATION

The experimental observations on the morphology of radiation damage

at temperatures whose point defects are known to be mobile i.e. at

ambient temperatures are reviewed.

1.6.1 THE GEOMETRY OF POINT DEFECT AGGREGATES

Makin (1966) showed that at ambient temperatures the point defect

aggregates introduced by irradiation are visible in the electron

microscope as small dislocation loops, which form as the point

defects precipitate.



For example, if vacancies precipitate the plates are unstable and

collapse into prismatic dislocation loops. The process is shown

in Fig 1.6 below;

dislocations

Ä

1.6a vacancy plate 1.6b collapsed plate

On collapsing into the vacancy plate the adjacent planes leave an

area of stacking fault bounded by a dislocation along its perimeter.

Point defect aggregates can collapse to form stacking fault tetra-

hedra as seen by Silcox and Hirsch (1959) in gold quenched from above

800 C. The morphology of the structure of these defects is discussed

by Takamura (1970).

(4

Dislocations can climb by the absorption or emission of point defects,

preferably at jogs i.e. they can move perpendicular to their respec-

tive slip planes. Both edge and screw dislocations can climb. The

climb of screw dislocations results in the formation of helical dis-

locations. (Seitz 1952).

Whenever two dislocations intersect, whether climbing or gliding, each

develops a kink or jog that is equal in magnitude and direction to the

other dislocation's Burgers vector.

1.6.2 EXPERIMENTAL OBSERVATIONS ON CRYSTALS IRRADIATED AT

AMBIENT TEMPERATURES AND HIGHER

I

Here the types and sizes of damage seen mainly in thin foils examined

with the transmission electron microscope, are reported. Makin,

Whapham and Minter (1962), and Barnes and Mazey (I960), obtained results
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which show that two types of defects are formed during irradiation:

prismatic dislocation loops greater than * 25 Å in diameter, and

very small defects less than 25 X in diameter ("Black dot" damage).

Makin et al (1962) assumed that all clusters in the 0 to 25 X

diameter range are 3-dimensional and that all those above 50 X are

loops. They also noted that the diameter of the largest loops

visible ( >200 X) increased with increased neutron dose.

The unresolved "black dot" damage observed in crystals irradiated

at room temperature and above can be analysed for vacancy-interstitial

character, by using the contrast variation with depth in the foil,

(for a description of this method sec e.g. Rühlc et al 1970). Thomas,

Baldwin and Dederichs (1971) obtained results for copper specimens

neutron irradiated at AO°C. They found that the large loops ( >75 A )

tended to be mainly interstitial and that the small loops ( <75 A )

were mainly of vacancy character.

The temperature of irradiation exerts a marked influence on the type

of damage. Frye and McHargue (1972) produced results confirming this

and also observed the occurance of at least three types of radiation

damage in neutron bombarded metals.

Frye and McHai'gue divide the temperature ranges into three regions

dependent on T , the melting point in absolute units,
tu

(a) t < ~ (0,30 to 0,35). T
(b) 0,35 Tm < t < 0,55 Tffl

(c) t > 0,55 Tm

In region (a) small defect clusters are produced. In region (b)

voids (or cavities containing s small amount of gas) and dislocation

loops are produced, and in region (c) the point defects are highly

mobile and are quickly annihilated. The damage in this region appears

as gas bubbles.

Frye and McHargue also found that the concentration of voids decreased

IKS
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with increased temperature of irradiation, but increased with

increasing fluence. Average void size increased with increasing

temperature and fluence.

Using anomalous X-ray scattering techniques Larson and Young (1972)

found little indication of change in the defect structure for

irradiation temperatures ranging from A3°C to 20Q°C, however, above

200 C they obtained results indication rapid increases in the sizes

of the defect aggregates up to 300°C, Above 300°C the defect size

decreased again, and no radiation damage was visible (in the electron

microscope) in crystals irradiated above 4G0°C.

Jackson, Keuira and Spalding (1974) reported complex tangles of dislo-

cations, dislocation loops and unresolved defects in copper irradiated

at between 200°C and 250°C. They also noted Che presence of denuded

zones of the order of 50 um around both aggregates and sub-grain

boundaries.

1.6.3 EXPERIMENTAL EVIDENCE OF INTERACTION BETWEEN POINT DEFECTS

AND DISLOCATIONS

Hedges and Mitchell (1953) observed dislocation pinning by point defects

in polygonized silver-bromide crystals. They made planar dislocation

networks visible by decorating them with photolytic silver. The decor-

ation process produces visible particles along the dislocation lines, in

the silver-bromide crystals mentioned above. Colloidal silver segre-

gates along the dislocation line.

It was demonstrated by Blewitt, Coltman and Redman (1955) that defects

produced by fast neutron irradiation of copper single crystals can

migrate to and pin dislocation lines. Similarly, Jackson Kemm and

Spalding (1974) using TEM and etch pit techniques observed an inter-

action between grown-in dislocations and defect clusters. It was pro-

posed by Scheidler, Makin, Minter and Schilling (1966) and confirmed by

Jackson, Black, Nathanson and Spalding (1977) that the clusters observed!

are in fact decorated dislocations.
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In Chapter Three the results obtained in the present work will be

illustrated and discussed further, again confirming the results

of the above-mentioned workers that the radiatijn-induced defects

diffuse to, and coalesce on prexisting dislocations.

I
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CHAPTER TOO

EXPERIMENTAL TECHNIQUES

SUMMARY

In this chapter the techniques used to obtain the results mentioned

in Chapter Three are described.

The crystals were grown by K.R. Kemm using the Bridgman technique.

They were sent to Pelinjdaba where they were irradiated in a poolside

facility of the Safari I reactor. Front Pelindaba the irradiated

crystals vere returned to us where their orientation was ascertained

using the Laue Back-re) lection technique. These crystals were sect-

ioned using the spark-uxosion technique (Rudford 1957). Following

this, the crystals were, mechanically polished using a technique pro-

posed by Mitchell ct a>L (1967); electrolytically polished and etched

to reveal the radiatioi damage. They were examined with an optical

microscope using Nomarski Interference-Contrast. The principle of

interference contrast is discussed.
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2.1 CRYSTAL GROWTH

Single copper crystals, having dimensions 12cm x 3mm x 3mm, were grown

from American Smelting and Refiniig Co. 99,999% pure copper in split

graphite moulds, using a variation of the Bridgnan technique.

(Bridgman 1925) See also Landise (197O).The method used is described below.

A seed crystal was placed in the lower section of the split graphite

mould (Fig 2.1). The top end wa3 open for containing the copper charge.

The mould was in. turn contained within a silica tube which was evacuated.

The tube and mould were held in a fixed position on a silica rod, so that

the height of the mould could be adjusted. (See Fig 2.2 of the crystal-

growing apparatus). The whole was heated by a resistance furnace, melt-

ing the charge which flowed through the neck, down the central crystal

compartment to the seed, whence it filled all channels from the bottom

upwards. The charged mould was now ready for cooling. The Nichrome-

wire coil was ¡¡lowly raised, allowing the copper to cool and solidify

from the seed crystal upward. The initial melt-interface was arranged

so that it was halfway down the seed crystal i.e. the bottom half of the

seed crystal was solid, while the top half was molten.

A current of 9 amps through the furnace heating element was used to melt

the copper. The current was then reduced to 1 amp and the furnace and

copper left to cool for 3 hours. The furnace was then lifted away from

the mould, which was left to cool at room temperature. The experimental

conditions which were obtained in the present work are listed below:

1) Type of furnace: resistance

2) Temperature gradient in the furnace: (see Fig 2.2b)

3) Velocity of liquid-solid interface: 11cm per hour

4) Purity of the starting materials: 99,999% pure Copper

5) Perfection of the grown crystal: see Table 3.1 "pre-radiation
dislocation densities"

6) Crucible material: graphite

7) Precision of temperature control: within 0,5 degrees

8) Atmosphere in which crystal was grown: Vacuum of 10~ Torr
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Fig 2.1

Fig 2.1 is a photograph of the split

graphite mould containing five recently

grown Copper Crystals.

I K ••:-
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Fig 2.1



Fig 2.2

Fig 2.2 is a diagramatic plan of

the Crystal Growing apparatus.
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FIQ 2.2.
CRYSTAL FURNACE ARRANGEMENT
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Fig 2.2b

Temperature gradient in the furnace,

as measured by K.R. Kemm.
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Four batches were grown by K.R. Kemm, labelled B. C. D and E.

Each batch consisted of 5 crystals labelled B.I, B.2 etc, which were

cut in half by spark erosion, giving B.I.T and B.l.B, (Top and

Bottom halves). These initial batches were not seeded with any

specific tensile axis direction: the orientations of the longitud-

inal axis were random, but showed a tendency to lie near the [lOOj -

[ill] symmetry boundary of the standard triangle in the stereographic

projection.

2.2 IRRADIATION

Crystals were grown at the University of Natal, Durban, and sets of

their lower halves were sent to the S.A. Atomic Energy Board, where

they were irradiated with fast neutrons in the Safari 1 Reactor,

under controlled temperature conditions in one atmosphere of Helium.

Fig 2.3 is a general diagram of the High Temperature Irradiation Rig

which is capable of maintaining the required temperatures to within

0,5° (Kemm 1973). Table 2.1 below gives the irradiation temperatures

and times for the crystals studied in this thesis. The flux of

neutrons with energies greater than 0,1 MeV at the irradiation point

was 1,5 x 10 1 6 m~2 sec"1.

Table 2.1 Temperature, Duration and Flux of Irradiation.

CRYSTAL BATCH TEMP (°C) TIME (HRS) 10~17 x (Total flux of neutrons

with E> 0,1 MeV) /cm-2

B
C

D

E

250

300

400

350

23

54

48

51,7
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Fig 2.3

General diagram of the High Temperature

Irradiation Rig (side elevation). The

Rig is approximately 3,5 metres long.

(by courtesy of K.R. Kemm).
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Fig 2.3. IRRADIATION RIG
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The effects which accompany the bombardment of metals by energetic

neutrons include the production of defects, the annihilation of

existing defects, and the transmutation of atoms in the solid. In

the latter situation, the nucleus of a bombarded atom may become

radioactive, with subsequent decay to a new ground state, usually by

the emission of an energetic B particle. In copper the radioactive

isotope Cu is formed when bombarded by neutrons. Its half-life is

12,82 hours (Colttnan, Klabunde, Redman and Southern 1972).

Immediately after irradiation, the crystals were highly active and

were therefore kept at Pelindaba until the level of radioactivity

had decayed to the point where the specimens were safe to handle

before they were returned to Natal for experimental observation.

Table 2.2 is a guide to tolerable levels of radioactivity and was used

in the present work. Two from each batch of five crystals were trans-

ported to the University of Natal, Pietermaritzburg, where the crystals

were examined using both etch pit and tensile testing techniques.

In Durban thin foils spark-cut from the irradiated crystals were

examined in the transmission electron microscope. Results have now

been obtained from all three techniques. The observations made by

etch pitting low index planes form the basis of this thesis.

Table 2.2 Radiation Levels

MAXIMUM PERMISSIBLE DOSE

OCCUPATIONAL EXPOSURE MEMBERS OF
THE PUBLIC

YEAR
(MAX)
REM

t(MAX)
REM

WEEKLY
(AVERAGE)

m REM

HOURLY YEARLY
(AVERAGE) (MAX)
m REM REM

I

gonads, red bone-marrow 5
and whole body

skin, bone, thyroid 30

hands and fore-arms, 75
feet and ankles

other single organs 15

15

38

100

600

1500

300

2,5

15

38

0,5

3

7,5

1,5

Ü!
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2.3 ORIENTATING

etch pit observations were made on the (jll] crystallographic

planes exposed by sectioning the crystals with a spark cutter,

(see section 2.3b). To orient the copper crystals so that they

could be sectioned parallel to their planes, the Laue Back-

reflection Technique was used. (Barrett and Massalski 1966).

2.3.1 LAUE BACK-REFLECTION TECHNIQUE

The crystal to be examined was placed in a goniometer which was

positioned so as to hold the crystal stationary in a colliroated beam

of white X-rays. The crystal selected and diffracted beams for which

Braggs1 law was satisfied. The arrangement is shown in Figs 2.4 and

2.S. Laue photographs obtained in this way were analysed to obtain

the crystal orientation, which was plotted on a standard stereographic

projection. From the stereographic projection, e.g. Fig 2.6, it was

then determined through what angles the crystal had to be rotated to

align the required crystallographic planes perpendicular to the X-ray

beam. After appropriate rotation of the crystal, a further Laue

photograph was taken and final adjustments to the crystal orientations

were then made, e.g. giving Fig 2.7. Having now aligned the crystal

with a ||li] crystallographic plane normal to the X-ray beam, it was

removed, in the goniometer, to the spark cutter. To make sure that

the piane exposed by the spark cutter was parrellel to {ill) plane, a

separate base had been made with two location positions at 90° to each

other, (refer to Fig 2.8). On this base was mounted a device which

allowed the X-ray beam to pass through it only when it was aligned

parallel to the beam. This rig was then transferred to the spark

cutter, and using the second location slot, the wire from the spark

cutter was aligned so that the crystal would be sectioned parallel to

the desired plan«. It was estimated that the error arising from trans-

ferring the crystal from the X-ray generator to the spark cutter was no

more than 2°.

The equipment used included a 3cm Greninger net, and 30cm stereographic

net for interpretation of the diffraction pattern, following the method
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a X-raybeam
b collimator
c polaroid film
d goniometer
e sample
f X-ray machine

Fia 2.4

• : • «

Fig 2.4

Figure 2.4 shews the copper crystal held

in a goniometer, to the right of the Polariod

Cassette. The cassette can be seen attached

to the X-ray machine.
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described by Barrett and MassaIski (1966)4

The X-ray generator was a Phillips PW 1120/90. Two X-ray tubes were

used, initially a tube with a tungsten target, and later a tube with

a copper target. The Laue Back-Reflection photographs were taken

with a Polaroid XK-7 back-reflection cassette.

2.3.2 SECTIONING

The £lll] planes were exposed using the spark-erosion technique.

(Rudford 1957). The spark cutter, designed and constructed in the

Physics department (see Fig 2.10), used a moving molybdenum wire

8 x 10" m in diameter, as the tool. It was maintained at a potential

of + 300 volts with respect to the crystal, which was earthed, (see

Fig 2.9 for diagram of the electrical circuit). The tool was dir iven

down towards the specimen by a servo motor until the gap was small

enough for the capacitator C to discharge by a spark to the specimen,

melting and removing a small piece of both the tool and the specimen.

The servomotor adjusted the gap so that the average potential difference

was about 180 volts. Thin molybdenum wire was used as the tool because

being continually renewed, the tool geometry remains constant. The

wire and sample were immersed in paraffin, which removed the waste

products by convection. (During the cutting process carbon was pro-

duced, and a filter and pump system has been introduced to clarify the

paraffin so as to allow observation of the cutting process).

The amount of energy available per spark was 1,62 x 10~ Joules. As

the latent heat of melting copper is 49 cals/gm, the mass of copper

melted per spark, m, is about 1 microgrnm. The abrupt melting and

solidification of material where the spark strikes sends shock waves

into the crystal, which may give rise to dislocation multipicntion and

so produce spark damage. This damage was found to extend into the

crystal a maximum distance of 0,22mm (P.U.K. Nathanson Thesis p 34),

and must be removed after sectioning. This was done during the polishing

process, described below.

mm
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Fig 2.6

Fig 2.6 is a typical stereographic

projection illustrating the tensile

axis in a standard triangle.

(P.D.K. Nathanson: Thesis)
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Fie 2.7

Fig 2.7 is the Laue Back-reflection photograph

of a crystal which is almost perfectly aligned

with a (111) plane perpendicular to the X-ray

beam.
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Fig 2.5

Fig 2.5 is a photograph of the X-ray set-

up used to obtain the Laue Back-reflection

photograph shown in Fig 2.7.

Fig 2.8

Fig 2.8 shows the rig used to align the spark

cutter parallel to the desired crystallogrcphic

plane. Note the location pins a. 90° to each

other.
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Fig 2.9

Fig 2.9 is a general diagram of the electrical

circuit employed in the spark cutting device

shown in Fig 2.10.
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Fig 2.10

Fig 2.10 gives a general view of the

spark cutter described in section

2.3b,

Fig 2.11

Fig 2.11 shows a copper sample being

cloth polished using solution A.
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Fig 2.10

Fig 2.11
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2.4 POLISHING

The freshly spark cut surface is rough and the surface layer is

damaged. It is therefore not suitable for examination. A brilliant

surface suitable for microscopic examination was produced by the

method of Mitchell et al (1967). It is described below.

The specimens were first cleaned by etching for two minutes in a

solution of 1 part (by volume) of nitric acid and 3 parts water.

Thereafter they were rinsed thoroughly with distilled water, followed

by methanol and then dried in a stream of warm air. It was found that

a layer 5 x 10~ nan per minute thick was removed by this, cleaning etch.

The specimens were polished in two stages on a stationary lap of thin

percale cotton sheeting tightly stretched over a rectangular sheet of

plate glass, and saturated with the polishing solution, (as described

by Mitchell, Chevrier, Hockey and Monaghan 1967). The surface to be

polished was moved gently backwards and forwards over the sheeting»

The first polishing stage was carried out with a saturated solution of

anhydrous cupic chloride in concentrated hydrochloric acid. A few

drops of polyethylene "jlycol 400 were used to lubricate the cloth. The

specimens were polished until there was no visible surface roughness.

The second polishing stage consisted of: 200ml orthophosphoric acid;

200ml glacial acetic acid; 200ml concentrated hydrochloric acid; 15ml

concentrated HC1 saturated with anhydrous cupric chloride and a few

drops of polyethylene glycol 400.

After each stage of polishing the specimens were washed with distilled

water followed by methanol. They were then dried rapidly in a jet of

oil-free nitrogen gas. The lap and a crystal being polished are shown

in Fig 2.11.

Finally to produce a microscopically smooth surface suitable for

etching, the crystals were polished electrolytically in a solution of

nital (1:1 by volume solution of high purity methanol and,concentrated

nitric acid) at a temperature of 5°C.



A length of stainless steel tube was used as the cathode, and the

specimen was held in tweezers to which an electrical lead was con-

nected, and formed the anode. Polishing lasted from 3 to 5 minutes

with a potential difference of 2,6V maintained between thé electrodes.

The rate of removal of the surface during electropolishing was

measured and tabulated, (see Table 2.3 and the accompanying graph

Fig 2.12).

Table 2.3 Material Removed During Electropolishing vs Time

, , 20 ( sees) 40 60 80 100 120 160

B

Thickness
Removed (mm)

180

0,4 1,1 1,7 2,2 2,7 3,3 4,5 5,3

0,4 1,0 1,8 2,1 2,8 3,3 4,3 5,2

0,6 1,0 1,8 2,0 3,0 3,1 4,1 5,3

180 ( secs) 150 120 100 80 60 40 20

0,8 1,4 2,0 2,4 3,3 3,4 3,4 3,6

0,6 1,4 2,2 2,5 3,3 3,3 3,7 3,6

1,1 1,2 2,0 2,5 3,2 3,5 3,5 3,3

Results A were obtained by first polishing the specimen for 20 seconds,

finding its thickness, polishing for a further 40 seconds, and finding

the new thickness etc. Readings were continued for a polish of 180

seconds in duration, which meant a total electropolishing time of 750

seconds. Three readings were taken for each electropolish.
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Fig 2.12

Fig 2.12 is a graph of material removed (mm)

vs. electropolishing time (sees).

For Plot Â we started with an initial polish

of 20 sees and increased the polishing time.

For Plot B we started with an initial polish

of 180 sees and decreased the polishing time.
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Results B were obtained by first polishing the specimen for 180

seconds measuring the thickness, then decreasing the polishing cimes

by 20 seconds until a total polishing time of 750 seconds was also

recorded. The thickness of the surface layer removed per second was

then noted as a function of the age of the solution.

2.5 TOE ETCH PIT TECHNIQUE

2.5.1 THEORY OF ETCHING AT DISLOCATION SITES

When a crystal face is exposed to a solvent, dissolution begins. Two

processes are fundamental for the dissolution of metals (Young 1961):

the nucleation of steps at a source, and their motion away from the

source by removal of atoms from Che steps into the surrounding medium.

For non-close packed surfaces, the nucleation of surface steps is not

necessary, because steps are always present by the nature of the

surface. The nucleation of steps is necessary for close packed surfaces*

(In the F.C.C. system a step is defined as atoms on the surface with

seven or fewer nearest neighbours) (Young 1961).

Preferential attack takes place in regions where the least energy is

required to overcome interatomic forces. This occurs on kinks, steps,

or other defects, usually one atom in depth and in regions where elastic

strains are largest, (see Fig 2.13).

The dislocation energy that contributes to nucleation of a unit pit is

that energy which is localized near the dislocation line. This

"localized energy" of a dislocation consists of the core energy, which

in a metal is confined to a cylinder of approximately 10 & radius

around the dislocation, plus that fraction of the total elastic strain

energy which is located on the atoms which would be included in the

step nucleus. The nucleation of an etch pit at the site of an emergent

dislocation has been discussed by Cabrera (1957). He points out that:

(a) dislocations are preferential sites for nucleation of a unit pit

one molecule deep; (b) the nucleation of many unit pits at a disloca-

tion can result in an etch pit; and (c) the formation of a visible

dislocation etch pit depends on the relative nucleation rate for unit

pits at dislocation, V , and the rate rf motion of the steps across the
n
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crystal surface, Vg. Visible pits are obtained when V /v > 0,1

i.e. the lateral spread of the step must be slow relative to the rate

of nucleation of new steps close to the dislocation line. See Fig 2.13.

The ratio oC V n / V g can be increased to produce steep visible etch

pits by:

(a) increasing Vn> as in the case of most etchants for metale, which

utilize, a segregated impurity for this purpose;

(b) decreasing Vg by addition of an inhibitor, e.g. ferric ions in

water for lithium fluoride.

(c) varying the temperature to take advantage of the difference in

activation energies of V and V . (see Gilman, Johnston and

Scars 1958).

Young (1961)discussed the process of etch pit formation at sites where

dislocations intersect low index surfaces in copper, and developed

practical etching reagents for this purpose.

In sub-section 2.5.3 the etching-solution used in the present work

will be discussed. It is a variation of the reagent developed by

Livingston (1963).

2.5.2 CORRESPONDENCE BETWEEN ETCH PITS AND DISLOCATIONS.

In order to obtain reliable information on the dislocation distri-

bution from etch pitting techniques, the extent to which there is

correspondence between etch pits and dislocations must be known.

The approach suggested by Burke (1962) was to divide the problem into

three parts, i.e. to establish whether:

(a) there are dislocations associated with the etch pits,

(b) all dislocations are etched, and

(c) whether all etch pits correspond to dislocations.

These questions will be considered in turn:

(a) Gevers, Amelinckx and Dekeyser (1952) investigated the correlation

between etch pits and growth spirals. They studied multiple beam

interferometry etch figures on a topas crystal. Etched spirals and

rectilinear arrays of etch pits on SiC were recorded and these were

associated with dislocation arrays.
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Vogel, Pfann, Corey and Thomas (1953) found good agreement in

germanium between the observed pit spacing and the spacing of

dislocations, calculated on the basis of Burgers' dislocation model

of a boundary, using the measured difference in orientation of the

grains flanking the boundary.

Gevtrs (1953) showed that rows of etch pits occur at the points of

emergence of dislocations in aluminium«

Amelinckx (1954) observed a correspondence between etch pits and

dislocations in NaCl.

Vogel (1955) showed that there was strong evidence in polygonizcd

germanium of a one-to-one correspondence existing between emergent

dislocations and etch pits.

Gilman and Johnston (1956) used the reagent CF-A plus ferric ions to

detect the positions of dislocations in lithium flouride crystals.

They were able to detect and distinguish between edge and screw (110)—

[lio] dislocations. A double etching method was used to observe, for

the first time, the glide and climb of individual dislocations. They

also reported a good correlation between etch pits and dislocations.

Hibbard and Dunn (1956) noted a correspondence between the density of

etch pits and the density of dislocations required to give the imposed

plastic curvature in a bent and annealed silicon-iron single crystal.

Livingston (1960) bent copper crystals to a known radius of curvature,

and showed that the number of dislocations required to produce the

curvature corresponded to the observed etch pit density.

It would thus appear that etch pits and dislocations are strongly

associated.

On attempting to answer questions (b) and (c) Ruff (1962) used a more

direct method, in which copper foils were prepared and etched so that

etch pits and dislocation segments could be examined simultaneously

under the transmission electron microscope (TEH). He found that the

average correspondence in deformed material was good, but that locally

Tfl .oVriV1?̂ '"-'-'



pome pits had no dislocations associated with them, and that some

dislocations were not near pits. It is possible, however, that some

dislocations moved. If, for example, the specimen was etched and a

dislocation vas caused to move by mishandling the foil, then an etch

pit with no apparent dislocation and a dislocation with no associated

pit could be observed. Ruff's observations are tabulated below:

Table 2.4 Dislocation density vs etch pit count (Ruff 1962)

dislocation density etch pit count

lightly deformed
specimens

more heavily
deformed specimens

(A,6-35) x 108/cm2 (7,2-36) x 108/cm2

(1,6-7,3) x 109/cm2 <\> (2,1-6,2) x 109/cm2

Whereas the above correlation for dislocations and^etch pits in copper was

within an order of magnitude, in other materials such as silver (Hirth and

Vassamillet 1958), iron-manganese alloy, and Armco-iron (Spreadborough,

Langheinrich, Anderson and Brandon 1964), there were discrepancies of up

to two orders of magnitude. In contrast to these observations, however,

Dash (1956) decorated dislocations in crystals of silicon by allowing

copper to diffuse into the crystal and precipitate on dislocations, and

found a one-to-one correspondence between dislocations and etch pits. It

would appear from these observations and others reviewed by Nabarro (1967)

that all dislocations are etched, (see question (b) ).

To see whether all etch pits correspond to dislocations (question (c) ) ,

Gilman and Johnston (1956) by successive surface removal and polishing

and etching, followed the motion of line defects in lithium flouride down

into a crystal over distances of several mm along traces of (110) glide

planes. The mobility of these line defects responsible for the etch pits

observed is strong evidence that they are dislocations. In 1957 Oilman

and Johnston cleaved a lithium fluoride crystal and compared the etch

pits en the matching cleavage faces. The etch pit formations were identi-

cal, except reversed, on these faces. This showed that the etch pits



corresponded to line defects that were present in the crystal prior

to cleavage.

Work done by Hibbard and Dunn (1956) and Vogel (1955) on dislocations

in bent crystals, and by Vogel et al (1953) on sub-boundary spacings,

lijd to the conclusion that each etch pit corresponds to a dislocation.

SUMMARY;

Experimental observations have shown that pits may be formed at the

points of emergence of dislocations on low index faces of crystals,

when crystals ore etched with a suitable reagent,and the correlation

between etch pits and dislocations on the faces is in most cases one-

to-one .

Burke (1962) states that there is no evidence of the edge or screw

character of a dislocation, or the angle a dislocation makes with the

surface, seriously affecting the etching behaviour. Etching can be

affected by segregated impurities, but such impurity effects can be

readily detected.

2.5.3 SOLUTIONS AND TECHNIQUES USED TO ETCH PIT [llfl SURFACES
IN COPPER.

Lovell and Wernick (1959) were the first to develop an etchant for

copper that revealed undecorated dislocation, (see Table 2.5:A)

Modifications of this led to the dependable [ill] etchant developed

by Livingston (1960) (see Table 2.5.B).

Young (1961) reported different iron-halide, ammonium persulfate, and

nitric acid solutions which were used for etching copper specimens.

For the halide complexes he found that the etch solution (see Table

2.5:C) showed up pits formed at both grown-in (dirty) and at clean

dislocations on [ill] faces. For clean dislocations on the [lOol,

the solution D (see Table 2.5:D) gave the best results.

Airmonium persulfate is a powerful oxidizing agent and solutions of

(NH,). . S_0ft disu-lve copper - the rate of attack is sometimes

increased by adding NH.OH. Young etched copper foils with solution

E (see Table 2.5:E). Large triangular pits were formed on [ill], and

fßn*?!~.(i-
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Fig 2.13

Fig 2.13a is a schematic drawing of features

on the surface of a close packed plane.

Fig 2.13b depicts an etch pit formed by

repeated nucleation of unit pits at a dislo-

cation.

V = velocity of steps, and V = nucleation

rate times atomic spacing (see Gilinan and

Johnston 1962).

m*-.
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a=kink b = step

Fig 2.13 a
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-Dislocation Line

Fig 2.13 b
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square pits were formed on

The solution F (see Table 2,5;F) was found suitable för [loo] faces.

For the nitric acid solutions 16M HNO„ etched fill] faces, whereas

8M IINO3 etched [JQOj faces.

The solution used in the present work was a variation of that developed

by Livingston (1960) (see Table 2,5;F)

Table 2.5 Solutions used for fetch, pitting surfaces in copper

A 2Qcc saturated aqueous ferric chloride, 20cc hydrochloric acid, 5cc
acetic acid containing 5-10 drops of liquid bromide.

B by volume, 1 part bromine, 15 parts glacial acetic acid, 25 parts
hydrochloric acid (38%), and 90 parts water.

C IM FeCl3. 6 H20, 12M HC1, O.24M HBr.

D 2M FeCl3. 6 ^ 0 in 7,8M HBr.

E an aged IM (NH.^.S^g, 6M NH^OH, 0.3M NH^Br

F by volume, 250 parts distilled water, 50 parts glacial acetic acid,
120 d i id i

p
120 parts concentrated hydrochloric acid, and 1 part bromine.

After electropolishing the crystal in Nital (see S 2.4) for two to three

minutes, it was washed in methanol and blown dry with a hot air dryer.

The crystal was then immersed for 5 to 10 sees in the etching solution,

which was kept at a temperature of between 0 and 5 C.

After etching, it was immediately washed in methanol and dried in a stream

of dry nitrogen gas, rewashed with analytical methanol, and redried.

2.6 OBSERVATION OF DISLOCATIONS IN CRYSTALS

The specimen surfaces were observed with a Reichart Zetopan light micro-

scope fitted with a Nomarski interference contrast attachment (Nomarski

1952). Photomicrographs were taken with a 35 mm camera.
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2.6.1 CONTRAST IN REFLECTION MICROSCOPY

In bright field microscopy the light bathes the specimen, is reflected,

and then enters the objective. Features which impair the specular

reflection appear dark, as they scatter light out of the beam used to

form the image. Contrast is generally poor, since the scattered

intensity is usually small compared with the reflected intensity. This

method is adequate if we only want to know whether a scattering object

is present or not.

Contrast may be improved by using tilted illumination, so that only

part of the specularly reflected beam enters the objective aperture,

thus reducing the background intensity against which features are observ-

ed. For a tilted metal surface scattering objects may reflect light into

the aperture and appear bright against a less intense background.

Very high contrast for features which scatter light diffusely (such as

steps on the surface) may be attained by blocking the specularly reflec-

ted beam precisely with a metal disc in the optical system, and allowing

only scattered light to"form the image. The scattering features then

appear brightly sgainst a dark field.

None of these methods are really suitable for revealing small differences

in level on the metal surface, especially if they are not bounded by

sharp edges. Fortunately differences in level produce differences in

phase in the reflected beam. However, the eye only responds to differ-

ences in intensity, so tha*- these phase differences are not directly

visible. They may be transformed into visible intensity variations by

the use of polarised interference contrast; a technique developed by

Nomarski (1952) which is discussed below.

2.6.2 INTERFERENCE CONTRAST AND THE NOMARSKI ATTACHMENT FOR THE
SEICHART ZETOPAN MICROSCOPE.

The principle of this device is described by Nomarski and Weil (1955)

and by Padawer (1968).

r
V

•- Î;I.-- /:.,
StfA'pí.V '¡álfKi P.,;
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The vertical illuminating beam from source S (Fig 2.14) is passed

through a polariser, P., after which it consists of rays plane polarised

at 45 to the vertical plane of symmetry of the microscope S-. The beam

is reflected from the serai-reflecting layer G, inclined at 45°, and then

traverses a Wollaston-type prism which splits it into two beams

polarised in and perpendicular to S . The beams, after being reflected,

by the specimen surface, pass through the objective lens and back through

the prism to be analysed by an analyser, P_, crossed with respect to the

polariser. Because the image is viewed through the Wollaston-type prism

which splits the reflected beam into two components which travel in

directions inclined at slightly different angles to the vertical, it is

a double image. The separation between the two images depends on the

angle that the axis of the one prism makes with the axis of the other,

and the attachment is designed so that the separation is less than the

resolving power of the objective (typically 0,2um), The light reaching

a single point in the double image thus consists of rays from two

neighbouring points on the surface, polarised at right angles to each

other. These two rays interfere in the final image.

If the two points are not at the same level, the optical path difference

between them will determine the nature of the polarised light which

forms the image: (plane polarised at 45 to S if the path difference

is zero, circularly polarised if the path difference is 45 , etc.), and

hence the intensity in the image, as viewed through the analyser. Thus

slight' differences in surface elevation are made visible as differences

in brightness of the image. According to Nomarski (quoted by Padawer

1968) an optical path difference as little as 1 £ may be detected under

favourable conditions in reflection microscopy.

¡4

j

Provision is made in the instrument for the introduction into the

optical path of a wedge which produces a retardation of one of the

polarised rays relative to the other, which depends on the wedge thick-

ness and on the wavelength of illumination. By displacing the wedge

horizontally the relative retardation may be varied. As it is varied

alternate dark and light fringes occupy the field of view, providing
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the field against which surface features are viewed. If white light

is used only the zero order fringe is dark: others are coloured since

the retardation varies with wavelength, the most sensitive contrast is

obtained on the edge of the central dark fringe.

Examples of the images of etch pits viewed by different methods are

shown in Figs 2.15 (¡i,b and c), ms
I;

m
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Pig 2.14

Fig 2.14 is a diagram of the optical system

used in the Reichart Zetopan Microscope

including the Nomarski Interference Contrast

attachment.

Î

On striking the reflecting specimen AB, the

light passes through the microscope objective

02> through the Nomarski attachment, N, and

eventually arrives at A'B'.

t-f
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Figs 2.15 (a, b and c) show the effect of contrast

on the quality of the micrographs obtained.

Fig 2.15 (a) shows a region taken with the aid of

a Nomarski Interference Contrast attachment.

Fig 2.15 (b) shows a region taken with tilted

illumination.

Fig 2.15 (c) shows a region similar to (a) and (b)

taken using bright field illumination.
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CHAPTER THREE

RESULTS

SUMMARY

-65.

This chapter has been divided into three sections, viz., etch

pit observations, transmission electron microscope observations,

and finally a comparison of the results obtained by the two

techniques.

Each section is then divided into four subsections: each sub-

section deals with a particular temperature of irradiation.
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The present etch-pit observations taken together with the transmission

electron microscopy studies of K.R. Kemm show that large defect regions

were formed in all crystals irradiated at temperatures between 250°C

and AOO°C.

On a macroscopic scale the damage seen on [ill] planes was inhomog-

eneous; there were regions containing high concentrations of defects

separated by apparently perfect crystal. The sizes of these regions

varied from an average diameter of about 4 urn at 25O°C to about 11 urn

at 350 C. Foils examined with the electron microscope showed the defect

regions for the crystals bombarded at 25O°C to be of irregular shapes

and composed of a rather dense array of vacancy and interstitial loops

and dislocation line segments which became less dense at higher'temp-

eratures. The results are described in detail below, as a function of

temperature«

3.1 ETCH PIT OBSERVATIONS

(Table 2.1 gives the irradiation conditions for all of the crystals

described below).

3.1.1 25O°C (crystal B)

After crystal B had been irradiated it was cut into four sections using

the spark-crosion technique mentioned in chapter 2. Prior to sectioning,

the crystal had been oriented so as to expose [ill] crystallographic

faces on cutting« Three of these sections were then polished using the

Mitchell cloth-polishing technique, followed by electropolishing in a

50% HNO, - 50Z CH, bath. Each sample was then etched using the etching

solution employed by Livingston (1960) to reveal the intersection of

dislocations with the [ill] planes in copper.

Micrographs were taken and from these a few typical of the regions

observed were selected and are shown here, (see Figs 3.1 a, b and c).
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In this sample taken from the crystal with the smallest dose, it

can be seen that the clusters are small and compact, varying in

dimension between 2 and 40 urn. The most common size was found to

be of the order of 2 um, the average size, was closer to A um.

(see Fig 3.1g).

In one region of a crystal from this batch a network of groovc-

like clusters was seen (Figs 3.2 a, b, c and d). On removing

•v 4 um electrolytically and re-etching this specimen the network

vanished showing that the network was planar. Because the surface

being examined was a Lill] crystalographic plane the network must

be on this plane. This test was carried out on other specimens

and the groove-like markings observed on these were also found to

be on [lllj planes.

Figs 3.3 (a and b) and Figs 3.4 (a and b) show hov, after lightly

electropolishing the etched surface and then re-etching, some

groove-like features disappeared, whilst others appeared. This

proves that the clusters are planar features.

(see Table 3.1 for pre - and post - irradiation dislocation densities

and other parameters of the defects observed in this crystal as well

as in crystals irradiated at other temperatures). The densities

quoted are intersection densities and were counted using a trans-
2

parent grid ruled in 1 cm on micrographs of the etch pitted surface.
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Table 3.1 Table of damage specifications characteristic of each irradiation temperature

1
1

M
•M
'••M

i|

Irradiation temperature ( C )

—2 —fiDislocation density ( cm xlO )
after irradiation

—2 —6Dislocation density ( cm xlO )
before irradiation

2 "ßNo. of radiation clusters per cm ( 10 )

Average cluster size ( um )

Most common cluster size ( um )

Typical largest cluster ( um }

Damage /Damage free area ratio

250

4,4

2,4

0,18

35

300

5,6

7,1

0,06

20

10 % < U

350

3,7

9,7

0,19

11

20

400

8,8

11,3

0,05

6

9

12

1,4 % < 0,1 Z

see also Fig 3.1g
i

m
|00
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Fig 3.1g SIZE DISTRIBUTION OF RADIATION CLUSTERS FOR ?SO°C

IRRADIATED SPECIMEN AND 3!iO°C IRRADIATED SPECIMEN

Ratio of

¿Q

30

20clusters

with diameter

= D

10

2SQC
most common size ** 2iua

average size •= 4pm

? n m nn n t n ij
Í0 20 30 40

Diameter of cluster, D (yra)

20 -

15 -

Ratio of

clusters JQ .

with diameter

- D

5 -

0

350 C
Most common s ize = 7um

average s i z e =11ym

in Z'O 3D
luDiameter of cluster, ft
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Í-* Figs 3.1a, b and c are micrographs of common regions of

damage seen in specimens irradiated at 250 C

Fig 3.1c is thought to represent a groove-like cluster,

like that seen in Fig 3.1a, as seen emerging perpendicular

to the surface of the specimen.

Fig 3.1a also includes a circular object (arrowed) which

remains even after electrolytically removing up to ̂ 7 um

of the surface, it does, however, change shape rapidly.

Here two types of clustering regions can be observed:

the linear groove-like clusters, a,and the 3-dimensional

almost spherical clusters, b, both of which disappear

after lightly electropolishing.
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:í -

Fig 3.1a 29 pm

Fig 3.1b 10 um Fig 3.1c 10 ym
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Figs 3.2a shows the network of groove-like clusters.

Figs 3.2bM c and d are enlargements of the same area shown

in Fig 3.2a.

Fig 3.2b was taken from the left of 3.2a.

Fig 3.2c was taken from the centre of 3.2a, and

Fig 3.2d was taken from the right of Fig 3.2a.

'Ai

H i I

H
I

!

J
1

;,;

i2
! /
• /'

it'

":!• i

íp^.-^^



73

--a

-i

Fig 3.2a 44 ym

J

'SJ

•~3

I'-- i
Fig 3.2b

20 ym



Fig 3.2c
20

40

Fig 3.2d
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Fig 3.3b shows the same surface of a specimen

irradiated at 250°C, as shown in Fig 3.3a

after electrolytically removing 3pm of the

surface and re-etching.

Fig 3.4a and 3.4b show the same behaviour as

seen in Fig 3.3a and 3.3b.

99^^^^^^^^SfW!^^SK^
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Fig 3.3a
20 pm ,

Fig 3.3b 20 ym
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Fig 3.4a 35,7um

Í

Fig 3.4b 35,7um
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Loops similar to the one arrowed in Fig 3.1a were often observed

in thé irradiated crystals. We presume these are subgrains as after

electropolishing the specimens the loops remained.

3 > 1* 2 _3go°C (crystal C)

Typical regions of the [ill] surface of a specimen irradiated at

300°C are shown in Figs 3.5 (a, b and c). Fig 3.6 is a region from

an unirradiated crystal corresponding to the irradiated specimen

observed above (note the decrease in dislocation density). Regions

of possible clustering can be seen arrowed in the figures mentioned

above. Clusters were typically only a few vm across, and no large

clusters were seen.

3.1.3 350°C (crystal E)

Figs 3.7a and 3.7b are typical micrographs of the damage seen in a

crystal irradiated at 350 C. Fig 3.7b is an enlargement of an

area similar to that shown in Fig 3.7a. These clusters appear more

clearly defined than those seen in the specimens irradiated at 250 C,

quite possibly due to the 100% increase in irradiation time.

From Fig 3.7b and Figs 3.8 (a, b, c and d) it can be seen that the

shapes of the regions themselves varied. There was evidence of:

(1) a comet shaped cluster (Fig 3.8a); (2) a figure of similar

shape to part of the network observed in the crystal irradiated at

25O°C (Fig 3.8b); (3) Figs 3.8 (c and d) show clusters with one

sharp edge and one diffuse edge. (c.f. Jackson, Black, Nathanson

and Spalding 1977). Jackson et al (1974) give a possible explan-

ation for these various shapes. Their model will be described later.

It is illustrated in Fig 3.16.

In these 350 C irradiated specimens the loose clusters were observed

but no evidence of the groove-like features which were prominent in

the batch irradiated at 250 C were seen.

o
It should be noted that the number of radiation clusters /cm is

greater than that observed at 300°C but much the same as that
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observed in specimen B (250 C), (see Table 3.1)

3.1.4 400°C (crystal D)

Figs 3.9 (a and b) show surface features characteristic of a

specimen from the 400°C irradiated crystal. No loose clusters were

seen: only groove-like clusters. An unusual etch feature is shown

in Fig 3.10. On re-electropolishing and etching it vanished. (No

definite explanation for this feature is forthcoming. It could be

a planar feature caused by dirt in the etchant).

Fig 3.11 shows a typical section of the non-irradiated crystal which

has a dislocation density higher than the average dislocation density

of the irradiated crystal: annealing with the help of point defects

introduced by neutron bombardment is presumed.

Very little damage was observable using the etching technique; only

a few linear clusters were seen. This decrease in the density of

radiation-induced damage is in agreement with annealing experiments

carried out on specimens containing clustered damage formed by irrad-

iation at lower temperatures (Jackson, Keinm and Spalding 1974).

The size of the linear clusters observed in the etch pit work lies

between 6 and 12 Vim. Clusters of a similar size were observed by

R.R. Kemm using the TEM on samples from these same crystals.

3.2 TRANSMISSION ELECTRON MICROSCOPE OBSERVATIONS

The following section is based on work done by K.R. Kemm (Ph.D Thesis

1977) on the transmission electron microscope.

Fig 3.12 is a typical transmission electron micrograph of a specimen

irradiated at 25O°C. It shows a cluster similar to that revealed by

etch pits in Fig 3.1a. All clusters appeared small and compact having

a most common size between 3 and 4 yra. The defect regions are composed

of densely clustered vacancy and interstitial loops and dislocation

line segments.
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Figs 3.5 (a, b and c) are micrographs of regions

of specimens irradiated at 300 C.

Possible linear clusters and 3-dimensional clusters

are arrowed in Figs 3.5a and 3.5b respectively.

Fig 3.5c again shows a possible 3-dimensional

clustering effect in the top right hand corner.

This may not necessarily be radiation damage.

Fig 3.6 is a region of an unirradiated specimen.

The dislocation density is slightly lower in the

irradiated specimens, (see Table 3.1).

lii-C
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Fig 3.5a 35,7pm

Fig 3.5b 35,7 urn
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Fig 3.5c 29 ym

i

I

i Fig 3.6 29 yin



Fig 3.7a shows a typical region of a

specimen irradiated at 35O°C, The

clustering here is obvious.

Fig 3.7b shows a region similar to that

in Fig 3.7a but at a higher magnification.

The etch pits making up the cluster .

region are now easily visible.

te
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Fig 3.7a 63ym

Fig 3.7b 28vim
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Fig 3.8a shows the comet shaped cluster.

W

Fig 3.8b displays a shape similar to part of the

network seen in the 250°C irradiated crystal. 1st;

Fig 3.8c i s a typical shape having, again,

almost a comet shape.

Fig 3.8d is a feature having one apparently

well defined edge and one diffuse edge.
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Fig 3.8a Fig 3.8b

28

Fig 3.8c Fig 3.8d
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Figs 3.9a and 9b are micrographs of typical

areas seen in the specimens irradiated at

400 C. No 3-dimensional clusters were

observed, however, linear groove-like clusters

were visible.

(The linear clusters observed here correspond

in magnitude to the type of damage seen using .

the TEM technique.)

p;
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Fig 3.9a
15,7 um.

31
Fig 3.9b
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Fig 3.10 shows an unusual etch feature

observed on a specimen from a crystal

irradiated at: 400°C.

Fig 3.11 is a micrograph of the un-
irradiated half of the above specimen.
Here the dislocation density was much
higher.
Annealing assisted by point defects
introduced by irradiation is presumed.

*
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The damage apparent in the specimen irradiated at 300 C is shown in

Fig 3.13. The micrograph shows a much less dense array of knots or

tangles of dislocation line segments and a few widely spaced loops.

The most common cluster size was of the order of 1 urn.

The damage typical of a crystal irradiated at 350°C is shown in

Fig 3.14, Here the most common size is 7 utn, and it appears to be

more densely clustered than the specimen irradiated at 300°C but

not as dense as that irradiated at 250 G. The defect region is again

made up of dislocation tangles and vacancy and interstitial loops.

Finally, the damage seen for the specimen irradiated at AOO°C is much

less diffuse than that seen at lower temperatures above 200°C. The

most common size is approximately 1 urn ranging up to 4 ym as is the

region shown. In this specimen isolated dislocation dipoles were

observed in some regions but not in all. It is obvious from the

micrograph, Fig 3.15, that the clustering is not like the damage seen

in the other micrographs shown, but the damage is still made up of

dislocation line segments' and vacancy and interstitial loops.

In section 3.3 a comparison is made of the damage seen usir.g the two

different techniques.

3.3 COMPARISON OF TRANSMISSION ELECTRON MICROSCOPE - AND ETCH PIT -

OBSERVATIONS

The results obtained by the two methods (TEM and etch-pitting) are

entirely consistent. The dimensions of the defect regions observed

in specimens irradiated at 250°C and 350°C are the same, implying that

the same objects are being studied with either technique, (see

' >K. Keram Ph.D Thesis for more micrographs).

The etching solution used can only make clusters larger than approx-

imately 2 pm visible, anything smaller would appear as a single etch

pit which is not easily differentiable from a pre-irradiation disloca-

tion. The damage in the specimens irradiated at 300 C and 400 C as

¥&%fí^£^^j^s^ii¿ ,¿^ g*tr*3'"
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seen by the TEM technique would therefore not be distinguishable

using the ètch pit technique in a specimen of high initial dis-

location density as in the present case, T-_--_:-•---. '-••-•

For example the damage shown in Fig 3.15 would probably produce a

row of 4 or 5 etch pits. This would possibly be visible in a
- - - - 2 3 ""3

specimen with an initial dislocation density of 10 - 10 cm

(c.f. Larson and Young 1972) but certainly not in a crystal with
6 7 ~2

an initial dislocation density as high as 10 or 10 cm .

isÄ^
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Figs 3.12 - 3.15 are micrographs taken

using the TEM technique by K.R. Kemm

(Thesis 1977).

Fig 3.12 is a cluster observed in a

specimen irradiated at 250°C.

Fig 3.13 is a typical defect region

observed in the specimens irradiated

at 300°C.

Fig 3.14 is a typical cluster observed

in a specimen irradiated at 350°C.

Fig 3.15 is a linear cluster which is

typical of the defect regions observed

in a 400°C irradiated specimen.
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Fig 3.16

Diagram showing how clusters with shapes

similar to those shown in Figs 3.8 a,b,c,

and d, could be plane sections through

linear clusters with fan shaped cross sections.

Plane sections a,b and c on planes A,B and C

resemble clusters shown in Figs 3.8( c and d ) ,

Figs 3.8( d and c ) , and Fig 3.8a respectively.

( Jackson et al 1974 )

m
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Fig 3.16
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CHAPTER FOUR

DISCUSSION AND CONCLUSION

SUMMARY

The diffusion distance for point defects is estimated

leading to the conclusion that the defect clusters are

formed from interstitials which migrate to grown-in

dislocations•

The results of other workers on radiation-induced

damage is then discussed and compared with the results

obtained in the present work.

Finally, suggestions for further research are made.
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4.1 DISCUSSION

1

A possible mechanism is proposed for the formation of the damage

observed in the temperature range 200°C to AOO°C and which was

studied in the present work.

We first estimate the mean distance a defect can diffuse before

recombination using the approach of Meakin and Greenfield (1965).

This distance is known from the size of "catchment areas" to have

a magnitude of up to 50um. ("Catchment areas" refer to the denuded

zones bounding a groove-like cluster or a sub-grain boundary. The

dislocation appears to act as a sink for point defects: the con-

centration of clusters at 50pm away from the dislocation is far

greater than at 30Um say, which in turn is far greater than the

point defect density surrounding the dislocation. Micrographs

showing denuded zones from which the size of the catchment area

can be deduced are to be found in Jackson (1968), Kenim (1973), and

Larson and Young (1972),

The activation energies for migration Table (l.l) Chapter 1, indicate

that interstitials are far more mobile than vacancies and the latter

are assumed to be at rest in what follows.

The diffusion distance of the more mobile interstitials will be the

distance they travel before encountering a less mobile vacancy.

Considering the progress of an interstitial as a random walk in which

each site is visited on average once, the number of steps it must take

before encountering a vacancy will be C , and its displacement

during the course of such a walk is then a.(C ) , where C is the

vacancy concentration, and a is the inter-atomic spacing. Now the

vacancy concentration cannot be less than the thermal equilibrium

concentration, so that if we take this value for C we will get an upper
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limit on the diffusion distance for an interstitial. We have that

c = exp (Sf / k) exp (- Ef / kT)

(Simmons and Balluffi 1962)

where S , the formation entropy, is calculated as

(9 i O,2)xl0 (eV)~ °K for vacancies. For C , the equilibrium

concentration, we find that at 573 °K the diffusion distance for

interstitials is not greater than about 44um. If the estimate is

based on a somewhat higher vacancy concentration calculated by
13

Wechsler (1948) for copper being irradiated with a flux of 10 nvt

we find the diffusion distance for interstitials to be 25um at

573 °K.

Since the catchment area of clusters is observed to be tens of

microns, the defects that diffused to the clusters must have been

able to move this distance. A value, therefore, for the diffusion

distance of interstitials in the range 25 to 45jim is compatible with

the distance observed between clusters so that the damage could well

be interstitials.

Excess vacancies, on the other hand, being less mobile, should be

annihilated by recombination or aggregate at voids long before they

can diffuse the necessary distance of tens of microns. Indeed

Meakin and Greenfield (1965) estimate their diffusion distance to be

about one atomic spacing at 500 °K. It, therefore, seems unlikely

that the clustered damage is the result of vacancy condensation.

The picture thus obtained is that point defects (probably interstitials)

produced by irradiation are able to migrate over large distances

towards the regions in which they condense because at 573 K

a) elsewhere there are no stable nuclei on which they can condense and

b) the distance they can move before they recombine with vacancies is

considerable.
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Having shown that the point defects can diffuse the necessary

distances to form the observed clusters, we must now discuss

what happens to the point defects when they reach a dislocation.

The fact that dislocations can absorb point defects by climb

means that a concentration gradient could be established as the

point defects diffuse to the dislocation.

If this were the only interaction, the concentration of defects

near the dislocation would be lower than elsewhere, and the

clusters of damage would be the result of loop formation by

pinching processes from edge dislocations (Risbet and Levy 1975)

or the throwing off of loops by climbing screw dislocations

(Nabarro 1967 page 330). It follows that each cluster should

be the result of climb of a single parent dislocation, where the

Burgers vector would be preserved in the cluster, so that all the

constituent loops would have the same Burgers vector.

Jackson ( 1968 ) and Kenm (. Thesis 1977 ) have established by

a _g_.b_ analysis of the clusters by transmission electron micro-

scopy, that each cluster contains loops with many different burgers

vectors. Cluster formation therefore cannot be the result of a

pure climb process, but must be caused by the precipitation of

point defects from supersaturated atmospheres around grown in dislo-

cations. The strong attraction that dislocations have for point

defects because of the stress fields around dislocations (section

1.5) must attract point defects so that their diffusion becomes stress

aided, and the concentration of point defects near dislocations be-

comes higher than elsewhere, until it is high enough for homogeneous

nucleation to occur. The process is similar to the precipitation of

impurities from Cottrell atmospheres, which results in the decoration

of dislocations, (Amelinckx 1964) or of the precipitation of copper

on dislocations in an aluminium-copper alloy. (Wilsdorf and

Kuhlmann-Wilsdorf 1954).

The loops which form as a result of this condensation may themselves
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climb. As their perimeter increases the stress field associated

with the loop will extend its range until the loop itself collects

an atmosphere and in turn becomes a nucleus for precipitation.

The process is thus self-perpetuating, which would result in an

exponential rate of increase in the loop formation near the original

dislocation.

However, the supply of point defects is limited by the competition

among loops and by the catchment volume for point defects.

Equilibrium may be reached when all of the point defects produced

by irradiation are swept up by the growing clusters. The fact that

the separation between grown-in dislocations is approximately equal

to the diffusion distance calculated above implies that this stage

is reached early in the growth of the clusters observed in the present

work. The rate at which clusters grow may then simply be determined

by the neutron fluence, and so their size may be determined by the

total dose. Frye and McHargue (1972) obtained results confirming

the dependence of the number and average size of radiation produced

voids on the fluence. Employing the T.E.M. technique they also

found that the dislocation loops produced after exposing type 304
21 2stainless steel to 2.0x10 neutrons/cm

immediate vicinity of dislocation lines.

21 2
stainless steel to 2.0x10 neutrons/cm were concentrated in the

It is interesting to note that swelling is observed in the same

temperature range that we observe the defect clusters. (Heald and

Speight 1975). Swelling results from vacancy or void formation,

whereas what we are seeing are defect regions centred at or near

grown-in dislocations. This ties in well; since dislocations

absorb interstitials in preference to vacancies, an excess of

vacancies is left 'in solution' and since point defects of both types

randomly diffuse to voids more vacancies than interstitials arrive at

the voids causing then to grow.

Other workers obtained similar results to those presented here and

they will now be discussed, (see Tables 4.1 and 4.2).



Table A.I Histories of irradiation by various workers

Neutron dose Neutron energies Irrad, time Temp. ( C) Atmosphere

Hulett et Al

(1968)

1

5

xlO

xlO

5 xlO

18

17

17
> 1 MeV

> 0,6 MeV

14
40

60

Not

days

hrs

hrs

given

» 400

450

350

255

300

350

400

Air

Larson et Al

(1972)

1 xlO

1,3 xlO

0,6 xlO

0,7 xlO

18

18

18

18

Helium

Jackson

(1968)

5 xlO17 > 0,1 MeV 12

16

hrs

hrs

^250)

205J
Air

Present Work 1,24x10

2,92x10

2,79x10

2,59x10

17

17

17

>0,l MeV

23

54

51,

48

hrs

hrs

7 hrs

hrs

250

300

350

400

Helium

i—»
10



Table A.2

Parameters of Che Defect Regions observed

IRRAD. TEMP AVE DIAM ( m) No/cm

106

Larson et al

(1972)

210
255

300

350

AOO

-v 0,7
1

2,5

17

2x10

1x10

AxlO8

lO6

11

10

Hulett et al

(1968)

AOO (30-2500)xlO 101A

Present work (see Table 3.1)
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It would appear as proposed by Meakin and Greenfield (1965) that the

density of the defects within the clusters becomes coarser up to a

temperature of 250 C. In the temperature range from 25O°C to 350°C

the results obtained in the present work differ from the results

presented by other workers, (see Tables 4.2 and 3.1). However, the

damage observed in the crystal which had been irradiated at 350°C

was again coarse, similar macroscopicaily to damage observed in the

crystal irradiated at 250 C, but much less dense. As the temperature

of irradiation was increased to 400 C the density of the damage in

the clusters decreased fairly rapidly, much as one would expect from

the results presented by Larson and Young (1972).

The results obtained in the present work for the crystals irradiated

at 300 C seem anomalous. The radiation damage density of

0,06x10 cm was at first presumed low because of the high initial

dislocation density. No large clusters were seen; this was attributed

to the size of the clusters being limited by the competition for

diffusing point defects between tha closely spaced dislocations

(Jackson et ai 1577). However, on ascertaining the pre-irradiation
7 -2

dislocation count it was found to be high ( «vlO cm ) but certainly

no higher than the dislocation count for the crystals irradiated at

the remaining temperatures. From the work done by K.R. Kemm it would

appear that the damage observed at 300°C is much less dense than the

damage observed in the crystals irradiated at 25O°C aad 350 C,

explaining why it was not prominent in the etch pit work.

The results obtained by Larson and Young (1972) using anomalous X-ray

transmission indicated little change in the defect structure for

irradition temperatures from 43°C to 200°C. For temperatures above

200°C the absorption coefficients increased rapidly displaying a

maximum effp.ct at 300°C. This 'maximum effect1 was described as a

large increase in the sizes of the defect aggregates,

damage was detectable.

400 C no

The maximum effect obtained at 300°C by Larson and Young on their

crystals which had an initial dislocation density of between
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2 3 - 3
10 and 10 cm was not observed in the present work, where the
crystals had an initial dislocation density of between 10 and

7 -2

10 cm . Because, however, only one crystal of the batch irradi-

ated at 300°C has been examined, no defiuite conclusions can yet

be drawn.
Hulett et al (1968) state that these high temperature irradiation

effects are somewhat independent of the initial dislocation densities

of the specimens because defect regions were observed in polycrystal

and single-crystal specimens where the initial dislocation densities

were between 10 and 10 cm" , and between 10 and 10 cm" ,

respectively. In view of the present observations, namely that

clusters and loops accumulate along dislocation lines in irradiated

crystals, it would appear that the initial crystal perfection does

affect the distribution of the damage.

Jackson et al (1974) present a model of the proposed structure of

the types of clusters identical to those observed in this work. They

suggest that a strong interaction between the clustered defect regions

and the grown-in dislocations exists. Their model io strongly suppor-

ted by the network of linear clusters observed in the present work in

the specimen irradiated at 25O°C (Fig 3.2a).

Front Table 4.1 it can be seen that the conditions under which the

specimens were irradiated vary considerably from worker to worker.
3Since the dependence of the defect region size, the number per cm ,

the arrangement, the cluster and loop density within a region on

variables such as neutron flux, pressure due to force ox bombarding

neutrons, irradiation time, atmosphere during irradiation and initial

defect density for fixed temperatures in the irradiated crystal are

not well established it is difficult to draw any conclusion whilst so

many uncertainties exist.
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4,2 SUGGESTIONS FOR FURTHER WORK

Future resea" ch should include the growth and preparation of single

copper crystals with a much lower dislocation density. Further

irradiations with constant irradiation doses and varying temperatures

will give more knowledge of the temperature dependence of the damage

regions.

Work similar to that done by Frye and Mcllargue (1972) on stainless

steel, namely the dependence of the type and size of the damage

clusters on the neutron fluence, will assist in the understanding of

the defect structure and its effect on the irradiated material.

The effect of varying the irradiation time and possibly atmosphere

should be studied more thoroughly.



REFERENCES

Amelinckx S., Acta Met., 2, 848 (1954)

no

Araelinckx S., Solid State Physics, Supplement 6, 55
(1964)

Barrett C.S., and Massalski T.B., 'Structure of Metals',
3rd Edition, McGraw-Hill, London (1966)

Barnes R.S., and Mazey D.J., Phil, Hag., 5, 1247 (1960)

BermanR., Proc. Roy. Soc. A, 208, 90 (1951)

Blewitt T.H., Coltman R.R., Jamison R»E., and Redman J.K.,
J. Nuclear Mater., 2, 277 (1960)

Blewitt T.H., Coltman R.R., and Redman J.K., Bristol
Conference on Defects in Crystalline Solids,
The Physical Society, London (1955) p369

if 1

¥1 ' I0 1fï'iï - . 1

m",
il-
1
i .
Pte
1
il I
p 1
fe 1
II 1

I
• ,• i1• i11
1
1•• -i
Ii

Bourassa R.R., and Lengeler B., J. Phys. F: Metal Phys.
±, 1405 (1976)

Bridgman P.W., Proc. Amer. Acad. Arts Sciences, _60,
303 (1925) IB

Brinlanan J.A., J. Appl. Phys, 25.* 961 (1954)

Burke J.E., 'Progress in Ceramic Science', Vol. 2,
ed. Burke J.E., Pergamon Press (1962)

Cabrera N., 'Semiconductor Surface Physics',
ed. Kingston R.H., Univ. of Pennsylvania
Press (1957) p327

PI« îi

Coltman R.R. (Jr), Klabunde C.E., Redman J.K., and
Southern A.L., Rad. Effects, JL6, 25 (1972)

DashW.C, J. Appl. Phys., .27 no. 10, 1193 (1956)



M

Gilman J . J . , Johnston Vi.G., J. Appl, Phys 27
1018 (1956) —

^ t s



111

Frye J.H. (Jr) and McHargue C.J., Third InterAmerican
Conference on Materials Technology,
Rio de Janeiro, Brazil (1972) p211

Gevers R., J, Chem. phys., 50, 321 (1953)

Gevers R., Amelinckx S,, and Dekeyser W., Naturwissenschaften,
39, 448 (1952)

Gilman J.J., and Johnston W.G., 'Dislocations and Mechanical
Properties of Crystals, ed. John Wiley, New
York (1957) P116

Gilman J.J., and Johnston W.G.,
Physics, 13, 218 (1962)

Solid State

Gilman J.J., Johnston VI.G., and Sears G.W., J. Appl. Phys.
2i no. 5, 747 (1958)

Heald P.T., and Speight M.V., Acta. Met., J23, 1389 (1975)

Hedges J.M., and Mitchell J.W., Phil. Mag., 44, 223 (1953)

Hibbard W.R., and Dtmn C.G.t Acta. Met., 4_, 306 (1956)

Hirth J.P., and Vassamillet L., J. Appl. Phys. 29, 595 (1958)

Horak J.A., and Blewitt J.H., Nuclear Tech., 27, 416 (1975)

Hulett L.D., Baldwin T.O., Crump J.C., and Young F.W. (Jr),
J..Appl. Phys, 39, 3945 (1968)

Huntington H.B., Phys. Rev., 93, 1414 (1954)

Jackson P.J., (1968) Unpublished. Private Communication

Jackson P.J., Kemm K., and Spalding D.R., Proc. 8th
International Congress on Electron Microscopy,
Canberra (1974), VI, p626



112

Jackson P.J., Black K.E., Nathanson P.D.K., and Spalding D.,
(To be published) Phil. Mag., (1977)

K e m K.R., M.Sc. Thesis.Univ. of Natal (1973) p26

Keoim K.R., Ph.D. Thesis. Univ. of Natal (to be published)
(1977)

Kinchin G.H., and Pease R.S., Rep. Vrogr. Phys., 18,
1 (1955) *~

Klemens P.G., Proc. Roy. Soc. A, 208, 108 (1951)

Landise R.A., 'The Growth of Single Crystals', Prentice-
Hall, Inc., Englewood Cliffs, New Jersey
(1970) pl69

Larson B.C., and Young F.W. (Jr), Albany Conf. 710601
(1972) p672

Livingston J.D., J. Appl. Phys., 31» 1071 (I960)

Livingston J.D., J. Aust. Inst. Met., S no. 1, 15 (1963)

Lovell L.C., and Wernick J.H., J. Appl. Phys., 30, 590
(1959)

Makin M.J., Symposium on the Nature of Small Defect Clusters,
Harwell (1966) ed. Makin M.J., (U.K. Atomic
Energy Authority AERE Rep. R-5269 Vol. 1

MiakinM.J., Whapham A.D., and Mincer F.J., Phil. Mag., ]_,
285 (1962)

Meakin J., and Greenfield I.G., Phil. Mag., ¿I, 277 (1965)

Mitchell J.W., Chevrier J.C., Hockey B.J., and Monaghan J.P. (Jr)
Can. J. Phys., .45, 453 (1967)

Nabarro F.R.N., 'Theory of Crystal Dislocations1, Oxford,
Clarendon Press (1967)



113

Nathanson P.D.K., M.Se. Thesis. Univ. of Natal (1975)

Ksmarski G., 'Dispositif interf ér en t. ici à polarisation
pour l'e'tudc des objects transparents on
opaques', brevet d'invention du Centre
National de la Recherche Scientifique. (1952)

Nomarski G., and Weil A.R., Rev. Metallurg., J52, 121
(1955)

Fadaver J., J. Royal Microscopical Society, jB8, 305 (1968)

Risbet P.A., and Levy V., Phil. Mag., 31, 975 (1975)

Robinson M.T., 'Radiation Induced Voids in Metals'.
Corbett J.W., and Ianniello L.C., (editors)
Albany, N.Y., U.S.A. June 1971 A.E.C.
Symposium Series (Conf. - 710601)

RudfordD.W., Proc. Inst. Mech. Engrs., 171, 495 (1957)

Ruff A.W., J. Appl. Phys., 23, 3392 (1962)

RühleM., Haussermann F., and Rapp M., Phys. Stat. Sol.,
39, 609 (1970)

Scheidler G.P., MakinM.J., Minter F.J., and Schilling W.F.,
"The Nature of Small Defect Clusters', H.M.S.O.
(1966) p405

Seeger A.K., 2nd U.N. International Conference on the
Peaceful Uses of Atomic Energy, ¿, 250 (1958)

Seitz F., Disc. Faraday Soc, 5, 271 (1949)

SeitzF., Adv. Phys., JL, 43 (1952)

Seitz F., Rev. Mod. Phys., 34 no. 4, 656 (1962)

Silcox J., and Hirsch P.B., Phil. Mag., 4, 72 (1959)



SilsbeeR.H., J.„Appl.-Fnys., 28, 1246 (1957)

LIA

Sinunons R.O., and Balluffi R.W., Phys. Rev., 125,
870 (1962)

Smalltnan R.E., 'Modern Physical Metallurgy', 2nd Edition,
Butterwortlis, London (1963) p258

Spreadborough J., Langheinrich D., Anderson E., and
Brandon D., J. Appl. Phys., 35, 3585
(1964) "~

Takamura Jin-Ichi,, 'Phusical Metallurgy', ed. Cahn R.W.,
North-Holland (1970) p884

Thomas J.E., Baldwin Ï.O., and Dederichs P.H., Phys. Rev.
B, 2 no. 4, 1167 (1971)

Thompson M.W., 'Defects and Radiation Damage in Metals',
Cambridge University Press (1969)

Vogel F.L., Acta. Met., 3, 95 (1955)

Vogel F.L., Ff ann W.G., Corey H.E., and Thomas E.E.,
Phys. Rev., 90, 48S (1953)

Wechsler M.S., American Society for Testing Materials,
Special Technical Report No. 341, (1948) p86

Wilsdorf H., and Kuhlmann-Wilsdorf D., Phil. Mag., 45,
1096 (1954)

Young F.W. (Jr), J. Appl. Phys., 32 no. 2, 192

Zwikker C , 'Physical Properties of Solid Materials',
Pergamon Press, London (1954)


