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MICROSTRUCTURE OF ION IRRADIATED NICKEL AND
NICKEL-COPPER ALLOYS

Lu-Min Wang
Under the supervision of Professor Richard Arthur Dodd

Pure nickel and three concentrated Ni-Cu alloys, namely, Ni-10Cu
(at.%), Ni-25Cu and Ni-50Cu, with various oxygen (residual or pre-
injected) and helium (pre-injected) contents have been irradiated with 14
MeV nickel or copper ions up to a peak damage level of ~ 100 dpa at the
same homologous temperature of 0.45 T, to study the effects of gas and
copper concentrations on the formation of radiation induced defect
clusters. The depth dependent microstructures of the damaged region in
the irradiated samples have been analyzed by cross-section transmission
electron microscopy techniques.

Pre-injection of a small amount (10 to 75 appm) of helium or
oxygen have considerably enhanced void formation in the irradiated pure
nickel. The residual oxygen has also been found to play an important role
in promoting void formation. Lowering the total oxygen content of the
nickel samples from 180 appm to 75 appm considerably reduced the void
density and increased void size. The experimental results on the effect of
oxygen in this study support recent theoretical models which predict that
oxygen can stabilize voids by reducing the metal surface energy and that

gas is necessary for voids to form in nickel.



iit

The Ni-Cu alloys showed great resistance to void formation under
the irradiation conditions. Without oxygen pre-injection, voids formed in
irradiated Ni-10Cu only at the peak displacement damage level of ~ 100
dpa, but no voids were observed in Ni-25Cu and Ni-50Cu even at that
damage level. Pre-injection of 100 appm oxygen promoted void formation
in Ni-10Cu at ~ 10 dpa, but showed no effect in Ni-25Cu and Ni-50Cu
samples. Most excess vacancies precipitated into disloca'tion loops in the
irradiated Ni-Cu alloys regardless of the presence of pre-injected oxygen
or small helium bubbles produced by helium pre-injection. The density of
dislocation loops and helium bubbles in the irradiated Ni-Cu alloys
increased with increasing copper content and their size decreased
concomitantly with increasing copper content in the investigated
composition range. The special swelling resistance of Ni-Cu alloys is
attributed to trapping of gas atoms and vacancies by fine-scaled clusters

of like atoms in the alloys during irradiation.

APPROVED:

Date Profesor Richard Arthur Dodd



iv

ACKNOWLEDGEMENTS

On completion of this thesis, I would like to express my heartfelt
thanks to the following individuals for their advice and assistance
during the course of the study.

As my thesis advisor, Professor R.A. Dodd has provided me
invaluable guidance and support throughout my graduate study years at
the University of Wisconsin-Madison, without that, the completion of this
thesis would be impossible. I dedicate this thesis to him. I also wish to
show special appreciation to Professor G.L. Kulcinski for his invaluable
advice and continuous encouragement.

I would like to thank Professor P.A. Quin, Dr. J.H. Billen, Mr.
R.C. Schmidt and Mr. T. Rebholtz of the University of Wisconsin Nuclear
Physics group for their assistance and advice on the use of the tandem
accelerator facility. I would like to thank Mr. R. Casper for providing
training on the operation of the transmission electron microscopes and
for his effort in keeping the microscopes always in good operating
condition.

My association with past and present fellow graduate students in
the Radiation Damage Group at the University of Wisconsin-Madison
has been a very rewarding experience. For their many valuable
suggestions, discussions, assistance, and contributions to the completion
of this thesis research as well as their unforgettable friendliness, I wish

to thank Dr. D.B. Bullen, Dr. R.L. Sindelar, Dr. S.J. Zinkle, Dr. C.D.



Croessman, Dr. D.L. Plumton, Dr. J.J. Kai, Dr. L.E. Seitzman, Mr. D.H.
Plantz, Mr. D.J. Pertzborn, Ms. R.D. Griffin, Mr. S.H. Han, Ms. S.N.
Farrens, Mr. J.H. Liang, Mr. M.H. Hassan and Mr. M.H. Song.

I also wish to extend my appreciation to Mr. D. Bruggink, Mrs. P.
Caliva and Ms. E. DuCharme for their assistance in preparing the
manuscripts of the many reports generated during my thesis study.

Finally, I would like to thank my wife, Li Zhao, for her lasting
understanding, patience and support, which have also been especially
important to me in making the completion of this thesis possible.

This research was supported by the United States Department of
Energy, Office of Fusion Energy.



TABLE OF CONTENTS

ABSTRACT ...ttt e e et e e s e ee e e e e e aeans il
ACKNOWLEDGEMENT ...ttt eee e e een e e eneanans iv
LISTOF FIGURES ...ttt iitiei et ee e et e ae e eeaereeneanenas ix
LISTOF TABLES ... ..ottt et e cee e eieeee e ea e s aaaans xiv
CHAPTER 1. INTRODUCTION .....cciiiitiiiiniiiiininei e ieeeieeeeeeeenenennens 1
References for Chapter 1 ........cooiiiiiiiiiiiiiiiiiii e 8
CHAPTER 2. THEORETICAL BACKGROUND.......ccoocemrrrrrinrrrrnerennenns 10
A. Radiation-Produced Point Defects and dpa Calculation ....................... 10

B. Radiation-Induced Void Swelling............ocoveiiiiiiiiiiiiiiiniiiiineennnn. 18

1. Void Nucleation TheoTy ......covviiiiiiiiienniiiiiiiiiieieneienineenanenss 19

2. Void Growth Theory.........ooiiiiiiiiiiiiiiiiieieiec e ceeee e, 23

3. Gas Effects on Void Formation.............cccoeeiiveiininiiiniiinninnnnnes 25

4. Effect of Alloying Elements and Impurities on Void Formation......... 29

C. Mass Transport and Phase Stability under Irradiation......................... 33

1. Radiation-Enhanced Diffusion............cceveviiiieniiiieniniiiinininenn. 33

2. Radiation-Induced Solute Segregation..........ccevviviviiinniniiennnnenn. 34

3. Phase Stability under Irradiation............cocoviiiiiiiniiiiiininnnnnn.. 35

D. Special Effects during Ion Irradiation ............ccoooiiiiiiiiiiiiiiiiiinen.. 37
References for Chapter 2 ......coovviiiiiiiiiiiiiiiiiiicniiicrereee e, 40

CHAPTER 3. REVIEW OF THE RELEVANT PREVIOUS EXPERIMENTS.... 45
A. Void Formation in Irradiated Pure Nickel.....cooviiiiiriirnrnerereeeereceeannes 45



B. Void Formation in Irradiated Pure Copper...........cccovviviiiniininininenenes 51

C. Related Studies on Nickel-Copper ALIOYS ........c.oveenvviiiiineeeinininnnnns 56

1. The Cu-Ni SYSEM ....cuiniiitiiiiiiiiiiiiiiiereieeeeieeaeeteneenenenns 56

2. Solute Segregation and Phase Stability in Irradiated Ni-Cu Alloys ..... 57

3. Void Formation Study on Neutron Irradiated Ni-Cu Alloys.............. 61

4. Void Formation Study on Ion Irradiated Ni-Cu Alloys.................... 65

5. Void Formation Study of Ni-Cu Alloysby HVEM ....................... 71

6. Helium Bubble Formation in Ni-Cu ALlOyS.........cccevviviiiinninenn... 74
References for Chapter 3 ... ..o e 78
CHAPTER 4. EXPERIMENTAL PROCEDURES........ccccciiiiiiiiiiaiiiininane. 84
A. Pre-Irradiation Specimen Preparation.............ccccceeeeeereniiieernenennnnen. 84

B. Helium Pre-injection......c.ouiiiiiiiiiiniirininiiiienieeneeneneeneenenneneenes 89

C. Oxygen Pre-Injection .......ceiiiiiiiiiiie it iiieiereieeeieeieeenrenenann 93

D. Heavy-Ton Irradiation ..........coooiiiiiiiiiiiiiiiiiiiiiiiiir e eaae 94

E. Post-Irradiation Specimen Preparation and Analysis ........coevvvvueenennen.. 98
References for Chapter4 ..........c.oiniiieiiiiiiiiieieii e reeaeeeenenes 103
CHAPTER 5. EXPERIMENTAL RESULTS ..ottt 104
A. Gas Effects on Void Formation in Irradiated Nickel ...................c....0. 105

1. Heterogeneous Void Formation in Irradiated As-received Nickel ....... 105

2. Void Formation in Vacuum Annealed Nickel (180 appm Oxygen)
with or without Helium Pre-injection ..........c..coceieiiiiiiiiiiiiii 108

3. Void Formation in Degassed Nickel (75 appm Oxygen) with or
without Helium Pre-injection ..........ccocoieiiiiiiiiiiiiiiininiiinnnn, 113

4. Effect of Oxygen on Void Formation in Irradiated Nickel................ 117



viii

B. Defect Cluster Formation in Irradiated Ni-Cu Alloys with or without

Oxygen Pre-inJection .......ccouviuinininiiiiniiiini e 120
1. Results from Irradiation of Ni-10Cu..........cccceevviniiiinieninnininnnn.n. 120
2. Results from Irradiation of Ni-S0Cu.......ccocoeiuiiiiiiiiininiininininn.s 127
3. Results from Irradiation of Ni-25Cu........ccccoeveiiiiiiiniinnnnnininnnnn. 132
C. Comparison of Effects of Pre-injected Helium in Irradiated Nickel
ANA Ni-CUu ALIOYS .. vnvnininiiiiiiiiii e aes 139
D. Effect of Small Amount of Implanted Copper on Void Formation in
14 MeV Copper Ion Irradiated Nickel...........cocovvviviniineninininnininen.n. 146
References for Chapter S .......cooiiiiiiiiiiiiiiiiiiiiiiiiie e 157
CHAPTER 6. DISCUSSION .....citiitiiiiiiiiiiniiiiiii et e e eev e ean e 158
A. Gas Effects on Void Formation ............cccoviviiiiiiiiiiiniiiiiniiinnnenen. 158
B. Void Suppression Mechanism for Irradiated Ni-Cu Alloys................... 160
C. Extended Ion Damage Range..........ccceviviiniiniieiiiiiiieiniieiennnanns 170
References for Chapter 6 .......c.oeiuiiiiiiiiiiiiiiiiii e eeeneaen, 173

CHAPTER 7. SUMMARY AND CONCLUSIONS ......ccoviiiiiiiiniiiniinenen. 175



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

2.1

2.2

23

2.4

2.5

3.1

3.2

3.3

3.4

LIST OF FIGURES

Phase diagram of Cu-Ni system with the compositions and
irradiation temperatures used in this study indicated ......................

Displacement damage and implanted ion concentration versus

depth for 14 MeV nickel ion irradiated pure nickel, calculated

using the Brice code and the TAMIX code (1000 ion histories,
including the distribution of 5 MeV oxygenions).........................

Displacement damage (by 14 MeV nickel ions) and implanted ion
concentrations (14 MeV nickel ions and 5 MeV oxygen ions)

versus depth in irradiated Ni-10Cu and Ni-50Cu, calculated using

the TAMIX code (1000 10n hiStOries)......o.vvverriniiirieieinieniennennnes

General form of swelling versus dose with the various stages
INVOIVEd. .ot

Stability of different vacancy cluster species versus cluster size in
Ni with various surface €nergies ...........cocvuveviveneirneneneninnernnnns

Minimum oxygen concentration to stabilize the void in Ni as a
function of tEMPETAtUIE ........ovuiiiieitiiiiiiieiiiiieeieneeeaanenans

Swelling versus temperature for Cu and Cu-Ni alloys containing
0.1, 1 and 10 at.% Ni after irradiation of 200 keV Cu ions to 60
dpa by LeiSter.....covviniiiiiiniiiirnin e e e eae s

Swelling and mean void diameter as functions of Ni content for
Cu-based Cu-Ni alloys after electron irradiation in HVEM at three
different conditions by Barlow ..........cc.coeeiiiiiiiiiiiiiiiiiiiiinnn.

Mean void diameter as a function of Cu content for Ni-based Ni-Cu
alloys after electron irradiation in HVEM to 50 dpa by Barlow..........

Variation in the He bubble density and average bubble size with
alloy composition measured by Zinkle et al. after injection of He at

ix



Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4.1

4.2

4.3

4.4

4.5
5.1

5.2

5.3

5.4

5.5

5.6

5.7

Schematic of the University of Wisconsin 700 kV Accelerator
Facility showing beam handling and vacuum components............... 91

Displacement damage (by 14 MeV Ni ions) and injected ion
distributions in pure Ni (14 MeV Ni ions and 200-700 keV He ions)
and Ni-50Cu (14 MeV Ni ions and 200-400 keV He ions) calculated

by TAMIX code (1000 ion hiStories) .......o.ovvuvinereinenenineanenannnn. 92
Schematic of the University of Wisconsin Tandem Accelerator
FaCility . ..ovniniii i e 95
Schematic of the preparation steps of a foil cross-sectioned for
TEM Analysis .....cccoiiuiiininiiiiniiiiiiiicie i ie e eeenee e enenns 99
Morphology of voids in 14 MeV Cu ion irradiated Ni.................... 102

Cross-section TEM micrograph of 14 MeV Ni ion irradiated as-
received Ni (180 appm oxygen, 3 dpa at 1 pm, 500 °C) ................. 106

Heterogeneous void formation in 14 MeV Ni ion irradiated as-
received Ni (10 dpa, 500 °C)..cuenniniiniiiiiiiiiiniin e 107

Cross-section TEM micrographs of 14 MeV Ni ion irradiated Ni
samples containing 180 appm oxygen and various amount of pre-
injected helium ... ....coiiiiiiiiiiii e, 110

Effect of pre-injected helium on void formation in 14 MeV Ni ion
irradiated pure Ni.....oovvniniiiiiiiiiiiiiiiiiiiccee e 111

Number density and average diameter of voids versus depth for
the Ni ion irradiated high oxygen (180 appm) Ni samples
containing various amount of pre-injected helium......................... 112

Cross-section micrographs of Ni ion irradiated low oxygen (75
appm) Ni samples without or with 10 appm helium pre-injection....... 114

Number density and average diameter of voids versus depth for
the irradiated low oxygen (75 appm) Ni samples without or with
10 appm helium pre-injection .........cccoeveiiiiiiiiiiiiiiiiiiiiieianennn.. 115



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

5.8  Effect of residual oxygen on void formation in 14 MeV Ni ion

5.9 Cross-section TEM micrographs showing the effect of oxygen on
void formation in 14 MeV Ni ion irradiated Ni.....................oeeee.

5.10 Cross-section TEM micrographs taken from a Ni-10Cu sample
with 100 appm oxygen pre-injection and a damage level of 5 dpa
at 1 um (irradiated by 14 MeV Niions at 485°C).......covvvivinninnnn..

5.11 Cross-section TEM micrograph of 14 MeV Ni ion irradiated Ni-
10Cu (100 appm oxygen pre-injection, 10 dpa at 1 um, 485 °C) .......

5.12 Cross-section TEM micrograph of 14 MeV Ni ion irradiated Ni-
10Cu (25 dpa at 1 pm, 485 °C) showing the distribution of
diSloCation JOOPS. .. vv ittt e

5.13 Cross-section TEM micrograph of 14 MeV Ni ion irradiated Ni-
10Cu (25 dpa at 1 pm, 485 °C) showing void distribution...............

5.14 Comparison of void structures in irradiated Ni and Ni-10Cu............
5.15 Comparison of the dislocation structures in Ni-10Cu with

various irradiation conditions at 485 °C...ovuuviiiieiiiiiiiiiiiieiaaneaenn.

5.16 Cross-section TEM micrographs taken from a Ni-50Cu sample
with 100 appm oxygen pre-injection and a damage level of 5 dpa
at 1 pm (irradiated by 14 MeV Niions at 425°C).......cccoevinininnnnn..

5.17 Cross-section TEM micrograph of 14 MeV Ni ion irradiate Ni-

50Cu (100 appm oxygen pre-injection, 10 dpa at 1 um, 425 °C) .......
5.18 Cross-section TEM micrograph of 14 MeV Ni ion irradiate Ni-

S0Cu (25dpaat 1 Hm, 425°C) ..uueininiiiniiiiiiiiiii i eieie e enenans

5.19 Comparison of the dislocation structures in Ni-S0Cu with
various irradiation conditions at 425 °C.........cociviiiiiiiiiiiiiienenans

5.20 Comparison of size distributions of dislocation loops in 14 MeV
Ni ion irradiated Ni-10Cu and Ni-50Cu........cooeiiininiininiinnnn.n.

x1



x1i

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

5.21

5.22

5.23

5.24

5.25

5.26

5.27

5.28

5.29

5.30

5.31

5.32

Entire ion damage region in Ni-25Cu irradiated with 14 MeV Ni
ONS ALA65 °C .ouiiiiiiii e 136

Comparison of the dislocation structures in Ni-25Cu with
various irradiation conditions at 465 °C............ccceoveveinienennannnnn. 137

Entire ion damage region of 14 MeV Ni ion irradiated Ni, Ni-10Cu
and Ni-50Cu with 50 appm helium pre-injection.......................... 140

TEM micrographs showing the comparison of major defect clusters
in 14 MeV Ni ion irradiated pure Ni, Ni-10Cu and Ni-50Cu, all
with 50 appm He pre-injection.................cccoiviiiivininiiniiiniannen. 141

Low contrast TEM micrographs showing comparison of the effect
of 50 appm pre-injected He in 14 MeV Ni ion irradiated pure Ni,
Ni-10Cu and Ni-50CU.....cuuiuiiniiiiiiiiiiiieeecee e 143

TEM image of helium bubbles formed in 50 appm helium pre-
injected Ni-10Cu after 14 MeV Ni ion irradiation (5 dpa, 485 °C) ...... 144

Cross-section TEM micrograph showing void distribution in 14
MeV Ni ion irradiated Ni (25 dpa at 1 pm, 500°C)........cccuvvnen.n.n. 147

Cross-section TEM micrograph showing void distribution in 14
MeV Cu ion irradiated Ni (25 dpa at 1 um, 500 °C) ..........ccueun...e. 148

Cross-section TEM micrograph showing both void and dislocation
loop distribution in 14 MeV Cu ion irradiated Ni (75 appm oxygen,
25dpaat 1 m, S00°C) cuenuiiieiniiiiiiieee e aeas 149

Dislocation loop images taken from various depths of the 14 MeV
Cu ion irradiated Ni (75 appm oxygen, 25 dpa at 1 um, 500 °C) ....... 151

Void parameters and swelling versus depth in 14 MeV Cu and
Ni ion irradiated Ni (75 appm oxygen, 25 dpa at 1 um,500°C) ......... 152

Dislocation density versus depth in 14 MeV Cu ion irradiated
pure Ni (75 appm oxygen, 25 dpa at 1 um, 500°C)........cccevenennn.n. 153



Fig. 5.33

Fig. 5.34

Fig. 6.1

Fig. 6.2

Fig. 6.3

Fig. 6.4

Fig. 6.5

EDX spectrum recorded from the Cu ion implanted region of an
irradiated Ni specimen with the two regions of interest indicated

Comparison of measured and calculated Cu content profile for

14 MeV Cu ion implanted Ni (6x1020 ions/m2, 500 °C) ..........

Ilustration of local atom arrangement in a binary alloy with

various short range order parameters in two dimensions..........

Short range order parameter o; for Ni-Cu alloys measured by
Vrijen et al., Aldred et al. and Medina et al. with diffuse neutron

scattering after quenching from various temperatures..............

Comparison of major defect clusters observed in 14 MeV Ni ion

irradiated Ni, Ni-10Cu, Ni-25Cu and Ni-50Cu ......ceeveenenennn.

Weak-beam dark-field micrograph showing the presence of
stacking fault tetrahedra in 14 MeV Ni ion irradiated Ni-50Cu

with 50 appm helium pre-injection (5 dpa, 425 °C) ................

The dependence of the end of damage range depth on Ni ion

fluence for the irradiated Ni-10Cu and Ni-50Cu ...................

xiii



Xiv

Table 3.1

Table 3.2

Table 4.1
Table 4.2
Table 5.1

Table 5.2

Table 5.3

LIST OF TABLES

Results of fast neutron irradiations of Cu, Ni and Cu-Ni alloys

reported by Brimhall and Kissinger.........c.cccoevviiiiiiiiiiiiinnnin, 62
Characteristics of ion irradiated Ni-Cu alloys reported by Mazey

ANd MENZINGET ...o.vieiniiiiiiiiiniit et eeeetereeenaeeeasenenaneenanns 66
Samples and irradiation conditions used in the present study ............ 85
Nominal impurity contents in Marz grade nickel ............c.coeeennnnnn. 87

Comparison of void parameters in 14 MeV Ni ion irradiated Ni
samples with various OXygen content..........c.ceveviviereniiieeenenannnn. 119

Defect characteristics of 14 MeV Ni ion irradiated Ni-Cu alloys
with or without oxygen pre-injection .............cccviiviiiiiiiinnannnn. 138

Major defect characteristics in 50 appm helium pre-injected Ni and
Ni-Cu alloys following 14 MeV Ni ion irradiation .............c.......... 145



CHAPTER 1
INTRODUCTION

In the proposed D-T nuclear fusion reactor, high energy neutrons

will be produced by the reaction

%D + 3T = He (3.52 MeV) + In (14.08 MeV). (1.1)

The interactions between the fusion neutrons and the structural
materials of a fusion device may cause serious material deterioration,
thereby limiting the safety and the lifetime of the reactor. This problem of
radiation damage has long been considered as the second most serious
obstacle to the commercialization of fusion powerll], after the production
and confinement of a D-T plasma.

During irradiation by fusion neutrons, there will be two
elementary interactions!2.3] between the radiation and the lattice atoms
in a crystalline material. First, the bombarding particles transfer recoil
energy to the lattice atoms. This produces vacancy and interstitial
concentrations in excess of thermal equilibrium levels. Secondly, the
bombarding particles can cause nuclear reactions which may produce
considerable concentrations of foreign elements within the material. In
particular, the inert gas helium which is produced by (n,a)-reactions
plays an important role in the behavior of metals and alloys since it can
cause drastic property changes, even at very low concentrations. Some of

the radiation induced point defects will escape vacancy-interstitial



recombination and precipitate into defect clusters, e.g. dislocation loops,
voids and stacking fault tetrahedra, thus greatly altering the
microstructure and physical properties of the material. Particularly, the
precipitation of vacancies into 3-dimensional voids leads to the
phenomenon of void swelling, in which case the dimensions of rigidly
held components will increase during operation of the reactor. Although
it is concluded recently by some researchers!3] that the lifetime of most
fusion reactor components will be determined by ductility losses rather
than by swelling, swelling due to void formation under irradiation is still
a serious problem in the reactor design.

Since there are currently no experimental facilities that can
generate the same irradiation environment as that which will be present
in a commercial fusion reactor, the high-energy neutron irradiation
effects have to be studied by using fission neutrons or high-energy
electrons or ions. Accelerator-based ion irradiations can produce
damage structures similar to that of high-energy neutrons, and the high
displacement damage rates associated with heavy-ion irradiations allow
high damage levels to be achieved in a very short time. The effects of
helium gas on the damage structure evolution can also be studied in ion-
irradiated metals by utilizing dual-ion irradiation(4-9] or by pre-injection
of helium ionsl6-9]1. Therefore, although heavy-ion irradiation cannot be
directly correlated to neutron irradiation, it is still a very useful tool for
both detailed investigation of the effects of changing various

experimental parameters (temperature, alloy composition, gas atom



concentration, etc.) on the radiation damage structure evolution and
preliminary radiation studies on new alloy systems[10],

In this study, microstructures resulting from 14 MeV heavy-ion
irradiation of pure nickel and several concentrated nickel-copper alloys,
namely, Ni-10Cu (at.%), Ni-25Cu and Ni-50Cu, including the effects of
residual oxygen and pre-injected helium and oxygen, have been
investigated in detail using transmission electron microscopy (TEM) of
cross-section specimensl(10]. This method allows the entire ion damage
region to be viewed at once, and has been concluded to be necessary
whenever quantitative void swelling information is desired from ion
irradiation studies(11],

The motivation for the study is originated as follows.

As a pure metal, nickel has been selected in many radiation
induced void swelling studies[!2] to avoid the complex analysis problems
imposed by phase changes. The effects of helium, either pre-injected or
co-implanted during heavy-ion irradiation of pure nickel have also been
studied in detail previously. However, only two of those studiesf13,14]
investigated the depth-dependent microstructure produced in helium-
pre-injected, heavy-ion irradiated samples utilizing the cross-section
technique. The results of those studies indicated that the pre-injected
helium can either promotel13] or suppressl14] void swelling depending on
the experimental conditions, especially the concentration of the pre-
injected helium. Moreover, none of the above mentioned studies has

included investigation on the effect of oxygen. Oxygen is the most



common residual gas in metals and has been indicated to promote void
formation both by theoretical analysis(15:16] and by some experiments on
other materials[17-21], Therefore, it seems that any quantitative
consideration of the effect of gases on void formation would be incomplete
without considering the effect of residual oxygen in the material.
Unfortunately, no experiments had been reported in which the
concentration of the residual gases has been varied in a controlled
manneri22] prior to the present study. The study of pure nickel in this
research also provides a comparison basis for the study of Ni-Cu alloys
which have been irradiated under similar conditions to pure nickel.

The Ni-Cu system is one of the few alloy systems which forms a
complete solid solution over the entire composition range(23] (though a
miscibility gap at lower temperatures (< 322 °C) is included in the Cu-Ni
phase diagraml(24] based on a thermodynamic calculation[25], it has not
been experimentally verified because of the low temperature). While
voids can easily be produced in pure copper(26] and pure nickel(12], the Ni-
Cu alloys have been shown to be very resistant to void formation under
neutronl26], ion(27,28] and electron[29] irradiations. In fact, no voids have
ever been observed in concentrated Ni-Cu alloys containing more than
10% alloying element (copper or nickel). However, the data-base for the
irradiation of concentrated Ni-Cu alloys (> 10% alloying element) before
this study was quite small and the cause of the suppressed void
formation in the Ni-Cu alloys remained uncertain. In the literature,

neutron irradiations were only carried out to very low dose (0.01 dpa)[26];



most ion irradiations were done by using low energy (0.1-0.3 MeV)
ionsl27-29], where the free surface effects on void formation[11] were
important since the damaged region is too thin{30), Only three samples of
Ni-Cu alloys (Ni-20Cu, Cu-20Ni and Cu-2Ni) have been irradiated by high
energy (46.5 MeV) ions and no cross-section analysis has been done.
Although many samples have been irradiated in the HVEM (high voltage
electron microscope) by 1 MeV electrons(31], the value of the results is
also limited because electron irradiation in the HVEM cannot produce
displacement cascades!32], which are formed in both neutron and heavy-
ion irradiations. Finally, no comparison work has been done to study the
gas effect in irradiated Ni-Cu alloys. Although Ni-Cu alloys are unlikely
to be used as structural materials in the proposed future fusion reactor,
such a simple system merits further work in view of the considerable
importance attached to the understanding and control of void formation.

The objectives of the present research are, first, to investigate the
effect of oxygen (both residual and pre-injected) and helium (pre-injected)
on void formation in pure nickel, then to investigate the effect of copper
concentration on defect cluster formation characteristics of Ni-Cu alloys
in the presence of oxygen and helium atoms.

Figure 1.1 shows the Cu-Ni phase diagram where the
compositions and the irradiation temperatures used in this study are
indicated. It should be noted that all the heavy-ion irradiations in this

study have been performed at the same homologous temperature of 0.45
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Tm, because voids are known to form only in the temperature range of
0.3-0.6 Tp,. At lower temperatures, vacancies are not mobile enough to
move together to form voids and most of them will recombine with a
mobile interstitial atom. When the temperature is higher than 0.6 Ty,
the equilibrium vacancy concentration is very high, which makes the
vacancy supersaturation insufficient for void nucleation and growth.
The rest of this thesis is organized as follows. Chapter 2 gives a
brief review on the general radiation damage theory, but concentrating
on the topic of void formation. Chapter 3 reviews relevant previous
experimental work on pure nickel, pure copper and Ni-Cu alloys.
Chapter 4 describes the detailed experimental procedure performed in
this study, while the experimental results and their discussion are given
in Chapters 5 and 6 respectively. Chapter 7 gives a general summary

and the conclusions of this research.
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CHAPTER 2
THEORETICAL BACKGROUND

A. Radiation-Produced Point Defects and dpa Calculation

During irradiation of crystalline solids, the implanting energetic
particles (e.g. neutrons, heavy ions or electrons) will collide with lattice
atoms and transfer energy to them. As noted by Olanderl(l], the energy
transferred (T) from a non-relativistic particle with kinetic energy E and

mass M; to a stationary particle of mass M, is given by

T=%EA(1-cos6) (2.1)
where 0 is the scattering angle in the center-of-mass coordinate system
and A is given as

A= W (2.2)

Electrons in the MeV range must be considered as relativistic particles.
In that case, the maximum energy transferred is given by Dienes and

Vineyard(2! as:

2(E +2m,2)E
Tmax = M02° (2.3)

where m, is electron rest mass, M is the mass of a target atom and c is

the velocity of light.



1

When the recoil energy imparted on a target atom exceeds a
certain value, the so-called threshold or displacement energy (Ey)[3], the
target atom leaves its regular site; it becomes displaced and comes to rest
as an interstitial atom. Its original lattice site has become the site of a
vacancy. Therefore, a Frenkel defect pair (vacancy-interstitial atom pair)
is created. The displacement energy depends on the metal or alloy, the
crystal structure and direction of displacement.

An atom which has been displaced directly by a bombarding
particle is known as a "primary knock-on atom", or PKA, which may
have an energy from the eV to keV range. PKAs with relatively lower
energies can not displace other atoms and will lose their energy due to
various inelastic interactions which cause only very localized heating of
the lattice. But the more energetic PKAs may create one or a number of
secondary knock-ons. Each of these secondary knock-ons, when given
enough energy, may in turn displace other atoms. The result of this
displacement cascade is the formation of many Frenkel pairs in the
crystalline material. The density of the Frenkel pairs along the path of
the incident particle depends very strongly on the energy of the particle

as well as the type of particle and can be expressed by(4l:

N4(E) = Ny [ O(E) o®) K(E,T) V(T) dT 2.4)

where Nj is the atomic density of the crystal, ®(E) is the flux of the

incident particles with energy E, 6(E) is the collision cross section

between the incident particle and the matrix atoms, K(E,T) is the



probability of the production of a PKA with kinetic energy T through
collision, and V(T) is the number of matrix atoms which are
subsequently displaced by the PKA.

Large displacement cascades are produced during fast neutron
and ion irradiations. Due to the large Rutherford collision cross section
between the incident ion and the lattice atoms, ion irradiation results in
a displacement cascade which is more dense than that found for neutron
irradiation. However, because of the limited range of a charged particle
in a metal crystal (as compared to a neutron), the spatial distribution of
displacement cascades produced by ion irradiation is limited to only a
few microns from the surface. And also, because the ion-atom collision
cross section increases with decreasing ion velocity, the displacement
damage rate for ion irradiation is depth-dependent. The displacement
rate and, in turn, the number of Frenkel pairs produced near the end of
ion range is greater than those at the surface by a factor of 5-10.

Energetic electrons (> 0.5 MeV) can also cause atomic
displacements in crystalline materials. But since the mass of an electron
is so small, electrons may transfer at most a few percent of their energy
to a metallic lattice atom, so that the displacement damage is limited to a
few Frenkel pairs per collision. Therefore, high energy electron
irradiations only produce an isolated point defect damage structure, as
opposed to the dense Frenkel pairs produced by the displacement
cascades in fast neutron and ion irradiations, even if the fluences of the

incident particles are the same.



In order to compare the potential damage levels under irradiations
of different particles with various energies, a theoretical unit known as
dpa (displacement per atom) was established and has been widely used.
The unit is a measure of the cumulative effect of an irradiation which
causes displacements. A dose of 1 dpa means that, on the average, each
lattice atom in the crystal has been displaced once during the irradiation.
The dpa unit does not account for dose rate effects, Frenkel pair
recombination in the cascade region, the spatial rearrangements of point
defects due to thermally assisted migration, or the effect of
transmutation reactions which occur under neutron irradiation.
Nevertheless, it is a useful unit for calculating first order effects that will
be expected in various irradiation environments.

To calculate the dpa profile of an ion-irradiated metal, the depth
distribution of energy deposition from incident ions has to be determined
first. Lindhard, Scharff and Schoitt, as well as others(5-9] have developed
the most widely used and accepted model for determining energy loss of
an ion slowing down in an amorphous solid. The model is known as LSS
theory. The LSS theory assumes total separability for electronic and
nuclear scattering energy loss mechanisms and assumes that the
electronic energy loss is proportional to the velocity of the incident ions.
The nuclear stopping cross section is calculated from a screened
Thomas-Fermi statistical model of the atom. This theory is applicable to
many target-projectile combinations over a wide energy range, but

breaks down for moderately low ion energies.



14

When the nuclear and electronic stopping powers are known, the
number of displacements per atom (dpa) at a depth x can be calculated

using a modified Kinchen-Pease model proposed by Torrens and

Robinson(10,11]

KS
Ny = § ol (@p 25)

where J is the incident jon fluence, N is the atomic density of the target,
Sp(x) is the energy available for displacements (damage energy) at the
depth x, K is the displacement efficiency which accounts for events that
do not lead to displacements, and Eq is the spatial averaged threshold
energy for displacement . Early computer modeling of the cascade
structure indicated that the displacement efficiency was independent of
the incident particle energyl10], with a value of K=0.8. That number has
been used as a standard value over the years for dpa calculations.
However, recent experimental and theoretical studies have shown that K
is strongly dependent on energy, with K decreasing for increasing recoil
energyl12], For high energy (> 1 MeV) neutron or heavy-ion irradiation of
FCC metals, K=0.3 is probably a more appropriate value to use. That
would reduce many previously cited damage levels by a factor of 3/8.
Nevertheless, the damage values in this study will still be derived from
the K=0.8 assumption to be consistent with the previous decade of ion
irradiation studies.

It should also be mentioned here that the final position of an

incident ion in a target material has a statistical nature, i.e., ions having



exactly the same initial incident energy do not always follow the same
path, resulting in some particular spatial distribution of ions in the solid.
The ion distribution function depends on the ion and target species,
incident ion energy and the angle of incidence. The final distribution of
displacement damage is the average result of all the incident ions.

A computer code based on LSS theory developed by Bricel13] was
used in several previous 14 MeV heavy-ion irradiation studies(14-16] to
calculate both ion damage profile and injected ion distribution. However,
the damage ranges calculated by computer codes based on LSS theory
have been shown to be 15-40 % shorter than the damage regions observed
in TEM cross-section studies{14-20], This has been explained by
diffusional spreading and the possible over-estimation of the electronic
stopping loss factor for heavy-ion irradiations[15]. Recently, a Monte
Carlo computer code, TAMIXI[21], has been developed to calculate the
damage and ion distributions in ion irradiated materials. This code is
based on a modified Kinchen-Pease model and simulates the ion
transport process in solids statistically. Its results agree closely with
those calculated using Brice code. In this study, the TAMIX code has
been used to estimate the ion distribution and the ion fluences needed for
producing the desired displacement damage at a certain depth in the
target. Figure 2.1 (a) and (b) show the comparison of the Brice result with
the TAMIX result for dpa and ion concentration distributions in 14 MeV
nickel ion irradiated pure nickel (the depth profile of 5 MeV oxygen ions
is included in the TAMIX calculation). Figure 2.2 (a) and (b) show the
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results of similar TAMIX calculations for 14 MeV nickel ion irradiated
Ni-10Cu and Ni-50Cu respectively (both include the depth profile of 5 MeV
oxygen ions). Some other TAMIX results relevant to the experiments
performed in the present study are included in Chapter 4. In the

calculations, the effective displacement energies, Eq, used for nickel and

copper atoms are 40 eVI3] and 29 eVI15] respectively.

B. Radiation-Induced Void Swelling

The production of point defects can cause the concentrations of
vacancies and interstitials in an irradiated metal to be much higher than
the normal thermal equilibrium concentrations. Under certain
conditions, some of those point defects will escape vacancy-interstitial
recombination and form defect clusters. During irradiation, interstitials
can rapidly aggregate to form dislocation loops, thereby increasing the
dislocation density of annealed metals. Also, interstitial atoms have a
stronger attraction to edge-type dislocation sinks than vacancies
(dislocation bias) due to their greater relaxation strain(22,23], As a result,
there is a higher flux of vacancies arriving at neutral sinks, which may
lead to void formation. The overall effect of the production of voids in
metals used in reactor is that the material will swell and possibly distort
rigidly held components, thereby promoting early failure.

Since the first void was observed in steel by Cawthorne and
Fulton!24] in 1966, voids have been observed in over a dozen elements and

scores of alloys[4]. The general conditions under which voids are formed



seem to be well known. Voids are known to form only in the temperature
range of 0.3-0.6 T,,. At lower temperatures, vacancies are not mobile
enough to come together forming voids and most of them will recombine
with a mobile interstitial atom (interstitials generally become mobile in

metals at very low temperatures, i.e. below 50 K, while vacancies are

mobile only for temperatures > 0.25 T[,[25]). When the temperature is

higher than 0.6 Ty, the equilibrium vacancy concentration is very high,

making the vacancy supersaturation in metals insufficient for void
nucleation and growth. It is also known that void swelling is dependent
on the damage rate, damage level, gas and other impurity contents in the
metal, and other factors(4].

The basic theories for void nucleation and growth, as well as the
effects of gases and other impurities on void formation are briefly

reviewed in this section.

B.1. Void Nucleation Theory

The first approach to void nucleation theory was made by
Harkness et al.(1969)[26,27), They utilized an equation applicable to
nucleation of voids only in the presence of a vacancy supersaturation and
did not consider the interstitials which are produced simultaneously
with those vacancies during irradiation. Better models that dealt with
the effect of irradiation on void nucleation were developed independently
by Katz and Wiedersich(28] and Russell (1971)[29], and they are collectively
known as WKR theory. The theory was further refined later by Russell



(1978)(30], Wolfer and Si-Ahmed (1982)[31] and has been considered to be
the classical theory for void nucleation. The WKR theory considers void
nucleation in the presence of both supersaturations of vacancies and
interstitials during irradiation. According to this theory, whether or not
a void will nucleate is governed not simply by point defect concentrations,
but by the ratio of the arrival rates of vacancies and interstitials at
neutral sinks. Void nucleation is possible only when the rate of arrival of
vacancies is larger than that of interstitials. The arrival rates of defects
at a neutral sink are proportional to the product of their mobility and
concentration. Since interstitials have higher mobility and the
concentrations of interstitials and of vacancies are equal originally, the
presence of some other sinks that preferentially attract interstitials are
required for void nucleation. As mentioned before, dislocations are this
type of sink.

Russelll30] has noted that there are several mechanisms by which
void nucleation can occur: (a) homogeneous nucleation of vacancy and
interstitial clusters, (b) heterogeneous nucleation on single gas atoms or
gas atom clusters, (¢) co-precipitation of vacancies, interstitials and gas
atoms, (d) direct nucleation from the vacancy-rich core of displacement
cascades, and (e) nucleation in the presence of surface active impurities.

The basic assumptions of the classical WKR theory for
homogeneous void nucleation are that an incubation period or a lag time
exists, during which a subcritical cluster population forms; this period is

then followed by a steady-state nucleation period, during which a




21

constant population of clusters grows beyond a critical size per unit time.
An individual cluster overcomes the nucleation barrier at the critical
size only as a result of growth fluctuations. Once it crosses the barrier its
further growth becomes more deterministic and growth fluctuations
become negligible. The second important assumption of the classical and
homogeneous nucleation theory concerns the termination of the
nucleation period and the cessation of the steady-state nucleation rate.
This termination is generally believed to be caused by a depression of the
supersaturation of the clustering species. For a continuous irradiation,
the increasing void density is believed to eventually reduce the vacancy
supersaturation and thereby stop the cluster flux across the nucleation
barrier. Although it is difficult to precisely specify the required
reduction, Russelll30] suggested that a lowering of the vacancy
supersaturation by a factor of ten will suffice to terminate void
nucleation.

In the original WKR theory, only monatomic point defects were
considered as mobile species. However, it was pointed out later that the
migration energy of divacancies can be significantly lower than that of
monovacancies for many cubic metals(31), Furthermore, the binding
energy of divacancies is sufficiently large for a significant fraction of
them to remain bound, even at high temperatures. As a result, the
product of divacancy concentration and diffusion coefficient can be as

large as the corresponding product for monovacancies. This factor has



been considered in the WKR theory modification made by Wolfer and Si-
Ahmed[31],

Quantitative predictions of the WKR theory did not agree with
experimental results. Nevertheless, some of the qualitative predictions of
the model are still appropriatel32].

In the classical approach to void nucleation, the critical size and
the nucleation barrier are determined mainly by the supersaturations,
the internal energy of the cluster, and by the diffusion coefficients of the
mobile species. The subcritical cluster population below the critical size
was considered to have no direct influence on the critical size and the
nucleation barrier. The latter assumption has been shown to be
incorrect[33], Another theoretical approach to void nucleation, which
abandoned the above assumption, has been developed recently by Wolfer
and Wehner in 1985[33,34]1, In that model, the void size is treated as a
continuous variable, and a new Fokker-Plank equation[35] is used to
describe the vacancy cluster distribution. Their results depend rather
critically on the value of the sink-averaged interstitial bias factor. Void
number densities that are in close agreement with measured values are
obtained when appropriate bias factor parameters are used. Wehner and
Wolfer have also shown![33] that void nucleation is an evolutionary process
with no steady-state regime. Therefore, it appears that the basic

assumption contained in the WKR model is not valid.



B.2. Void Growth Theory

The most widely used model for the growth of voids in an
irradiation environment was initially proposed by Harkness and Lil36]
(1971) and was further improved by Wiedersich[37] (1972) and by
Brailsford and Bullough!38] (1972). The model is based on the formalism
of chemical rate theory.

The basic assumption of rate theory is that a discrete, random
array of sinks for point defects can be approximated by an appropriate
continuum of sinks. This replacement of a set of discrete sinks with a
continuum means that the derived rate equations will contain an implied
spatial averaging over distances greater than the average sink spacing
and an average over a time interval greater than the average cascade
lifetime[39], The essential hypothesis of the analysis is that the metal
already contains void embryos and sinks for interstitials. Since the
irradiation produces the same number of free vacancies and interstitials,
the depletion of interstitials by those sinks will lead to a net flow of
vacancies to the unbiased sinks (i.e. voids) and hence to void growth. Rate
equations may be written to describe the point defect production,
migration and loss to sinks. The strengths of the various sinks,
including voids, grain boundaries, dislocations, surfaces, have been
analyzed in detail by Brailsford et al.[40,41], Once the point defect
concentrations (C, and C;) are obtained from the rate equationsl42], the
void growth rate can then be calculated by (assuming no divacancy

contribution)[43];



d Q
=5 (4 @)Dy [Cy - CF ] - 2y D i) 26)

where Q is the atomic volume, ry is the void radius, Z,; is the void
capture efficiency of interstitials or vacancies, Dy ;is the diffusion

coefficient for interstitials or vacancies, and Cf,(rv) is the thermal

vacancy concentration at the void,
2Y Q
CS (ry) = Cy exp [( .~ Pe) ET] 2.7)

where Cj is the bulk thermal vacancy concentration, Y is the surface

tension and py is the gas pressure in the void.

Voids were originally considered to be neutral sinks. However,
Wolfer and coworkers!34,43,44] have shown that small, bare voids have a
strong bias toward interstitial absorption due to an image force
interaction. This would obviously prohibit void nucleation and growth.
Therefore, a void surface coating consisting of a shell of impurity atoms
which changes the bias of the void was suggested to be necessary for void
nucleation and growth.

Mansur and Wolferl44] have also investigated the effect of
incorporating mobile divacancies into void nucleation and growth
equations. Divacancies were shown to have a fairly substantial influence
on void swelling, causing increases in swelling at low temperatures and

decreases at the peak swelling temperature.



Wolfer32] compared the void nucleation and growth theories with
an extensive data base on high-fluence swelling in austenitic alloys and
showed that they were in good qualitative agreement. He concluded that
swelling as a function of dose can be divided into an initial transient
period of low swelling rate, followed by a steady-state, higher-swelling
rate regime as shown in Figure 2.3. As shown in the figure, the
transient period is composed of several regimes of increasing length.
First, a short period for the point defects to reach their stationary
concentrations, this is a part of the longer time lag regime for void
nucleation. Then there is a period of void nucleation to reach a certain
void number density at a given irradiation temperature. After that, the
void sink strength approaches the value of the dislocation sink strength.
Steady-state swelling commences when the void and dislocation sink
strengths become equivalent. At very high doses, the dislocation sink
strength may drop below the void sink strength. This results then in a
saturation of swelling which is often observed in ion-bombardment

studies.

B.3 Gas Effects on Void Formation

As mentioned in Chapter 1, during irradiation by fusion neutrons
helium will be produced in metals mainly due to the (n,a) reactions,

such asl[45]

oM +%nf = 23M' + 4He (several MeV). (2.8)
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The appm helium/dpa ratio for potential fusion reactor materials could
be as high as about 15[45],

Among the various deleterious effects of helium on the material
properties, the ductility losses observed in tensile, creep and fatigue tests
are supposed to be the most critical. It is now generally agreed that the
high temperature ductility losses are due to helium bubbles on the grain
boundaries; such bubbles form under almost all external conditions
because of the vanishingly small solubility of helium in metals[45].

The major concern about helium in this thesis, however, is its
effect on void formation.

It has been found in reactor irradiations or ion bombardment
experiments with helium injections that(45-47]: (1) helium usually
increases the concentration and decreases the size of voids; (2) helium
reduces the dose level for the first appearance of voids; (3) helium allows
voids to exist at higher temperatures. It is generally believed that helium
enhances the void nucleation process because the gas pressure in the
gas-filled gas-vacancy clusters minimizes the thermal reemission of
vacancies from the cavityl48]. Also, according to equation (2.7), when the
gas pressure inside a vacancy cluster increases, the thermal equilibrium
vacancy concentration near the void will be lowered, this will permit void
growth at higher temperatures than without gas(42l,

Some ion irradiation experiments[14:49] have shown that large pre-
injected or co-injected helium levels can almost totally suppress

swelling. This was explained by either over-nucleation of copious very



small cavities[14] or increased vacancy-interstitial recombination due to
the trapping of vacancies by co-implanted helium atoms(50],

It should be noted here that the method by which helium is
introduced into the matrix strongly influences void swelling{48], Swelling
increases in the following order: pre-injection at room temperature, pre-
injection at elevated temperatures, co-implantation with heavy ions in
dual ion irradiation. Void size varies in the same order, while void
density decreases with the above order.

Besides helium, other gases, mainly hydrogen and oxygen, may
also play important roles in promoting void formation(14.51], Hydrogen
will be continuously produced during neutron irradiation as a result of
(n,p) transmutation reactions, while oxygen and other reactive gases are
often introduced into metals during fabrication. According to Wolfer[32],
reactive gases such as hydrogen and oxygen can become chemisorbed on
subcritical-sized void surfaces, thereby reducing the surface energy and
the activation barrier for void nucleation.

Recently, Zinkle et al.[15,52] developed a vacancy cluster stability
model to predict the most stable vacancy cluster morphology in FCC
metals. In this model, the relative energy of the void is compared with
other vacancy clusters, namely, the perfect circular dislocation loop, the
faulted (Frank) loop, and the stacking fault tetrahedron. Calculations
using this modell15,53,54] indicated that a void is thermodynamically
unstable in copper, nickel and stainless steels since the other types of

vacancy clusters have lower energies per vacancy for all the cluster



sizes. However, the void can be stabilized by surface energy reductions.
These reductions can be achieved by chemisorption of oxygen onto the
metal surface. Knowing the fraction of oxygen which chemisorbs and the
surface coverage required permits the determination of the minimum
oxygen concentration needed to promote void stability. Figure 2.4 and 2.5
show the effect of surface energy on void stability, and the minimum
oxygen concentration needed for void stability in nickel, respectively. The
calculations were performed by Seitzman(53], using the above model and
the best known material parameters. In the calculation of minimum
required oxygen concentration for void stability shown in Figure 2.5, the
void densities and radii used are taken from Wehner and Wolfer's data
for a damage rate of 10°3 dpa/s(33], At low temperatures a greater oxygen
concentration is needed for void stabilization as shown in the figure, due

to the higher void densities at those temperatures.

B.4. Effect of Alloying Elements and Impurities on Void Formation

It has been established that alloys do behave differently as regards void
formation during irradiations. Early studies on stainless steel have
shown that the threshold fluence for void formation is much higher than
that found in a pure metal such as nickell55], It is also well established
that voids do not form as readily in impure nickel(56] and aluminum(57]
as in the corresponding highly pure metal. Also, it is well known from
experimental studies that void swelling depends on solute type and

concentration, i.e. solute atoms can either retard or accelerate void
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nucleation and growth. Small changes in the concentrations of matrix
alloying elements can lead to very significant changes in swelling(42],

There are several explanations to account for the observed alloying
effects on void swelling[58]. Alloying can lower the stacking fault energy,
so making the formation of three dimensional voids less energetically
favorable. Alloying either lowers or raises the melting point thereby
shifting the homologous temperature of the material to above or below the
void formation temperature regime. The alloying constituents and
impurities in the material can trap point defects resulting in a greater
probability for mutual annihilation. According to Mansur(42], this point
defect trapping may be pictured under suitable definitions as equivalent
to changing vacancy and interstitial diffusion coefficients. The alloying
element or impurities can also combine with gas atoms, such as oxygen,
making them unavailable for void nucleation. During irradiation, solute
may segregate to point defect sinks and thereby affect void nucleation and
growth by altering the sink capture efficiencies(59]. Lastly, precipitate
particles in alloys will also influence the void formation process, because
there are strong interactions between point defects and those particles.
According to Russelll60], point defects are annihilated at the interface
between incoherent precipitate particles and the matrix, and are trapped
at the interface between coherent particles and the matrix.

Various theoretical models have been established to model the
effects of solute atoms and precipitates on void swelling. Detailed reviews

can be found in the literaturel42,61-63],



C. Mass Transport and Phase Stability under Irradiation

Irradiation of metals and alloys with neutrons, electrons and
heavy ions may introduce up to 10 J/mol of energy in the form of atomic
displacements. This energy, which is in the form of vacancies, self-
interstitials and cores of displacement cascades is then available to
produce a range of mass transport and phase changes in addition to the
defect cluster formation in irradiated metals. These processes include:
radiation-enhanced diffusion, irreversible segregation of solute to or
away from dislocations and interfaces, precipitation of phases which are
not thermally stable, dissolution of thermally stable phases, disordering
of ordered precipitates, rendering crystalline phases amorphous. The
theories for these changes have been developed during the last decade
and have been reviewed in detail by Russell(601in 1984. Only a very brief

summary on some of the most important mechanisms is given below.

C.1. Radiation-Enhanced Diffusion

Thermal diffusion in substitutional alloys usually occurs by the
interchange of position between atoms and adjacent vacant sites.
Diffusion under irradiation may also take place by the motion of self-
interstitials which are not present under equilibrium conditions. The
irradiation enhancement of vacancy and interstitial concentrations will

then give a corresponding increase of diffusion coefficients(64,65],



Diffusion under irradiation will occur through one of the following
three mechanismsl(66l; (1) vacancy (substitutional) site exchange with a
neighboring atom; (2) an interstitial atom jumping to a neighboring
interstice; (3) interstitialcy motion, which forces a substitutional atom
into an interstice with the interstitial atom taking the vacant
substitutional site. Interstitial type diffusion occurs in alloys with
significant atomic size difference, while interstitialcy type diffusion
occurs in alloys with similar solute/solvent sizesl67], Among the three
mechanisms, vacancy diffusion dominates at all temperatures where the

irradiation-produced vacancies are mobile.

C.2. Radiation-Induced Solute Segregation

Under irradiation there are net fluxes of vacancies and
interstitials to various sinks such as dislocations, internal interfaces and
free surfaces. If there is a preferential coupling of certain alloying
elements to these fluxes, irradiation-induced solute segregation will
occur.

Solute segregation has a number of important consequences.
Precipitates may form in locally enriched areas even though the
precipitated phase is unstable at the average matrix composition.
Conversely, precipitates which are stable at the average matrix
composition may dissolve in depleted regions. Non-equilibrium surface
compositions may alter the activation energy for the nucleation of voids

or precipitated phases. In addition, the ability of a void surface to accept
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point defects depends on its composition. A local alteration in surface
composition may give significant changes in void nucleation and growth.
Irradiation-induced segregation is a complex physical
phenomenon for which no complete physical model exists. Three kinetic
models, namely, size factor, dilute solute/defect binding , and the inverse
Kirkendall effect, have been developed and discussed in detail in the
literaturel60], Here, only the size effect model will be discussed, because
segregation in irradiated Cu-Ni alloys has been shown to be in
agreement with the predictions drawn from this model (see Chapter 3).
According to the size model, self interstitials in BCC and FCC
metals exist in a "dumbbell” configuration where two atoms share a
single lattice sitel68], The dumbbell configuration has a lower strain
energy when an undersized solute atom is included in it. The small atom
would tend to remain part of the dumbbell, which would migrate by
interchanging solvent atoms. The dumbbell will tend to migrate toward
point defect sinks during irradiation, which leads to a preferential

segregation of the undersized solute atoms around sinks.

C.3. Phase Stability under Irradiation

The phase transformations occurring under irradiations may be
classified as either radiation-enhanced or radiation-induced(691,
Radiation-enhanced precipitation refers to transformations in which
equilibrium is reached more quickly than in thermally aged specimens.

Radiation-induced precipitation means transformations which will



revert back to the original phase when the sample is annealed after
irradiation.

Solute segregation can cause precipitation at point defect sinks
when the solute concentration there exceeds the solubility limit, but it
cannot produce a phase which would not normally appear at that
temperature without irradiation(70). It was concluded that radiation-
induced solute segregation can only shift the phase diagram laterally.
Therefore, there must be other mechanisms responsible for the
appearance of phases which are not thermally stable. This topic is
beyond the scope of this thesis.

It has been shown by Martin[71] that radiation-induced segregation
may also destabilize a stable solid solution to cause spinodal-like
decompositions (periodic concentration fluctuations). The physical basis
of the instability proposed by Martin is that a local increase in solute
concentration due to solute segregation attracts vacancies. In turn, more
interstitials are annihilated in the vacancy rich region, which would
increase the local solute concentration yet more. Recently, Krisnan and
Abromeitl72] presented a theory for radiation-induced spinodal type
instabilities in concentrated alloys. The physical basis of the theory is the
existence of a bias in vacancy-interstitial recombination which would
enrich certain kinds of alloying element at certain regions through
interstitial diffusion. In this way, a spatially periodic structure would be

built up. The model yielded a temperature and dose rate independent



concentration fluctuation wavelength, which was stated to be in

agreement with experimental observations.

D. Special Effects during Ion Irradiation

Several special effects which occur during ion irradiations should
be considered when comparing results of ion irradiations to those of
neutron irradiations:

(1) The displacement rates associated with heavy-ion
bombardment studies are usually several orders higher than neutron
irradiation, resulting in increased point defect recombination and a
lower ratio of thermally emitted versus in-flowing vacancies. This high
displacement rate effect on swelling is equivalent to conducting the
irradiation at a lower temperature with lower displacement rates,
because the temperature range of swelling is determined by a balance
between point defect recombination, loss to sinks (including voids) and
thermal emission of vacancies from voids{15], That means heavy-ion
irradiations shift the swelling regime to higher temperatures compared
to neutron irradiations. The magnitude of the temperature shift of the
swelling peak can be obtained by using a theory established by Bullough
and Perrinl73],

(2) The energetic heavy ions used to create displacement damage
in metals come to rest in the form of excess interstitial atoms in the
matrix without a vacancy partner. These injected interstitials can cause

decreased or complete suppression of void swelling, as shown both



experimentally and theoreticallyl74-76], The effect is more pronounced at
lower temperatures where the point defect recombination is important.
In a heavy-ion irradiation, the peak in the damage profile overlaps the
ion deposition profile, meaning that there is an excess of interstitials in
the damage peak. Therefore, using the swelling data obtained from the
peak damage region is not appropriate.

(3) It has been shown theoretically that point defect concentrations
approach the thermal equilibrium values at the free surface if the
surface is a good absorber of point defectsl42l, As a result, a void denuded
zone should exist near free surfaces. This effect of free surface is
important in ion irradiations, especially when the ion energy is low,
because the damage zone is limited to only a few microns or less below
the incident surface. This effect is also important in electron irradiations
performed in the HVEM, where the sample foil has to be very thin.
According to Garner and Thomasl77], the width of the surface void
denuded zone depends on temperature and displacement rate, being on
the order of 0.5-1.0 um for displacements rates typical of ion or electron
irradiation.

(4) Since the point defect concentrations produced by ion
irradiation is depth dependent, point defects may diffuse down the
concentration gradient and cause a broadened point defect profile
compared to the calculated damage profile using computer codes such as
the Brice code. It is predicted that diffusional spreading will decrease

void swelling at the damage peak and cause void swelling at depths



greater than would otherwise be expected(78]. Evidence of this diffusional
spreading effect has been found in several studies[75,78-80],

In view of the effects caused by injected interstitials, free surfaces
and diffusional spreading, it seems that the cross-section TEM analysis
technique should as a rule be used whenever quantitative void swelling
information is desired from ion irradiation studies[15], because only by
this method can the depth dependent damage structure be studied

accurately.
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CHAPTER 3
REVIEW OF THE RELEVANT PREVIOUS EXPERIMENTS

A. Void Formation in Irradiated Pure Nickel

Shortly after the first finding of voids in neutron irradiated
austenitic stainless steel by Cawthorne and Fulton[l]l, Brimhall and
Mastel(2] reported the observation of voids in neutron irradiated pure
nickel in 1968. Since then, numerous experimental work has been done
on the topic of void formation in pure nickel as well as in other pure
metals such as copper, aluminum, iron, vanadium etc., because it
would help to gain an understanding of the basic mechanism in the
absence of complex microstructures or phase changes. The methods
used to introduce voids in pure nickel include irradiations by fast and
thermal neutrons, heavy and light ions, and electrons. Most of the
irradiations on pure nickel have already been reviewed by Whitley(3] and
Bullenl4] with the irradiation conditions and the void parameters
tabulated. In this section, first, a brief summary on the results of the
previous neutron and electron irradiations of pure nickel will be given,
then a somewhat more detailed review on the heavy-ion irradiated
nickel, especially those with helium ions injected, follows.

Voids have been noted to form in neutron irradiated nickel over a
temperature range from 260 °C (0.3 Ty,) to 850 °C (0.65 T,,) when
irradiated above a fluence of 5x1017 n/cm2 [2,5-19] (as a crude estimate of

damage, 1022 n/cm?2 corresponds to 5 dpa in EBR-II[20]), Lowering the



helium production from transmutation reactions by enriching with the
Ni62 isotope increases void size and decreases void number density[21l,
This indicates that the interstitial helium created from transmutation
reaction may act to stabilize void embryos, thus greatly affecting the
swelling behavior. The addition of carbon impurities (> 4 wppm)
decreases the amount of swelling by an order of magnitude, while 600
wppm carbon can totally suppress void formation[13], This is most likely
due to the trapping of point defects which enhances recombination. Cold
working provides an incubation period during which there is little
swelling. When the incubation dose is reached, swelling begins and
increases linearly at a rate of 1% per dpal22l,

Electron irradiation of nickel in the HVEM by Norris(23-26] and
Harbottlel27] showed that voids grew only near dislocations and voids
could only grow in the presence of a dislocation density of 109 cm-2, Since
a dislocation has a stronger attraction for interstitials than a void, it acts
as a biased sink which facilitates void growth. However, only a very few
point defects are produced per incident electron, and so HVEM studies in
general are not of great value when attempting to simulate displacement
cascade events. It should also be noted that the samples used in HVEM
studies are very thin foils which introduces the effect of the surface as a
sink for point defects. Therefore, the void parameters obtained might be
very different from what would occur in bulk material.

During the past decade, many ion irradiations of pure nickel have

been completed. The ion sources used include nickell3,4,28-331
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proton(34,35], helium(36], selenium[32,37], carbon(3,20], aluminum!3] and
copperl(3l. The effect of gas atoms on void formation has been studied
using simultaneous helium irradiation(33,38] helium pre-
injection(4,32,37-39] hydrogen pre-injection(4! and hydrogen introduced
during electropolishingl3l. Since practically all the experimental
parameters varied greatly between different experiments, it is difficult to
draw any definite conclusions from a detailed comparison of all the
results. In general, voids were observed in these studies at temperatures
ranging from 300 °C under proton irradiation[37] up to 725 °C under
intense nickel ion irradiation[31] with the peak swelling temperature
ranging from about 550 to 625 °C, depending on the displacement rate.
The lowest dose at which voids were observed was 0.06 dpa under 5 MeV
nickel ion irradiation[40l, The highest swelling reported is 12% after 5
MeV nickel ion irradiation to 140 dpa at 625 °C[30],

One of the most interesting features of the irradiation of nickel is
the development of regular arrays of defects. Kulcinski et al.[32,37] noted
that a FCC void lattice structure was formed after irradiation at 525 °C
with 6 MeV selenium ions and with 6 MeV nickel ions to doses greater
than 100 dpa. The lattice spacing of the void superlattice was found to be
several hundred angstroms. At lower temperatures and lower doses,
aligned arrays of loops were observed which formed similar
superlattices.

The role of gaseous impurities on void formation in nickel is also

very interesting.



Brimhall et al.[40] examined the influence of helium on void
formation in 5 MeV self-ion irradiated nickel. Helium ions of 200 keV
energy were injected either simultaneously with, or prior to, the self-ion
irradiation. They found that helium promotes void nucleation with both
implantation techniques. Initially, the number density of voids was
found to be proportional to the helium deposition rate, and the swelling
rate is dominated by the helium driven void nucleation. But the void
density rapidly saturates with the increasing helium concentration;
after that, swelling continues to increase with increasing dose only due
to void growth.

In the early research, it was noted that voids were formed without
pre-injected helium in several cases. Lanore et al.[41! in 1975 found that
void formation could be completely suppressed in nickel and in copper by
thoroughly outgassing the sample prior to bombardment. Later,
Whitley[3] also concluded that void nucleation was very difficult in
outgassed nickel. So it is believed that when helium is not injected, or is
injected in small amount, the controlling influence on void nucleation is
probably the residual gaseous impurities in the material such as oxygen
and hydrogen. However, in the above mentioned experiments, the
amount of residual gases was not specified. It is important to better
understand the effect of these residual gases on void formation for both
facilitating the comparison of different experiments and judging the
desirability of giving a reactor core element a certain type of treatment

prior to its use in a reactor system.
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Whitleyl3] reported that void nucleation could be significantly
enhanced by electropolishing prior to irradiation due to the pickup of
hydrogen during polishing. Bullen!4] studied the role of hydrogen on void
formation in nickel by pre-injection of hydrogen before irradiation with
nickel ions and reported an increase in swelling with increasing injected
hydrogen concentration.

The cross-section technique for TEM sample preparation first used
on ion irradiated nickel by Whitleyl3! allows the entire ion damage region
to be viewed at once. This is an important advantage since the damage
rate and therefore the damage level varies with depth for ion irradiation.
Only Farrell et al.[41] and Bullen[4] have investigated the effect of helium
on void formation in heavy-ion irradiated nickel utilizing the cross-
section technique.

Farrell et al. irradiated the 200-400 keV helium pre-implanted or
co-implanted samples to peak damage levels of 1 and 50 dpa with 4 MeV
nickel ions at 600 °C. The helium concentrations were 20 and 1000 appm
respectively so that the appm helium/dpa ratio was kept constant at 20 at
the peak damage region. They found that: (1) all the helium implanted
samples showed enhancement of void nucleation and decrease in void
size; (2) a greater number density of voids for pre-injected specimens
compared with co-implanted specimens occurred; (3) helium pre-
injection caused enhanced swelling at low ion dose, and depressed
swelling at high dose, while helium co-implantation increased swelling

continuously with ion dose. The ion energies used in this study produced
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a range of helium and a range of self-interstitial nickel ions which are
approximately the same. This may pose problems when attempting to
fully understand nucleation of voids with respect to helium
concentration and injected interstitial effects.

Bullen!4! pre-injected helium ions of 200-700 keV into nickel
samples and irradiated them with 14 MeV nickel ions. With those
energies, the helium and injected self-interstitial ranges are separated.
In his study, samples uniformly pre-injected with helium to a depth of
1.25 pym at room temperature were irradiated with nickel ions at
temperatures of 525 °C and 625 °C to fluences of 1-2.5x1020 ions/m2 (3-7
dpa at 1 pm). All those samples showed some suppression of void
formation over the pre-injected area. Irradiations at 625 °C after uniform
helium pre-injection produced almost complete suppression of visible
voids (where appm helium/dpa > 30). Suppression of void formation was
also noted after irradiation at 525 °C for a relatively low damage level
(where appm helium/dpa also > 30) with visible void formation observed
at high damage level (where appm helium/dpa < 15). The suppression of
void formation by helium pre-injection was attributed to the over-
enhanced nucleation of small cavities which are below the resolution
limit of the electron microscope.

From the above results, it is obvious that more experimental work
on nickel, especially irradiation of samples with specified amounts of

residual gases and helium pre-injection with appm helium/dpa ratio
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lower than 15 should be performed to allow more accurate study of the

effect of gases on void formation.

B. Void Formation in Irradiated Pure Copper

There have been many irradiations using neutrons, electrons and
ions conducted on copper. Knolll42] surveyed the copper radiation
damage literature in 1980 and summarized the void and loop formation
results obtained up to that time. That survey has been extended to
include the recent reports by Zinklel43]. Most of the results of void
swelling studies of irradiated copper are tabulated in detail in the latter.
Only a brief summary including some more recent results is given
below.

Non-outgassed copper has been found to be susceptible to void
formation when irradiated to doses on the order of only a fraction of a dpa
at temperatures between 200 and 550 °C (0.35-0.61 T;,)[43].

Voids were observed in copper irradiated with neutrons to a dose of
5x1024 n/m2 (0.14 dpa) at temperatures of 220 °C to 500 °C with peak
swelling of about 0.40% occurring at 340 °C [44-46] In this range, the
average diameter of voids increases from 5 nm to more than 150 nm with
increasing temperature, while the void density decreases rapidly,
showing that higher temperature inhibits nucleation but favors growth.
The lowest neutron dose at which void swelling has been found is less
than 1021 n/m2 (10-4 dpa)l47], Studies also indicate that the number

density of voids increases with increasing neutron dose, and the peak



swelling temperature decreases with decreasing dose ratel46l, The
highest void swelling in copper after neutron irradiation is 55.8%[48], this
occurred following irradiation to 98 dpa with neutrons in FFTF-MOTA at
450 °C.

Under electron irradiation in the HVEM, voids have been observed
without any appreciable incubation dose in the temperature range of 250-
550 °C [43,49], The peak swelling temperature is around 450-500 °C
depending on the dose rate. The swelling rate has been found to be 0.5-
0.8%/dpal50l, A swelling level as high as 17% and a swelling saturation
was observed for doses greater than 75 dpal51l. As in electron irradiated
nickel, it appeared that voids can only form in the presence of a
minimum dislocation density. In foils thin enough for most dislocations
to escape (< 300 nm), no voids formed. That is in agreement with the
theoryl52], The amount of void swelling depends critically on the
dislocation density!50] and it seems that maximum swelling occurs for a
cold-work level of 50%. Barlow!53] reported that the void density at a given
temperature was roughly constant with respect to dose, whereas it
decreased by a factor of five with the irradiation temperature increasing
from 250 °C to 500 °C. This is very similar to the results obtained from
neutron irradiation.

There have been several studies of the effect of gases on void
formation in electron irradiated copper. Makin[51] observed that copper
injected with argon displayed enhanced void nucleation. Barlow![53!

reported that pre-injected helium enhances void formation for
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concentration levels up to 50 appm. Too much helium (2000 appm)
apparently over-stimulates void nucleation and suppresses observable
void swellingl53]. Glowinskil54! found that ordinary high purity copper
swelled very easily, while copper that had been degassed in high vacuum
prior to irradiation showed reduced swelling and a shift of the swelling
peak to lower temperatures. No voids formed in degassed copper
specimens irradiated above 440 °C. That indicated the important role
which the residual gas content in the sample may play.

Glowinski et al.[55-57] also carried out a comprehensive
investigation of the effect of ion irradiation on void swelling in copper.
After irradiation with 500 keV copper ions at a dose rate of 1x10-4 dpa/s
void swelling occurred in non-degassed pure copper within the
temperature range of 400-500 °C. Void size increased with the increasing
temperature, while the void density remained the same. Increasing the
ion damage rate by an order of magnitude caused the swelling curve to
shift upward in temperature by 50 °C. The maximum void swelling
occurred at 500 °C with a value of 9% after irradiation to 15 dpa at a dose
rate of 1x10-3 dpa/s. The swelling peak region of the high dose rate case
consisted of a lower density of larger voids as compared to the low dose
rate case. The peak swelling temperature for ion irradiated copper at a
damage rate of 1x10-4 dpa/s was increased by 115 °C compared with
neutron irradiations, with a dose rate of 8x10-8 dpa/s(43]. As seen in
electron irradiated copper, a minimum dislocation density is also found

to be necessary for void formation under ion irradiation.



The gas effect on void formation in ion irradiated copper was also
extensively investigated in Glowinski's studies{55-57), High purity copper
which had not been outgassed formed voids readily with an ion dose of
1.5 dpa. Copper specimens which were completely outgassed did not
show any voids even when irradiated to 15 dpa at what previously had
been the peak swelling temperature. Partially outgassed samples
exhibited a bimodal void size distribution (mean void diameters of 75 nm
and 130 nm) along with a reduction in the amount of swelling. Pre-
injection of outgassed copper specimens with helium or oxygen resulted
in void formation during irradiation. Helium has been observed to be
more efficient than oxygen in nucleating voids for implanted
concentrations of less 30 appm. No void formation occurred in specimens
that had been implanted with hydrogen prior to irradiation. Specimens
implanted with oxygen or helium in conjunction with carbon exhibited
less swelling than if the carbon was absent.

Following Glowinski's work on the effect of specimen gas content,
Knolll58] irradiated both non-outgassed and outgassed high-purity copper
with 14 MeV copper ions and examined them in cross section. No voids
were observed in either case following irradiations at 400-500 °C to a peak
damage level of 3-10 dpa. The absence of voids was attributed to the high
purity of the copper (lack of gaseous impurities), in support of the
Glowinski et al.'s results. Later, it was argued that Knoll may have been
at too high an irradiation temperafure range to observe void formation in

copper that did not contain any gas{43]. This was because a void
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nucleation calculation!59] indicated that the swelling regime for ion-
irradiated pure copper in the absence of gas should be 100-250 °C. Again,
the oxygen level was not specified for the outgassed specimens in the
above mentioned studies.

Zinklel50] irradiated high purity copper without further outgassing
treatment using 14 MeV copper ions to peak damage levels of 40 dpa over
the temperature range of 100-400 °C (0.28-0.50 T,,). Only a sparse
distribution of voids was observed in the sample irradiated at 400 °C. The
average void diameter for this condition was < 100 nm, with an estimated
density of only 1017 m-3 (AV/V < 5x10-5). No voids were observed in pure
copper for any of the other irradiation conditions. Instead, "black spot"
defect clusters occurred in those samples. Detailed analysis indicated
these "black spots" might be small interstitial loops and stacking fault
tetrahedra. The defect cluster density was roughly constant for
irradiation temperature of 100 and 200 °C. Irradiation at temperatures
above 300 °C resulted in a very low defect cluster density. A room
temperature injection of 45 appm helium into copper followed by a 40 dpa
peak damage ion irradiation at 300 °C resulted in small voids in the
helium implanted region. The average diameter of the voids was only 2.6
nm with a high density of 6x1021 m-3. Conversely, pre-implantation of 45
appm hydrogen did not produce any observable cavity formation
following irradiation to a peak damage of 40 dpa at 300 °C.

Recently, a vacancy cluster stability model has been developed[45,62]

to predict the most stable vacancy cluster morphology in copper and
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other metals as has been mentioned in Chapter 2. By this model,
stacking fault tetrahedra are predicted to be the most stable
configuration of vacancy clusters in copper when gas is absent. This is in
agreement with the experimental findings of Zinkle. Small amounts
(0.01-10 appm) of helium and oxygen are predicted to reduce the energies
of voids so as to cause void formation to preferentially occur over stacking
fault tetrahedra formation. A more accurate experimental investigation
has just been completed by Zinkle (Sept. 1988)[61] to show the small
amount of oxygen required for void stability in high purity copper foils

(the detailed results have not been published yet).

C. Related Studies on Nickel-Copper Alloys

C.1. The Cu-Ni System

The Cu-Ni system is one of the few alloy systems which shows
complete miscibility in the solid state at temperatures where thermal
diffusion is sufficiently high for an observable mass transport. The early
phase diagram published by Hansen[62! indicates that the system is
single phase at all compositions, even at very low temperatures.
However, from thermodynamic analysis, the existence of a miscibility
gap at temperatures below 600 K is predicted by several authors(63-65] In
the recent edition of the Metals Handbook[66] a miscibility gap is
indicated in the Cu-Ni phase diagram based on the calculation of

Elford[67], The phase diagram has been shown in Chapter 1 as Figure
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1.1. The miscibility gap was calculated to be a maximum at 595 K for the
Cu-80Ni (at.%) alloy. This prediction could not be verified for thermally
treated samples since the thermally activated mass transport becomes

too small around 620 K.

C.2. Solute Segregation and Phase Stability in Irradiated Ni-Cu Alloys

There have been several investigations of radiation enhanced
diffusion and radiation induced segregation in Ni-Cu alloys. Following
low energy (2-3 keV) neon and argon ion bombardment, the near-surface
region of a Cu-Ni alloy was found to be nickel rich compared to the bulk
when the dose rate is highl68]; while at low dose rates, a Cu-rich near-
surface region, with a large Cu-depleted zone present underneath it, was
reported[69]. The segregation of nickel toward the surface of initially
homogeneous Ni-Cu alloys was also observed after a 2.2 MeV argon ion
irradiationl70], A post-irradiation anneal significantly reduced the
amount of the segregation, indicating that it was radiation-induced as
opposed to radiation-enhanced. Takahashi et al.[71] observed nickel
segregation to grain boundaries and voids following a 650 keV electron
irradiation. Similar results were later obtained by Takeyamal72] who
observed a Cu-depleted zone at grain boundaries following electron
irradiation. The radiation-induced segregation of nickel to sinks can be
explained by the size effect as mentioned in Chapter 2. In addition,
measurements of radiation-enhanced diffusion coefficients led to a

conclusion that diffusion of nickel in copper under irradiation was by an
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interstitialcy mechanism, which is in agreement with the previous
proposal for alloys with similar solute/solvent sizes[73]. Recently, Lam et
al.[74] have measured changes in the surface compositions induced by
heating and by ion sputtering (3 keV neon) of Ni-40Cu in the temperature
range of 25-700 °C, and found that copper atoms segregated to the alloy
surface during sputtering upon heating, and diffusion in the altered
surface region is significantly enhanced by ion bombardment below ~ 550
°C.

Clustering or precipitation on a very small scale is believed to
occur in Cu-Ni alloys following certain irradiations based on electrical
resistance changes. Schule et al.[78] studied the decreased resistivity
during neutron irradiation in twelve different Cu-Ni alloys with nickel
contents from 35 to 85 wt.%. The alloy with 70% nickel had the largest
decrease in electrical resistivity at low temperatures although the
change was already detectable below 700 °C. A great resistivity decrease
was also observed in the alloy containing 55% nickel during neutron
irradiation at temperatures between 100-150 °C. The resistivity decrease
was also reported in neutron irradiated Cu-50Ni at irradiation
temperatures of 100-300 °C by Chountas!{76] and in Cu-5Ni during a room
temperature 14 MeV neutron irradiation by Zinkle and Kulcinskil77].,
Those observations were attributed to precipitation(77] or the creation of
nickel-rich domains due to radiation enhanced-diffusion!76l.

Poerschke and Wollenbergerl78,79] have carried out extensive

studies of the behavior of irradiated Cu-Ni alloys utilizing resistivity,
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neutron diffraction and positron annihilation techniques. They found
that irradiation of Cu-Ni with 3 MeV electroné at temperatures above 100
K caused a decrease in resistivity which was attributed to decomposition
of the solid solution by nickel clustering. Arguments were given to show
that the clustering is due to an irradiation-induced interstitialcy
diffusion mechanism. Isochronal annealing and positron annihilation
measurements following low temperature electron irradiation indicated
atomic clustering between 110 K and 250 K due to interstitial migration.
They and Wagnerl80] together performed diffuse and small-angle
neutron diffraction studies of Ni-41Cu after irradiation with 3 MeV
electrons at temperatures between 373 K and 640 K. Besides an increase
in the short range clustering, a periodic decomposition with a
wavelength around 4.5 nm was observed after irradiation at
temperatures below 480 K. The authors concluded that the process
consists of an ordering of the short range order (SRO) clusters with a
resulting SRO cluster "lattice" with a lattice constant 4.5 nm. The
decomposition structure was found to be stable against thermal
annealing and irradiation at least up to 510 K. Upon thermal treatment
above 600 K dissolution of the long-range decomposition took place. The
observation is in very good agreement with the predictions derived from
thermodynamic calculations by Elford, where the critical temperature of
the miscibility gap for the alloy is about 560 K (see Figure 1.1). Wagner et
al. interpreted their results in terms of radiation-enhanced diffusion, but

also considered the possibility of an irradiation induced-transformation.
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The low damage level (< 5x10-3 dpa) is unlikely to give an irradiation-
induced transformation but could certainly increase the atomic mobility
by orders of magnitude over the thermal values. The short-range order
parameter o;[811has been measured for Cu-Ni system by several
authors(65,82,83], their results indicating not only that local clustering
does occur in the Ni-Cu alloys but also that the tendency for clustering is
higher in a more concentrated Ni-Cu solid solution than in a dilute
solution, and is higher at lower temperatures. Some of those results will
be shown in Chapter 6 with the discussion of the results from the present
study.

Barlow!53] had proposed that G.P. zones may occur during HVEM
irradiation of Cu-Ni at elevated temperatures based on a dislocation loop
analysis, but no direct evidence was obtained. Because the atomic
scattering factors and atomic diameters of the copper and nickel atoms
are very similar, it would be almost impossible to detect G.P. zones in Ni-
Cu alloys by electron diffraction. In another paper, Singh, Leffers and
Barlow[84] noted that the density of "black dots" observed in copper based
Cu-Ni alloys under HVEM increased with nickel concentration. They
assumed those "black dots" to be nickel clusters surrounded by small
interstitial loops.

In summary, there seems to be strong evidences to suggest that
clustering takes place in Cu-Ni alloys during irradiation, although the

evidence may not be direct.
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C.3. Void Formation Study on Neutron Irradiated Ni-Cu Alloys

The first experimental study on void formation in Ni-Cu alloys
was performed by Brimhall and Kissinger(8] in 1972 using fast neutron
irradiation. The irradiation conditions and the results of their study are
summarized in Table 3.1. In the study, copper, nickel and Cu-Ni alloys
containing 2, 20, 50, 80 and 98 at.% nickel were irradiated to a constant
dose of 2.4x1019 fast neutrons/cm2 (0.01 dpa) at 285 °C. Voids were only
observed in copper, nickel and Cu-2Ni. In the Cu-2Ni alloy, the void size
increased to approximately 30 nm compared to 18 nm in pure copper.
The void density, however, decreased by approximately 20 times
resulting in a net swelling of about 0.01% as compared to 0.074% for pure
copper. The void distribution was also very nonuniform compared to
pure copper. A low density of very small black spots (d < 5 nm) were also
present.

In the Cu-20Ni alloy, no voids were detected. The only
manifestation of damage was the low density of small black spots (d < 5
nm).

In the high nickel alloys ranging from 50% nickel to 98% nickel,
the damage structure was basically the same. No voids were observed but
a number of small prismatic dislocation loops of interstitial type were
found. That kind of loop was also found in pure nickel together with
voids. The loops tended to increase in size and decrease in number
density on decreasing the nickel content of the alloy. This corresponds to

the effect of an increase in the temperature on the nucleation of



Table 3.1 Results of fast neutron irradiations? of Cu, Niand Cu-Ni
alloys reported by Brimhall and Kissingerl8]

Material Defect*

d* (nm) N,* (1020 m-3) AV/V* (%)

Cu A" 18.7 2.2 0.074
Cu-2Ni \"4 30 0.1 0.01
Cu-20Ni —_ — — —
Cu-50Ni L — — —
Ni-20Cu L — — —
Ni-2Cu L — — —

Ni V, L 10.5 - 3.6 0.2

T TIrradiation conditions: 285 °C, 2.4x1023 n/m3 (0.01 dpa), dpa rate: < 9x1016 n/m2s
* 'V — Void, L — Dislocation loop (interstitial type),
d — Mean void density, N, — Void density, AV/V — Swelling

interstitial loops(53]. Although no voids were observed in these alloys, the
presence of interstitial loops suggests that a considerable vacancy
concentration must have been generated. Precision lattice parameter
measurements showed that irradiation produces a lattice parameter
decrease in these high nickel alloys, indicating an excess vacancy
concentrationl63], The fraction of excess vacancies generated was
estimated from the size and the density of the interstitial loops, and the
result gave quite good agreement with the unit cell volume change
calculated from the lattice parameter measurement. It also agreed with
the value of void volume fraction observed in pure nickel irradiated

under the same conditions. It was therefore implied that vacancies or
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small vacancy clusters were present, but these evidently were trapped
and prevented from forming observable voids in these Ni-Cu alloys.

Brimhall and Kissinger interpreted these results in terms of the
trapping of point defects by single atoms of the alloy constituents. Based
on the simple reasoning of atom size, the small nickel atom in the
matrix of larger copper atoms would have a greater affinity for the
interstitial in the copper-rich alloys. In this case, trapping of the
interstitials by nickel atoms prevented them from forming loops and,
hence, making them more available for recombination with vacancies.
In fact, high copper alloys showed a notable lack of general radiation
damage of any type except some unidentified small black spots. This
argument was also supported by the lattice parameter measurements
which showed no change produced by the irradiation of high copper
alloys. In the nickel based alloys, excess vacancies or small vacancy
clusters are present but are trapped by the larger copper atoms.
Therefore, the void suppression mechanism is not the same in high
nickel alloys as for high copper alloys, although both of them have been
related to the trapping of point defects by alloying constituents.

The other mechanism, which could occur simultaneously,
mentioned by Brimhall and Kissinger is the combining of the gas atoms
with the alloying elements and thereby removing these atoms as
potential nucleating sites. This was supported by the observation of a

reduction in void density in the Cu-2Ni alloy.



When considering an alloy of Cu-50Ni, explanations based on
trapping by alloying elements break down. Also, the effect of single
atoms of solute on the point defect mobilities is unlikely to be significant
in the case of Ni-Cu alloys where the nickel and the copper atoms are of
similar size. So, better explanations for the void suppression in Ni-Cu
alloys are needed.

Based on the mechanism of point defect trapping by alloying
elements, Brimhall and Kissinger further predicted that at the
composition around 50%, the onset of void formation had just essentially
been delayed to a higher fluence, and the potential for void formation is
much greater in the nickel-rich alloys than in the copper-rich alloys.

Recently, Brager and Garnerl48] have reported a large amount of
swelling in fast neutron irradiated Cu-5 wt.% Ni. The samples were
irradiated at 450 °C in FFTF to the fluences which for pure copper
correspond to 16, 63 and 98 dpa. The swelling at 16 dpa (2.15%) is about
one third of the swelling observed in pure copper irradiated at the same
condition (6.5%). However, at higher doses the amount of swelling in Cu-
5Ni is very large (31.8% at 63 dpa, 52.9% at 98 dpa), and is comparable
with that observed in pure copper (33.2 at 63 dpa, 55.8 at 98 dpa).
Unfortunately, no other Cu-Ni alloys with higher nickel contents were

irradiated in that study for comparison.



C.4. Void Formation Study on Ion Irradiated Ni-Cu alloys

In order to extend the investigation of Cu-Ni alloys to higher
damage levels, Mazey and Menzinger!85] irradiated pure nickel, pure
copper and five Cu-Ni alloys at various temperatures between 300 °C and
600 °C with Ni*, Cut and C+ ions at 0.1 MeV, or Nib+ ions at 46.5 MeV.
The compositions of the five irradiated alloys were the same as those
which had been irradiated with neutrons by Brimhall and Kissinger!8],
i.e. Cu-Ni alloys containing 2, 20, 50, 80, and 98 at.% nickel. The
experimental conditions and results are shown in Table 3.2. Before
irradiation with the ions, the samples were injected with helium to a
uniform concentration of 10 appm. The high energy (46.5 MeV) nickel
ion irradiations were performed using the Variable Energy Cyclotron
(VEC) at AERE Harwell, and the peak damage level for the irradiations
was determined to be 30 dpa. The samples of the VEC irradiated material
were examined at different depth along the ion range by a back-thinning
technique. Actually only three alloy samples were irradiated in the VEC
by high energy nickel ions. Most experiments in their study were carried
out using the combined heavy-ion accelerator/200 kV electron microscope
("Link") facility. In these experiments the ion beam of 0.1 MeV was
inclined at 45 degrees with respect to the sample surface, the evolution of
damage being observed in-situ in the 200 kV electron microscope during
irradiation. Obviously, in this case the samples must be very thin, and
therefore the surface effects and injected interstitial effects would exert a

large influence on void formation. This makes attempts at extracting any



Sur[omg — A/AV ‘SPIOA JO IJoWeIp 93eIoAY — P

f

3K 4 1’0 J0010.D  0S-0S€E ()
01 0€ SaX (edp 0€) §°C ¢'9p +9'N 00 )
ON 4 10 o) 0S€-SLT )
ON L 10 + oSy 4
ON € 10 o) (147 (4
60 0¢ oK (edp 0€) §'C ¢9y +oIN 00 [/
ON (edp 0€) §°C ¢'9p N 00$ 0C
ON 14 10 +0 oSy 0z
ON 0T 10 s 0gs 0s
ON 14 10 +1D 0S¥ 0s
ON 8 1'0 + 007-00€ 0S
ON 01 1'0 + 009 08
ON (edp 0€) S°C S'9 +o!N 00S 08
ON 14 10 4 00S 08
9 L'0T $aX 01 1'0 +IN 009 86
sax €l 10 + 00s 86
ON ¥ 1'0 +1D 00s 86
(Do 009) 9 191 sax ¥ 10 JDI0 N OTL-0SY IN
(%) (wu) — ooussary  (Zu/Suol g;01) (ASD Qo (IN3J° %)
AAV <P PIOA asoq A31oug uof dway, [eLISeI

[gg1@BUIZUSIN pue Kozey £q pajrodaa sLof[e ny-IN PajeIpe.LIl UOL JO SOTJSLI9jORIRY)) 7€ 9[qe],



67

quantitative information from those experiments of dubious value. A
calculation which did not take the surface effect into consideration gave
80 dpa for 1x1016 ions/cm?2 of 0.1 MeV copper or nickel, and about 6 dpa
for 1x1016 ions/em?2 of 0.1 MeV carbon.

As shown in Table 3.2, after irradiation, only the pure metals and
the alloys containing 2% nickel or copper showed voids, while those
containing 20, 50, 80% nickel were found to be completely free from voids.
At the copper end, the void diameter in both 46.5 MeV nickel ion
irradiated pure copper and Cu-2Ni was found to be always close to 30 nm
and swelling was slightly higher in pure copper. An increase in
swelling with depth was observed in those two samples, but as a
consequence of some inhomogeneity in void distribution and
insufficiency of data, Mazey et al. were not able to establish a swelling
versus depth relation for the high energy irradiation. No data were
obtained for comparison of void formation in Ni-2Cu and pure nickel at
high energy irradiations, but it was found that after bombardment with
0.1 MeV nickel ions at 600 °C similar swelling (6%) was attained in both
materials at a dose which was 2.5 times higher in the alloy than in the
pure metal. The average diameter of voids in this instance was 20.7 nm
in the alloy and 16.1 nm in pure nickel.

The high-concentration alloys had no observable voids after high-
or low-energy ion irradiation, but a well-developed damage structure
consisting of clusters, dislocation loops and tangled dislocations was

observed. The loops were larger at higher doses. A higher density of
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loops was observed in the 80% nickel alloy where dislocation tangles were
the characteristic feature. At 50% nickel, only low energy irradiations
were carried out, and in these conditions the damage had a very fine
structure consisting of dislocation loops and a high density of small black
spot defects with a diameter of about 5 nm.

It was proposed that fine-scale clusters having a different
composition from the solid solution matrix might be present in the alloys
and those clusters would act as traps for displaced interstitials and
vacancies, so inhibiting vacancy agglomeration into voids. The fact that
clusters of nickel atoms were present, at least in copper-rich alloys, was
indicated by some weak ferromagnetism in the samples at room
temperature.

Leister(86] has carried out an investigation of the effect of nickel
solute concentration on void swelling in Cu-Ni alloys. Cu-Ni alloys
containing 0.1, 1, 10, 20 and 50% nickel were irradiated with 200 keV
copper ions to damage levels up to 120 dpa. The alloy containing 0.1%
nickel exhibited enhanced swelling as compared to pure copper, while
the 1% nickel and 10% nickel alloys showed reduced swelling as
compared to pure copper. This can be seen in Figure 3.1. No swelling
was observed in the alloys containing 20 and 50% nickel. Increasing the
nickel content from 0.1 to 1% caused a delay in the incubation dose and a
lower void density. Swelling in Cu-0.1Ni began to saturate at a dose of 60
dpa with a value of 10-20%. The Cu-1Ni alloy showed swelling saturation
at a dose of 40 dpa with a value of 3-4%. A possible problem for Leister's
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experiments is that the damage region for 200 keV copper ions only
extends to about 50 nm from the surface. In this case, as mentioned
before, the surface effects on void formation can not be neglected.
Therefore, it is probably not appropriate to attempt to extract quantitative
data out of the Leister study. However, the observed qualitative trends
may still be applicable.

Another series of heavy-ion irradiations of Cu-Ni alloys was
performed by Dauben and Wahil87], In their study, specimens of pure
copper and Cu-Ni alloys with 1 to 58.6% nickel were irradiated at 700 K
with 300 keV copper ions at displacement rates of 3x10-4 dpa/s to 7x10-3
dpa/s. The total fluence varied from 0.2 dpa to 14.7 dpa. After irradiation,
no voids but many dislocation loops were found. The dislocation loops
were uniformly distributed and grouped into two distinct size classes-
large loops of mean diameter of about 13 nm having a number density of
5x101% cm-3, and smaller loops (d < 4 nm) having a number density of one
order of magnitude higher. By applying the 2 1/2-D method the small
loops were identified as perfect vacancy loops with a Burgers vector of
a/2<110>. The larger loops were identified as 70% faulted (Frank) loops
(b = a/3 <111>) and 30% perfect loops. The vacancy/interstitial nature of
the larger loops was not determined by experimental measurements, but
on the basis of growth kinetics, calculations for dislocation loops under
the irradiation conditions concluded that the large loops were of
interstitial nature. All measured parameters such as loop density,

diameter, Burgers vector and loop nature did not change, within the
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experimental uncertainty, with the irradiation conditions. These results
show that the density and size of the loop saturate very early in the
course of irradiation so that within the range of fluences employed in the
study these parameters remain approximately constant.

Summarizing this section, most heavy-ion irradiations of Ni-Cu
alloys were conducted using low energy ions (0.1-0.3 MeV) where the
surface effect would have a big influence on void formation. Only three
alloy samples (Cu-2Ni, Cu-20Ni and Cu-80Ni) were irradiated by high
energy ions (46.5 MeV) and no cross-section analysis has been done.
After heavy-ion irradiation, no voids were reported for copper-rich Cu-Ni
alloys with nickel concentration greater than 10% and for nickel-rich Ni-

Cu alloys with copper concentration greater than 2%.

C.5. Void Formation Study of Ni-Cu Alloys by HVEM

Barlow(53] and co-workers[84] have studied Cu-Ni alloys in detail
under 1 MeV electron irradiation, in the temperature range of 250-600 °C
in the high voltage electron microscope (HVEM). The alloys irradiated
are those containing 1, 2, 5, 10, 80, 90, 95, 98 and 99% nickel by weight.
The thickness of the irradiated area was of the order of 1000-2000 nm.
Generally, they found that voids were more difficult to form with
increasing solute concentration.

For the Cu-based alloys, the void swelling versus nickel content
curves were determined for several irradiation conditions, i.e. 250 °C, 90

dpa; 350 °C, 45 dpa and 450 °C, 30 dpa. The curves are shown in Figure
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3.2 (a). The figure clearly shows that, at all the three conditions, the
swelling decreases with increasing nickel content and becomes
practically zero at a nickel content of 10%. Also, they found that the mean
diameter of voids decreased dramatically as the nickel content increased
from 1% to 5%, as shown in Figure 3.2 (b), whereas the void densities
changed only slightly. From those observations they determined that the
decrease in swelling in Cu-based Cu-Ni alloys comes mainly via reduced
void growth or growth rate. They attributed this suppression of void
growth to the formation of radiation-induced submicroscopic nickel
clusters which act as vacancy or interstitial traps, thereby increasing
point defect recombination.

In the case of the Ni-based alloys, voids were increasingly more
difficult to form with increasing copper content. Although no swelling
data was shown, it was stated that, in Ni-1Cu and Ni-2Cu, voids were
formed during almost every irradiation at 450 °C 550 °C and 600 °C. In
Ni-5Cu voids were formed readily at 550 °C and 600 °C but no voids were
observed in three out four irradiations at 450 °C although a dislocation
network was produced in each case. In Ni-10Cu voids were often formed
at 600 °C but no voids were seen at 450 and 550 °C despite repeated
attempts; a dislocation network is also formed in each irradiation. In Ni-
20Cu, no voids were observed in irradiations at all the three
temperatures, even with a dose of about 100 dpa. But in contract to the
copper-based alloys, the observed average diameter of voids seemed to be

independent of alloy composition in the range of Ni-1Cu to Ni-10Cu (see
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Figure 3.3), whereas the number density of voids decreased with
increasing copper content. From that fact, it was concluded that nickel-
based Ni-Cu alloys have little effect on void growth but tend to suppress
void nucleation. The mechanism of the void nucleation suppression in
this case was not discussed.

The result of the HVEM study seems to be in good agreement with

neutron and ion irradiations reviewed previously.

C.6. Helium Bubble Formation in Ni-Cu Alloys

In order to investigate some of the properties of the Cu-Ni system
which may be related to its void resistant nature, Zinkle et al.[88] have
undertaken a study of helium bubble formation. In this study, copper,
nickel and three Cu-Ni alloys containing 20, 50 and 80% nickel were
irradiated with 200-400 keV helium ions at a constant homologous
temperature of 0.65 T,,. A helium concentration of 200 appm was
obtained at a depth of approximately 0.7 um by the implantation. All
samples were held at the implantation temperature for one hour
following the irradiation to ensure there was no survival of displacement
damage structure from the helium irradiation. The implanted region of
the samples was been analyzed by TEM using the back-thinning
technique. A low density of helium bubbles was observed in the pure
copper, pure nickel and in all the three alloys. The helium bubbles for all
samples investigated were found to be at, or in the vicinity of a strain

field such as a dislocation or grain boundary. The variation of bubble
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density and size as a function of alloy composition is shown in Figure 3.4.
The observed bubble parameters of the alloys are similar to those in pure
copper, no significant differences having been found. The helium bubble
formation is not unexpected as there are theoretical and experimental
indications that helium tends to undergo spontaneous precipitation
when implanted in metals. The fact that nothing special was observed in
the bubble parameters for the Cu-Ni alloys was considered as an
indication of nothing anomalous about the vacancy formation energy for
the Cu-Ni alloys. As can be seen in Figure 3.4, the addition of copper to
nickel causes a decrease in the bubble number density and an increase
in the bubble size. The cause of that was not determined. In any event,
nothing concerning helium bubble growth in the Cu-Ni system which

would explain the void resistance of the alloys was found.
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CHAPTER 4
EXPERIMENTAL PROCEDURES

Twenty two specimens, twelve pure nickel with various
pretreatment procedures, four Ni-10Cu (at.%), two Ni-25Cu and four Ni-
50Cu, have been irradiated and analyzed by cross-sectional TEM in this
study. The residual gas content, the amount of helium or oxygen pre-
injected into the sample and the condition under which heavy-ion
irradiations were performed have been listed in Table 4.1. The details are

described in the following sections.

A. Pre-Irradiation Specimen Preparation

The pure nickel foil (0.25 mm thick after polishing) used in this
study is the Marz grade (99.995 wt.% pure) from the Materials Research
Corporation. The nominal impurity contentsll] are listed in Table 4.2.
Since the oxygen content is not analyzed for every batch of the material by
the manufacturer and yet is important for this study, a segment of the
material was sent to Los Alamos National Laboratory for the accurate
analysis of oxygen content by the vacuum fusion technique. The result
shows that the as-received nickel foil contains 180 appm oxygen, which is
much higher than the nominal value listed in Table 4.2 (55 appm). Only
two nickel samples were irradiated in the as-received condition. In order
to study the effect of helium or oxygen concentration on void formation

more accurately, it was necessary to reduce the residual gas content in
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Table 4.2 Nominal impurity contents* in Marz grade nickel (99.995 wt.% pure)

Impurity wppm (appm) I Impurity

wppm (appm)

C 20 (100) Li <0.1
H <10 (60) Mg 1.5
o 15.0 (55) Mn 0.12
N <50 (20 Mo <(0.18
Ag <0.10 Na 0.27
Al 1.6 Nb 0.04
As 0.27 Pb <0.1
Bi < 0.1 Ph <0.1
Ca 0.39 S 0.35
Cd 0.10 Sb 0.30
Cl 1.5 Si 14.0
Co 1.2 Sn 0.8
Cr 1.3 Ta <0.16
Cu 0.09 Ti 0.14
Fe 22.0 \Y <0.10
Ga <0.10 w <1.10
Ge 0.26 Zn 0.07
Hf <0.28 Zr 0.40
K 0.10

* Analysis methods: Mass Spectrographic, Vacuum Fusion for gases,

Conductometric for Carbon



the material as much as possible. Three of the nickel samples had been
annealed at 800 °C for 1 hour at a vacuum of 4x10 Pa (3x10°7 Torr) for
outgassing before irradiation. According to Sievert's law!2! and the
published solubility data for oxygen in nickell3), it was estimated that
after the treatment, oxygen content in the nickel foil would drop to below
1 appm. However, analysis performed by Los Alamos National
Laboratory revealed that the oxygen level in the nickel foil was not
changed after such a treatment. It is believed that the oxide layer
originally present on the surface of the foil worked as a diffusion barrier
which prevented oxygen in the matrix leaving the foil during vacuum
annealing. To remove the surface oxide, the remaining seven nickel
samples were first heated at 1000 °C in flowing dry hydrogen for 120
hours. During that period oxygen is expected to react with hydrogen to
form water at the surface of the foil, and this is then removed. After that,
the samples were annealed at 150 °C in a vacuum of 6.6x10°7 Pa (5x107°
Torr) for a half hour to remove hydrogen in the foil. Analysis performed
by Los Alamos National Laboratory indicated that the oxygen content in
the nickel foil treated this way was reduced to ~ 75 appm (more than 50%
reduction).

Three Ni-Cu alloys, namely, Ni-10Cu, Ni-25Cu and Ni-50 Cu, have
been fabricated from Marz nickel and Marz copper (99.999 wt.% pure) by
using an arc melter. Before melting the raw materials, the chamber of
the melter was evacuated to 20 mTorr and then filled with argon gas five

times. A titanium getter was used to absorb active gases in the chamber
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during melting. The ingots were inverted and remelted several times to
assure homogeneity. The ingots of the alloys were cold rolled to 0.5 mm
thick foils with intermittent annealing in flowing argon at 800 °C.
Specimens of Ni-10Cu and Ni-50Cu were also sent to Los Alamos
National Laboratory for the determination of the oxygen content, and
they were both found to contain ~ 100 appm oxygen. Although the oxygen
content of the Ni-25Cu foil has not been analyzed, a similar level is
expected because of the similar preparation process.

All the samples are in the shape of a 1 cm x 0.5 cm x 0.25 cm foil.
It is extremely important that the surfaces of each samples be clean to
allow metal to be plated on to them after irradiation for the cross-section
TEM sample preparation. To assure good plating adherence, prior to
irradiation each specimen was mechanically polished on a polishing
wheel using 0.3 um and/or 0.05 pm alumina slurry. It should be noted
that the samples were not electropolished prior to irradiation as has been
done in some previous studies. The reason for that is to prevent the
possible introduction of gas atoms[4-6] other than those implanted during

the pre-injection irradiation.

B. Helium Pre-injection

To investigate the effect of helium concentration on void formation
in both pure nickel and Ni-Cu alloys, six samples in this study were pre-
injected with various fluences of helium ions before irradiation with

heavy ions. The helium pre-injection of nickel samples (No. 4, 5, 7 and 8
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in Table 4.1) was performed using the UW 700 kV light ion irradiation
facility. This facility, which consists of a 700 kV electrostatic accelerator,
beam focussing and analyzing equipment, vacuum system and a
specimen chamber, is shown schematically in Figure 4.1 and is
described in detail by Bullen et al.[6,7], The helium is contained in a small
gas tank inside the dome of the accelerator. A thermo-mechanical leak is
used to regulate the flow of helium to the r.f. source in the dome. Helium
ions are accelerated through the dome and directed to the target section
of the facility. There are three major beam handling components
situated along the beam line. They are up-down, left-right steerers, a
magnetic quadrupole doublet and a 90 degree analyzing magnet. The
sample holder is capable of accommodating three 0.5 cm x 1.0 cm foils
and maintains electrical isolation with the sample while it masks the
irradiated area to allow for accurate measurement of the current
density. The accelerator operates at an accelerating potential ranging
from 200 to 700 kilovolts. With a helium beam of varied energy (200-700
keV, 100 keV as a step), a relatively uniform concentration of helium is
injected into the depth range of 0.5-1.3 um as shown in Figure 4.2 (a).
Helium pre-injection of the two Ni-Cu samples (No. 15 and 21 in Table
4.1) was performed at Oak Ridge National Laboratory with the energy of
helium ions varying continuously between 200 and 400 keV. The
distribution of the 200-400 keV helium in Ni-50Cu is in the depth range of
0.5-1.0 um as shown in Figure 4.2 (b).
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Figure 4.2 Displacement damage (by 14 MeV Ni ions) and injected ion distributions
in (a) pure Ni (14 MeV Ni ions and 200-700 keV He ions) and (b) Ni-
50Cu (14 MeV Ni ions and 200-400 keV He ions) calculated by using the
Monte Carlo code, TAMIX (1000 ion histories).
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From Figure 4.2, one can see that the pre-injected helium range
and the injected nickel ion range (1.5-2.8 um below surface) in this study
are separated because of the proper energy selection, and this allows
their effects to be separated. The injected-appm-helium/dpa ratio used in
this study is much lower than that used by Bullen[8], because it has been
shown that a higher ratio would cause overnucleation of copious small
voids which are probably under the resolution limit of the microscope
available for this study. All the helium pre-injections were conducted at

room temperature.

C. Oxygen Pre-injection

’

Six samples (No. 10, 13, 14, 17, 19 and 20) were pre-injected with 5-6
MeV O2%* ions before nickel ion irradiation to an average concentration
which equals the residual oxygen level in the sample. Therefore, the
injected region contains twice as much as the oxygen in the other
regions of the specimen. The oxygen pre-injections were conducted in the
University of Wisconsin Heavy-Ion Irradiation Facilityl4-9] (see next
section for brief introduction of the facility) utilizing the oxygen beam
generated during the first few hours of sputtering of the nickel ion
source (during that period, the nickel oxide layer on the source surface is
sputtered off). All the oxygen pre-injections are also conducted at
ambient temperature.

The calculated range of injected 5 MeV oxygen in pure nickel, Ni-
10Cu and Ni-50Cu have been shown in Figures 2.1 and 2.2 in Chapter 2.



It should be mentioned that after the oxygen pre-injection of a pure
nickel sample (sample No. 10 in Table 4.1), the sample was removed
from the target chamber of the accelerator and then sputtered with 3.5
kV Art ions to remove the first micrometer of the surface before being
returned to the accelerator again for the 14 MeV nickel ion irradiation.
As a result of this process, the oxygen range in the sample is about one
micrometer closer to the surface compared to the calculated range
shown in Figure 2.1 (b). In other words, the range of the injected oxygen
is therefore completely separated from that of the injected 14 MeV nickel

ions.

D. Heavy-Ion Irradiation

Most samples in this study have been irradiated with 14 MeV
nickel ions while only one nickel sample has been irradiated with copper
ions of the same energy to study the effect of a small amount of injected
copper. All the heavy-ion irradiations were carried out in the University
of Wisconsin Heavy-Ion Irradiation Facility. The schematic of the facility
is shown as Figure 4.3. The facility includes a SNICS negative ion
sourcell0], a 7 MV tandem Van de Graaf electrostatic accelerator,
various beam handling and monitoring equipment and a target
chamber.

In the SNICS source, negative nickel ions, Ni- or Cu” are created
through the sputtering of a nickel or copper cathode by energetic cesium

ions. The negative ions exit the source with an energy of 2-4 kV which
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equals the sputter cathode potential. Then they are injected into the
tandem accelerator (built by High Voltage Engineering Corporation,
Model EN) at ground potential and are accelerated into the high-voltage
terminal which operates with a positive potential V. A N, gas stripper is
used to strip electrons from the negative ions via a collision process
converting them into positive ions. With varying degrees of stripping, a
distribution of charge states of the ions are created with charge nq, n
being an integer. These positive ions are further accelerated through the
potential V and exit the high energy end of the accelerator with the

energy
E=qV(1+n) “4.1)

A given charge state can be selected by use of an electromagnetic
quadrupole lens on the high energy beam tube. For this study, a charge
state of n = 3 is selected in conjunction with a terminal potential of 3.5
MV to give 14 MeV ions to irradiate the specimen.

The 14 MeV Ni3* or Cu3* ions are then directed towards the target
chamber of the facility. The target chamber is pumped by a titanium
sublimation pump and an orbitron pump, with which a vacuum of low
10-4 Pa (10-6 Torr) or better can be maintained during irradiations even at
the elevated temperatures (500-700°C).

The specimen holder assembly consists of a carousel with eight
individual sample holders. Samples are individually heated during

irradiation by thermal radiation from ohmic-heated tantalum sheets.
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Individual chromel-alumel thermocouple leads allow continuous
monitoring of the temperature of all eight. samples during an irradiation
run. Specimens adjacent to the sample being irradiated are thermally
shielded from the heater to prevent post-irradiation annealing effects.
The range of operating temperatures for the heater is roughly 100-700 °C.
The beam current is measured by three Faraday cups, the entrance cup,
the mask cup and the exit cup, at different locations along the beam axis.
The entrance cup is located at the entrance to the target section, the
removable mask cup can be put just in front of the sample while the exit
cup is directly behind the specimen. When the mask cup is not used to
check the beam current, a tantalum mask containing a 3 mm aperture
is inserted to define the irradiation spot on the specimen. The beam
intensity profile is essentially constant over the 3 mm beam spot
diameterl(11],

The dose rate used in this study varied from 1x1016 ions/m2s to
3x1016 jons/m2s, depending upon the beam current available on the
target during a particular irradiation run. That gives a damage rate of ~
4x10-4 to 1x10-3 dpa/s at 1 pm depth for 14 MeV nickel ion irradiated pure
nickel.

As mentioned in Chapter 1, all the heavy-ion irradiations in this
study were conducted with the specimen temperature controlled at 0.45
T (i.e. 45% of the melting temperature in Kelvin) of the target material,
i.e. 500°C, 485°C, 465 °C and 425°C for pure nickel, Ni-10Cu, Ni-25Cu and
Ni-50Cu respectively.



E. Post-Irradiation Specimen Preparation and Analysis

After irradiation, the specimens were all prepared in cross-section
for TEM observation, so that the complete damage profile along the depth
could be studied in one foil. This technique was first applied to an ion-
irradiated material by Spuring and Phodes(12], It has been well developed
and successfully applied on pure nickel, pure copper and several alloys
here by the radiation damage group at the University of Wisconsin. The
details of this technique have been described previously by Zinkle and
Sindelarl{13l. Figure 4.4 shows the schematic of the preparation steps of a
nickel foil cross-sectioned for TEM analysis. During preparation of the
cross-section TEM specimens, the original surface of irradiation has
been electroplated with nickel, so it becomes an interface in the TEM
micrograph. A few modifications have been made in the process of
electroplating of nickel for the preparation of cross-sectional Ni-Cu
alloys, details of which have been shown elsewherell4l. To obtain electron
transparent thin area which covers the entire ion damage range, some
samples were ion milled repeatedly with intermittent TEM examination
after the double-jet electropolishing. It should also be mentioned that a
surface layer of up to 0.3 pum thick was removed from the original
surface before electroplating to ensure good bonding at the interface.
Therefore, the actual depth from the irradiated surface is about 0.3 pm
more than the depth marked in the cross-sectional TEM micrographs.

The specimens were analyzed using JEOL-100B and JEOL-200CX
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transmission electron microscopes. The depth distribution of voids was
determined by division of the micrographs into regions of uniform
thickness parallel to the irradiated surface. To analyze the number
density of voids and dislocation loops, the foil thickness must be known.
The thickness measurements were performed by using a stereo pair
technique when a reasonable density of defect clusters was available, or
by counting the thickness fringes when the edge of the perforation hole in
the TEM sample cut across the irradiated region, or by putting a
contamination spot onto the sample and then taking micrographs
corresponding to foil orientations tilted at ~ 15° from one another. In the
stereo pair measurement, the image parallax was measured with a
Hilger-Watts stereoviewer. The foil thickness t (in angstroms) is

determined using the equation

7
. _Px10" 42

2M sing
where P is the image parallax in mm determined by using features on
opposite surfaces, M is the magnification of the analyzed print and 6 is
the total angle of tilt between the stereo pair prints. The accuracy of the
sample thickness measurements is estimated to be + 20%. The size
distributions of voids and dislocations were determined using a Zeiss
particle counter. To reduce the uncertainties in the swelling calculation,
the morphology of the voids was studied by viewing them with the

electron beam close to several main zone axes, an example of which is
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shown in Figure 4.5. Then the appropriate truncation parameter(15] and
volume factor{15] along with the measured void dimension in the <110>
direction are taken to determine the volume of the void using a method
provided by Gelles et all15], The average diameter of voids reported in
Chapter 5 is the diameter of the sphere which has the same equivalent

volume as the average void volume.
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Figure 4.5

Morphology of voids in 14 MeV Cu ion irradiated Ni. (a) B =[001], (b) B
=[103], (c) B =[101] and (d) B = [011]. The voids are determined to be
bounded by {100} and {111} faces (cubic truncated by octahedron) with
truncation parameters between (.5 and 0.6.
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CHAPTER 5
EXPERIMENTAL RESULTS

In this chapter, the results from TEM observations of all the
twenty two irradiated samples are organized into several sections to
show the effects of oxygen, helium and copper content on damage
structure evolutions in a comparative manner. Section A shows the
effects of residual oxygen, pre-injected helium and pre-injected oxygen
on void formation in 14 MeV nickel ion irradiated pure nickel. Section B
gives the results on damage structure observations in the three
irradiated Ni-Cu alloys (with and without oxygen pre-injection). By
comparing them with each other and with the result obtained from
irradiated pure nickel, the role of copper content on damage structure
evolution can be revealed. Further information on the latter is provided
by the following two sections. In section C, the effects of pre-injected
helium in irradiated pure nickel, Ni-10Cu and Ni-50Cu are compared,
while section D compares the damage structures of 14 MeV copper ion
irradiated nickel with that of 14 MeV nickel ion irradiated nickel.

The numbers assigned to the samples in Table 4.1, which
tabulates the pre-irradiation and irradiation conditions of each sample,
are used during the description of the results in this chapter. As far as
the peak damage level (dpa) is concerned, a rough estimation which
equals four times the dpa number at 1 pym depth listed in Table 4.1 is

used in the description of this chapter. It is worth mentioning again that
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a surface layer of ~ 0.3 um thick was removed from all samples during
the process of cross-section specimen preparation to assure good bonding
at the interface, so the actual depth from the irradiated surface is 0.3 pm
more than the depth from the interface indicated in the cross-section

micrographs to be shown in this chapter.

A. Gas Effects on Void Formation in Irradiated Nickel

A.1. Heterogeneous Void Formation in Irradiated As-received Nickel

Sample No. 01 was irradiated with 14 MeV nickel ions at 500 °C in
the as-received state (20% cold-worked, 180 appm oxygen). While the
unirradiated material contains only a line dislocation structure with a
density of ~ 2x1014 m-2, a substantial number of voids were observed after
irradiation to a fluence of 8x1019 Ni3*/m2 (3 dpa at 1 um). Figure 5.1is a
cross-section micrograph showing the entire ion damage depth range of
that sample. Although most voids in the sample are located in the depth
range of 1-2.5 um below the irradiated surface, the fine distribution of
voids is rather heterogeneous. While high densities of voids are found at
some areas to form void clusters (one of those clusters is shown in Figure
5.2 (A)), some other areas (even at the peak damage depth) are almost
void free. Voids are also found to form preferentially on dislocation lines
and around a very occasional impurity particle as shown in Figure 5.2
(B) and (C). As shown in Figure 5.2 (D), an Energy Dispersive X-ray
Spectroscopy (EDXS) analysis from the particle showed only the presence
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of the nickel signal. Since the EDXS system used is unable to detect the
low z elements (z < 10) and no diffraction pattern was obtained (the
particle was lost during ion milling in a attempt to remove the surface
contamination on it), the exact identity of the particle remains uncertain.
However, it is quite reasonable to assume that particle is nickel oxide. If
that is the case, then the high void density around the particle might be
attributed to the higher local free oxygen content because of the re-
solution of nickel oxide during ion irradiation. The higher void density
observed at other locations may also be attributed to the heterogeneous
distribution of the oxygen in that sample. Despite the heterogeneous
nature of the void distribution, the average void density was determined
to be 6x1019 m-3 at the depth of 1 um and 2x1020 m-3 at the damage peak;
the corresponding average void diameter was 35 nm at the 1 um depth
and 30 nm at the damage peak. The heterogeneous distribution of voids
was also observed in another nickel specimen (No. 02), which was

irradiated also in the as-received state but to a higher damage level.

A.2 Void Formation in Vacuum Annealed Nickel (180 appm Oxygen)
with or without Helium Pre-injection

As mentioned in Chapter 4, three specimens were irradiated in
the vacuum annealed state. The annealing reduced the density of line
dislocations from 2x1014 m-2 in the as-received state by almost an order of
magnitude, but did not reduce the residual oxygen content. Figure 5.3

shows the entire ion damage region of the three vacuum annealed nickel
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specimens (Nos. 03, 04 and 05) which contain 180 appm oxygen and
varying levels of pre-injected helium in the first ~ 1um region, and
received same dose of 14 MeV nickel ions as sample No. 01. Figure 5.4
shows the void distribution in the ~ 1 um deep region of the three
samples at a higher magnification, and the variation of void density and
average diameter with depth is shown in Figure 5.5. It is clear from
Figure 5.3 (a) that the heterogeneous void distribution of the irradiated,
as-received nickel (No. 01) is not a feature in the irradiated, vacuum
annealed nickel (No. 02). Also, compared to sample No. 01, the void
density is much higher, and the void size is much smaller in sample No.
02. This change might be explained by homogeneous distribution of
oxygen atoms due to thermal diffusion during annealing.

The effect of pre-injected helium on void formation in the vacuum
annealed, high oxygen content (180 appm) nickel is depicted by
comparing the micrographs and curves presented in Figures 5.3 - 5.5.
Pre-injection of 10 appm helium enhanced void nucleation remarkably,
while pre-injection of 30 appm helium reduced the void density.
Compared to the sample without helium pre-injection, pre-injection of 10
appm helium increased the void density at 1 um depth (3 dpa) by a factor
of 3, but pre-injection of 30 appm helium reduced the void density by a
factor of 2.6. The suppression of void formation by pre-injected helium
was previously reported for higher helium levels than used in this
studyll], and was considered to be the result of copious nucleation of sub-

microscopic cavities in the implanted region. To verify this explanation,
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Irradiated surface

Figure 5.3  Cross-section TEM micrographs of 14 MeV Ni ion irradiated Ni samples
(annealed) containing 180 appm oxygen (3 dpa at 1 pm, 500 °C). (a)
without helium pre-injection (No. 03); (b) with 10 appm helium pre-
injection (No. 04); (c) with 30 appm helium pre-injection (No. 05).
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Figure 5.5 Number density (a) and average diameter (b) of voids versus depth for the
Ni ion irradiated high oxygen (180 appm) Ni samples (No. 03, 04 and 05,
3 dpaat 1 um, 500 °C) containing various amount of pre-injected helium.
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the region pre-injected with 30 appm helium was examined very
carefully at a magnification of 200,000x, and some very small cavities
with diameter as small as ~ 2 nm (already close to the resolving power
limit of the microscope used) were resolved, examples being encircled in

Figure 5.4 (C).

A.3 Void Formation in Degassed Nickel (75 appm Oxygen) with or
without Helium Pre-injection

The variation of void distribution and the dependence of the void
parameters with depth in two irradiated low-oxygen content (75 appm)
nickel specimens (Nos. 06 and 07) are shown in Figures 5.6 and 5.7.
These samples réceived the same ion dose as samples mentioned in
sections A.1 and A.2 (3 dpa at 1 um). Sample No. 07 shown in Figure 5.6
(b) had 10 appm helium injected in the first ~ 1 um region. For the
purpose of comparison, the void parameter curves for sample No. 03
(vacuum annealed, 180 appm oxygen, no helium) is also included in
Figure 5.7. Void density in Figure 5.7 is drawn on a logarithmic scale
because the void density in the low oxygen content samples is at least one
order of magnitude lower than that in the high oxygen content sample
except in the helium pre-injected region. On the other hand, the average
void size in the low oxygen content samples is much larger. Figure 5.8
shows the effect of residual oxygen content on void density and void size
by comparing the near damage peak region of samples No. 03 and 06.

In the helium pre-injected region of sample No. 07 (75 appm
oxygen) there is a high density of small voids as shown in Figure 5.6 (b),
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Figure 5.6  Cross-section micrographs of Ni ion irradiated low oxygen (75 appm) Ni
samples (No. 06 and 07, 3 dpa at 1 um, 500 °C) without (a) or with (b) 10
appm helium pre-injection.
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Figure 5.7 Number density (a) and average diameter (b) of voids versus depth for the
irradiated low oxygen (75 appm) Ni samples without or with 10 appm
helium pre-injection (samples No. 06 and 07, 3 dpa at 1 um, 500 °C). The
curves for the high oxygen (180 appm) zero helium sample (No. 03)
shown in Fig. 5.5 are repeated here for comparison.
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but, compared to the 10 appm helium region of sample No. 04 (180 appm
oxygen), the void density in the same region of sample No. 07 is much
lower and the average void size is larger. Another notable difference is
that toward the end of the helium range (1 um) in sample No. 07, the void
size gets progressively larger and the void density becomes progressively
lower. There is a void denuded zone in the sample between the end of the
helium zone and the peak damage depth, because not enough gas atoms
are available for void nucleation at that damage level (5-10 dpa) in this
region. This phenomenon was not seen in the high oxygen content
sample that was pre-injected with the same amount of helium because

there were enough oxygen atoms available to stabilize the void embryos.

A.4 Effect of Oxygen on Void Formation in Irradiated Nickel

In addition to the results shown above, results obtained from the
three other nickel samples with different residual oxygen content and
with pre-injected oxygen (Nos. 02, 09 and 10) and with higher irradiation
doses are compared in Figure 5.9 and Table 5.1 to further clarify the
effect of oxygen on void formation in heavy-ion irradiated nickel. Sample
No. 02 is irradiated in the as-received state which contained 180 appm
residual oxygen. While samples No. 09 and 10 contain the same amount
of residual oxygen (75 appm), sample No. 10 has an additional 75 appm
implanted oxygen in the first ~ 1.2 um region.

Although in all the three cases the swelling at the damage peak

resulted from a relatively low density of voids with diameter of 40-60 nm,
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Irradiated surface

Figure 5.9  Cross-section TEM micrographs showing the effect of oxygen on void
formation in 14 MeV Ni ion irradiated Ni. (a) 180 appm oxygen, 10 dpa at
1 um (No. 02); (b) 75 appm oxygen, 10 dpa at 1 pm (No. 09); (c) 75
appm oxygen plus 75 appm pre-injected oxygen at first ~ 1.2 um, 5 dpa at
1 um (No. 10).
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the void density at the peak damage depth in the as-received nickel is
approximately an order of magnitude greater than in the degassed or
oxygen-implanted foils. In the first micrometer of the as-received and
degassed nickel, a sparse, heterogeneous population of large voids exists.
However, at the 1 pm depth in the oxygen implanted sample, the void
size is remarkably smaller and the void density is about two orders of
magnitude higher in comparison to the as-received or degassed nickel
foils. It is very clear that both residual and pre-injected oxygen atoms
promote void nucleation in nickel-ion-irradiated pure nickel, and the

effect of the injected oxygen seems to be more significant.

Table 5.1 Comparison of void parameters in 14 MeV Ni-ion-irradiated
Ni samples with various oxygen contents

Sample Irradiation Location Oxygen Dose  Void Density Average Void
No.*  Temp. (appm)  (dpa)  (1020/m3) Diameter
02 500°C 1 um 180 10 0.3 50 nm
peak 180 40 1.0 50 nm
09 500 °C 1 um 75 10 0.1 50 nm
peak 75 40 0.07 60 nm
10 500°C 1 um 1501 5 20.0 14 nm

Eak 75 20 0.2 40 nm

*  See Table 4.1 for the pre-irradiation and irradiation conditions of the samples

t 75 appm residual oxygen plus 75 appm pre-injected oxygen.



B. Defect Cluster Formation in Irradiated Ni-Cu Alloys with or without
Oxygen Pre-injection

B.1  Results from Irradiation of Ni-10Cu

Figure 5.10 shows the entire ion damage range of the Ni-10Cu
alloy, sample (No. 13), which has been pre-injected with 100 appm
oxygen and then irradiated with 14 MeV nickel ions to a peak damage
level of 20 dpa. In contrast with the microstructures of irradiated pure
nickel, most defect clusters observed in this alloy are dislocation loops
(Figure 5.10 (A)), although some voids are also found by tilting the loops
out of contrast (Figure 5.10 (B)). These voids are mainly located in the
oxygen implanted region, and they have an average diameter of 12 nm
and a local density of 7x1012 m-3, Only a few voids with an average
diameter of 8 nm occur at the peak damage depth.

Figure 5.11 is a cross-section micrograph showing the distribution
of radiation-induced dislocation structure in the Ni-10Cu sample (No. 14)
which also contains 100 appm pre-injected oxygen but received a 14 MeV
nickel ion dose twice as much as that received by sample No. 13. Again,
the dislocation loop constitutes the major defect cluster. Some voids are
found in the oxygen implanted region of this sample too, but their
distribution is relatively heterogeneous. Several larger voids of ~ 50 nm
in diameter were found to be surrounded by many smaller voids of only ~
5 nm in diameter (as shown in Figure 5.14 (C)), which implies the

agglomeration of smaller voids during the continuous irradiation. Only
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Depth ( pm )

Interface

Figure 5.10 Cross-section TEM micrographs taken from a Ni-10Cu sample (No. 13)
with 100 appm oxygen pre-injection and a damage level of 5 dpa at 1 pm
(irradiated by 14 MeV Ni ions at 485 °C). (A) distribution of dislocation
loops (g = [220]); (B) loops tilted out of contrast showing presence of
voids in the oxygen injected region.
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one larger void (125 nm in diameter) was found at the damage peak
region of this sample.

Figures 5.12 and 5.13 are the cross-section micrographs taken
from the Ni-10Cu sample (No. 16) which received the highest nickel ion
dose (100 dpa at the peak) but without oxygen pre-injection. While Figure
5.12 clearly depicts the distribution of dislocation loops in the sample
using g = [200], Figure 5.13 was taken in a low contrast diffracting
condition to show the distribution of voids. The voids found in this sample
are all located in the peak damage region (~ 2.5 pm from the original
surface). The local void density in that region is about 9x1019 m-3, and the
average void diameter is ~ 14 nm.

In Figure 5.14, void structures in the irradiated Ni-10Cu samples
are compared with each other and with that obtained from the oxygen
implanted region of an irradiated nickel specimen. It is much harder for
voids to form in Ni-10Cu than in pure nickel when a similar amount of
pre-injected oxygen is present. Without the help of pre-injected oxygen,
voids formed in Ni-10Cu only when the damage level reached ~ 100 dpa,
even though the Ni-10Cu foil used in this study contained about 100 appm
residual oxygen.

Figure 5.15 gives a comparison of the dislocation structures in the
Ni-10Cu alloy with various irradiation conditions. The unirradiated area
contains only line dislocations with a density of ~ 3x1013 m-2 as shown in
Figure 5.15 (A), but in the all the irradiated areas dislocation loops with

an average density of 1x1021 m-3 are found. When comparing the density
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of line dislocations in the unirradiated region with the loop density in the
irradiated regions it should be noted that Figure 5.15 (A) has a much
lower magnification than that of the other three micrographs in Figure
5.15. The dislocation loops are identified as either perfect loops on {111}
planes with b = a/2 <110> or Frank loops (faulted loops) enclosing a
stacking fault with b = a/8 <111>. The size of the dislocation loops in the
irradiated Ni-10Cu varies from ~ 5 nm to 85 nm in diameter, with the
average diameter around 25 nm. The analysis of the interstitial/vacancy
nature of the dislocation loops has only been performed on some of the
larger loops with diameter > 50 nm in Ni-10Cu using the method
outlined by Edington(2], but both vacancy and interstitial loops have been
identified. The presence of pre-injected oxygen does not seem to have any

effect on altering the loop parameters in Ni-10Cu.

B2  Results from Irradiation of Ni-50Cu

The damage structure throughout the entire damage range in the
Ni-50Cu sample (No. 19), which has been pre-injected with 100 appm
oxygen and then irradiated with 14 MeV nickel ions to a peak damage
level of 20 dpa, is shown in the cross-section micrographs in Figure 5.16.
Dislocation loops with much smaller size and much higher density
compared to those in irradiated Ni-10Cu are observed (Figure 5.16 (A)),
and no voids were found when the loops were tilted out of contrast even in
the oxygen implanted region (Figure 5.16 (B)). Figures 5.17 and 5.18 are

cross-section micrographs of the other two irradiated Ni-50Cu samples
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Figure 5.16 Cross-section TEM micrographs taken from a Ni-50Cu sample (No. 19)
with 100 appm oxygen pre-injection and a damage level of 5 dpa at 1 um
(irradiated by 14 MeV Ni ions at 425 °C). (A) distribution of dislocation
loops (g = [111]); (B) loops tilted out of contrast showing absence of
voids.
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(Nos. 20 and 22). Sample No. 20 had 100 appm pre-injected oxygen and
was then irradiated with 14 MeV nickel ions to 40 dpa at the damage
peak. Sample No. 22 does not contain any pre-injected oxygen, but has
received a nickel ion dose which would provide 100 dpa at the peak
damage depth. Both samples contain similar dislocation loop
distribution in the damage region as that seen in sample No. 19, and
neither of them contain any observable voids. A comparison of the
dislocation structures in the Ni-50Cu alloy with various irradiation
conditions is given in Figure 5.19. Because the size of the loops in the
irradiated Ni-50Cu alloy is so small (average diameter is only 6-10 nm),
and the density is so high (5-7x1021 m-3), loop analysis is difficult. Only
perfect loops on {111} planes with b = a/2 <110> have been identified, and
the interstitial/vacancy nature of the loop has not been determined
experimentally. However, it seems reasonable to assume that at least
most of the small loops are vacancy type by comparing with Leister's
results[3]. In Figure 5.20, the size distributions of dislocation loops in
irradiated Ni-10Cu and Ni-50Cu are compared, and it is clear from the
figure that the loop size in Ni-50Cu is much smaller than in Ni-10Cu,

and that higher doses generally produce more larger loops in both alloys.

B.3  Resulis from Irradiation of Ni-25Cu

Two Ni-25Cu samples have been irradiated with 14 MeV nickel
ions (Nos. 17 and 18). Sample No. 17 had been pre-injected with 100 appm

oxygen before nickel ion irradiation to a peak damage level of 20 dpa and
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Figure 5.20 Comparison of size distributions of dislocation loops in 14 MeV Ni ion

irradiated Ni-10Cu and Ni-50Cu.
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sample No. 18 has been irradiated to 100 dpa at the peak depth without
oxygen pre-injection. The cross-section TEM micrographs which show
the entire ion damage range in the two specimens are presented in
Figure 5.21 (A) and (B). Figure 5.22 compares the dislocation structures
in several different regions of the irradiated alloy with that of the
unirradiated region at higher magnifications. The damage structure in
the irradiated Ni-25Cu alloy is very similar to that observed in the
irradiated Ni-50Cu alloy, which consists of a high density of small
dislocation loops. However, the loop size is slightly larger (average
diameter is 10-14 nm) and the loop density is slightly lower (average
density is 3-4x1021 m-3) than those measured from the irradiated Ni-50Cu
specimens. No voids have been found in either of the two irradiated Ni-

25Cu specimens.

The defect characteristics of all the eight irradiated Ni-Cu alloy
samples, which are mentioned in this section, are summarized in Table
5.2 along with the result obtained from the irradiated nickel sample with
75 appm oxygen pre-injection (No. 10). The void densities, void sizes and
dislocation loop densities listed in the table were all counted from the
region of about 1.5 (1.3-1.8) um from the irradiated surface unless noted
in the table. This is the region where the injected oxygen ions come to
rest and the effect of the injected Ni interstitials(4] would not be
significant. It should be noticed that the dpa level at that depth is about
half the peak level.
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Figure 5.21 Entire ion damage region in Ni-25Cu irradiated with 14 MeV Ni ions at
465 °C. (A) 100 appm oxygen pre-injection, 5 dpa at 1 pm (No. 17); (B)
25 dpa at 1 um (No. 18).
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C. Comparison of Effects of Pre-injected Helium in Irradiated Nickel
and Ni-Cu Alloys

To compare the effects of pre-injected helium on defect structure
evolution in irradiated nickel and Ni-Cu alloys, three samples (one pure
nickel, one Ni-10Cu and one Ni-50Cu) were first pre-injected with 50
appm helium at room temperature and then irradiated with 14 MeV
nickel ions at the same homologous temperature of 0.45 T,,,, i.e. 500°C,
485°C and 425°C for pure nickel, Ni-10Cu and Ni-50Cu respectively. The
pure nickel specimen received 3 dpa with nickel ion irradiation at the
depth of 1 pm, while the Ni-Cu alloy samples received 5 dpa at the same
depth. The calculated helium ion distribution in the pre-injected pure
nickel and Ni-50Cu has been shown in Figure 4.2.

Figure 5.23 (A), (B) and (C) are the cross-sectional TEM
micrographs showing the entire ion damaged range in the three
irradiated samples (Nos. 08, 15 and 21). The micrographs in Figure 5.24
were taken at a higher magnification from each specimen at the actual
depth of 0.6-1.0 pm, where the pre-injected helium is present.

The defect structures in the three irradiated materials are
distinctly different. In the irradiated pure nickel, the most obvious defect
clusters are voids, although prismatic dislocation loops are also present.
Comparing the result reported in section A on the nickel containing the
same amount of residual oxygen (75 appm) but without helium pre-

injection (No. 06), it appears that the relatively high density of voids in
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Figure 5.23 Entire ion damage region of 14 MeV Ni ion irradiated samples with 50
appm helium pre-injection. (A) Ni (No. 08, 3 dpa at 1 um, 500 °C); (B)

Ni-10Cu (No. 15, 5 dpa at 1um, 485 °C) and (C) Ni-50Cu (No. 21, 5 dpa
at 1 um, 425 °C).
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the first 1.5 um of the nickel specimen shown in Figure 5.23 (A) is due to
the presence of pre-injected helium in that region.

In the two irradiated Ni-Cu alloy samples, as shown in 5.23 (B)
and (C), dislocation loops constitute the major defect cluster. The loop
density increased dramatically with the copper content, while the loop
size decreased concomitantly. Again, perfect loops on {111} planes with b
= a/2 <110> and Frank loops enclosing a stacking fault with b = a/3 <111>
were both identified in Ni-10Cu, but only perfect loops have been
identified in Ni-50Cu. The density and size distribution of the loops are
almost the same as the result for the irradiated Ni-Cu alloys with 5 MeV
oxygen ion pre-injection shown in the previous section. Since the 5 MeV
oxygen was implanted deeper into the samples, the similarity in the loop
distribution means that the pre-injected helium did not have the power to
alter the defect characteristics in the alloys under the experimental
conditions. However, when dislocations are tilted out of contrast, e.g. the
specimen is tilted away from the strong diffracting orientation, small
bubbles with diameters less than 5 nm are observed at the helium
injected depth in both Ni-10Cu and Ni-50Cu as shown in Figure 5.25.
Figure 5.26 shows both under-focus and over-focus images of the bubbles
observed in the helium injected region of irradiated Ni-10Cu. The density
of the helium bubbles in Ni-50Cu is an order of magnitude higher than
that in Ni-10Cu, and the bubble size is larger in the latter. When
comparing the size of the bubbles in the Ni-Cu alloys with the size of
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o . - 3 ';ﬁ)
Underfocus

Figure 5.26 TEM image of helium bubbles formed in 50 appm helium pre-injected Ni-
10Cu after 14 MeV Ni ion irradiation (No. 15, 5 dpa, 485 °C).
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voids in pure nickel as shown in Figure 5.25 (A), note that Figure 5.25 (B)
and 5.25 (C) have a much higher magnification.

Table 5.3 summarizes the major defect characteristics in the
helium injected region of the three specimens compared in this section.
The volume swelling in the helium pre-injected region of the nickel
specimen is about 3.5x10'3, while the swelling due to the formation of
small bubbles in the Ni-Cu alloys is estimated to be at least one order of
magnitude lower, even though the Ni-Cu samples were irradiated to a
higher displacement damage level. Based on the data tabulated in table
5.3, the residual vacancy/helium ratio in the voids or bubbles has been
estimated to be 70 for the pure Ni sample, 1.5 for the Ni-10Cu sample and
3.5 for the Ni-50Cu sample.

Table 5.3 Major defect characteristics® in 50 appm helium pre-injected

Ni and Ni-Cu alloys following 14 MeV Ni ion irradiation

Sample Dose Irradiation Dislocation Loop  Helium Bubble (or Void)

No.t at 1 yum Temperature density averagesize  density average size
(Material) (dpa) (49 (m3) (nm) () (nm)
08 (Ni) 3 500 1x102 153 1.5x10%° 35 (void)
15 (Ni-10Cu) 5 485 1x1021 275 3.0x10?! 3.5
21 (Ni-50Cu) 5 425 7x10%! 6.5 3.0x1022 2.3

* Defect parameters in the table refer to the region about 1 im below the irradiated
surface

T See Table 4.1 for the pre-irradiation and irradiation conditions of the samples



146

D. Effect of Small Amount of Implanted Copper on Void Formation in 14
MeV Copper Ion Irradiated Nickel

It has been shown in the previous sections that the copper content
in Ni-Cu alloys plays an important role on altering the structure of
radiation-induced defect clusters. To study the effect of a small amount of
implanted copper on void formation, two degassed nickel specimens
(Nos. 11 and 12), were irradiated with either 14 MeV nickel ions or 14
MeV copper ions respectively at 500 °C. Since copper and nickel have
slightly different energy deposition characteristics, different ion fluences
are required to reach the same displacement damage level. The sample
irradiated with nickel ions (No. 11) received a total dose of 6.5x1020
ions/m2, while the sample irradiated with 14 MeV copper ions received a
total dose of 6x1020 jons/m2, so that the damage level at 1 pm depth equals
25 dpa for both samples according to the Monte Carlo calculations
performed using the TAMIX code.

The low contrast cross-section TEM micrographs showing void
distributions in the nickel-ion-irradiated and copper-ion-irradiated
nickel specimens are shown in Figure 5.27 and 5.28 respectively. Figure
5.29 is a cross-section TEM micrograph of the copper-ion-irradiated
specimen taken under a strong diffraction condition (g = [111]). While
voids were the only significant defect clusters observed in the nickel-ion-
irradiated specimen, and they formed throughout the entire damage
range (as shown in Figure 5.27), both voids and a high density of

dislocation loops were seen in the copper ion irradiated specimen (as
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shown in Figures 5.28 and 5.29). The voids in the latter were mainly
located in a region near the surface and in another region that was about
2.75-3 um deep from the original irradiated surface (remember that the
actual distance from the original surface is the distance marked in the
cross-section micrographs plus ~ 0.3 pm). The dislocation loops observed
in the copper-ion-irradiated specimen are mostly perfect loops with the
Burgers vector of b = a/2 <110>. Figure 5.30 shows the typical dislocation
loop images at various depths in the-copper-ion irradiated sample with
higher magnification. At both the surface and at the end of damage
range, some larger loops (~ 50 nm in diameter) were observed. In
between, a high density of smaller loops (< 10 nm in diameter) was
found. The density and average diameter of the voids and swelling in
both samples, as well as the dislocation loop density in the copper ion
irradiated specimen, have been plotted against the depth from the
irradiated surface, and they are shown in Figures 5.31 and 5.32
respectively. From Figure 5.31, it is very clear that there is a void
suppression region, which extends from a depth of ~ 1 um to a depth of ~
3 pm, in the copper-ion-irradiated specimen. Also in that region, a high
density of dislocation loops was formed, which is shown in Figure 5.32.
The void density and swelling peak at the depth of ~ 3 um for the same
sample is believed to be the correspondent of the damage peak, where the
point defect production rate has a sharp increase. It may be noticed that
compared to the calculated peak damage location, which is about 2.2 um

below the surface of irradiation according to a TAMIX calculation for 14
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Figure 531 Void parameters and swelling versus depth in 14 MeV Cu and Ni ion
irradiated Ni (No. 11 and 12, 75 appm oxygen, 25 dpa at 1 pum, 500 °C).
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Figure 5.32 Dislocation density versus depth in 14 MeV Cu ion irradiated pure Ni (No.
12, 75 appm oxygen, 25 dpa at 1 um, 500 °C).

MeV copper ion irradiation on nickel, the observed damage peak location
is much deeper. Similar discrepancies have been noted for a long time in
the literaturell,5,6], and have also been seen in the other specimens
irradiated to high doses in this study. This discrepancy will be discussed
in the next chapter.

In addition to the TEM analysis, Analytical Electron Microscopy
(AEM) analysis has been conducted on sample No. 12 to measure the
implanted copper concentration profile. The AEM analysis was
performed in STEM mode of the 200 CX microscope with a beam spot size
of < 20 nm using a TN-2000 energy dispersive X-ray spectroscopy (EDXS)
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system. During the AEM analysis, a series of points lying on a line
which is normal to the interface between the plated and irradiated nickel
in the cross-section TEM disc, i.e. parallel to the direction of incident
ions and covering the entire damage range, was analyzed. To prevent the
interference of copper signals from the brass sample holder, a graphite

holder was used during the AEM study; this appeared to be very effective.
Because the implanted copper content is very low and the copper K (8.04

keV) and the nickel Kp (8.26 keV) are close to each other, great care must

be taken to distinguish copper in the AEM compositional study. To detect
the small copper K signal which may be hidden beneath the nickel Kg

peak, two regions of interest were selected, one covering the energy
range between 7.9 and 8.4 keV (both nickel Kp and copper Ky are

included) and the other only covers nickel K, peak as shown in Figure

5.33. The counting on each point was continued until a constant height
(4096 counts) for the nickel K peak had been reached. The ratio of the

two peak integrals (copper Ky + nickel Kg divided by nickel Ky) was then

calculated and plotted against the depth. Finally, the curve was
normalized to copper concentration versus depth by fitting the total
number of implanted copper ions, which is known from the beam
current during irradiation, into the area underneath the peak integral
ratio curve. That normalized copper concentration versus depth curve is
shown in Figure 5.34 along with the copper distribution curve calculated
by the Monte Carlo method for the irradiation fluence. To determine the

height of the error bar, the measurement at several depths was repeated
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three times. Although the scattering of the data is relatively large, the
increase of copper signal in the region of 1.5 to 2.75 pm below the
implanted surface is distinct. Comparing Figure 5.34 with Figures 5.31
and 5.32, it is quite clear that the implanted copper suppressed void
formation and promoted dislocation loop formation. One can also see a
relatively large discrepancy between the calculated and measured copper
range and concentration in Figure 5.34. The measured values are lower
and cover a wider region. This is partly due to radiation-enhanced
diffusion, because the diffusional spreading was not considered in the
Monte Carlo calculation. There is evidence showing that the diffusion
coefficient of copper in Ni-Cu alloy could be increased by two orders of
magnitude by ion bombardment below ~ 550 °Cl7l, In addition to the
normal vacancy diffusion mechanism, one should note that the copper
ions are the injected interstitials in the sample. The diffusional
spreading of migrating interstitials before they annihilate with the
vacancies could be very significant. A recent TAMIX calculation by S.
Han, which included the diffusional spreading consideration, showed a
result very close with that of the AEM measurements(8]l. Another
possible reason for the measured large copper spreading is due to the
beam broadening during AEM measurements. The area analyzed has a
thickness of ~ 140 nm. A primary interaction volume with a diameter <
200 nm could be created by the incident 200 keV electrons. Nevertheless,
the measured profile of dislocation loop density matched quite well with

the measured copper profile in this study.
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CHAPTER 6
DISCUSSION

A. Gas Effects on Void Formation

The effect of both helium and oxygen on void formation has been
clearly demonstrated by the results shown in Chapter 5. Although,
theoretically, the mechanisms of void stabilization by helium and by
oxygen are quite different (cavity pressurization by helium suppresses
thermal vacancy emissionlll; surface energy reduction by oxygen makes
voids energetically more stablel2]), their observed ultimate effects are
roughly the same. Higher content of either gas gives a higher void
density but smaller void size in the irradiated pure nickel. Furthermore,
the void density observed in this study varies with the sum of the two gas
concentrations which existed in the sample, provided other irradiation
conditions were kept constant. This indicates either that large fractions
of the two kinds of gas work separately on different void embryos when
they coexist in the irradiated material, or that when they work on the
same void embryo, the number of gas atoms of each kind required for the
embryo to grow is reduced compared to the case when only one kind of
gas is present. However, accurate quantitative analysis on this topic is
impossible from the results of this study, because of the uncertainty in
knowing the fraction of residual oxygen which was tied up at grain
boundaries, dislocations or other binding sites, and which therefore did

not participate in void nucleation.
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Comparing the data presented in Figure 5.7 (a), it is interesting to
notice that reducing the residual oxygen content from 180 appm to 75
appm (a 58% reduction in oxygen content) results in void density drop by
almost two orders of magnitude (from ~ 1021 m-3 to 1019 m-3). This means
that the oxygen which was removed in the hydrogen reduction degassing
treatment (see Chapter 4) seems to be much more effective in promoting
void nucleation than the oxygen retained after the treatment. Similarly,
pre-injection of only 75 appm oxygen into a sample (No. 10) which
already contains 75 appm residual oxygen (a 100% increase) increased
void density also by about two orders of magnitude (as shown in Figure
5.9 and Table 5.1). This indicates that the pre-injected oxygen is more
effective than the residual oxygen in the outgassed nickel in promoting
void nucleation. The above observations could be explained as follows.
The residual oxygen which was eventually removed by the hydrogen
reduction treatment and the pre-injected oxygen are free in the matrix,
and once irradiation starts, it is able to partition to void embryo surfaces.
In contrast, a large fraction of the 75 appm residual oxygen, which
remained in the material after the degassing treatment, is probably tied
up at grain boundaries, dislocations, internal oxides, or other binding
sités, ‘being unable to partition to void embryos during irradiation.
Although bombarding or knock-on atoms may free some of these bound
atoms, it is not expected that the density of these liberated oxygen atoms
will be high enough to stabilize many embryos. The chance of such an

event is greater near large oxide particles as shown in Figure 5.2. In
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other words, although the degassed nickel foil used in this study still
contained about 75 appm residual oxygen, the free oxygen content in the
foil, which is important for void nucleation, might be very low. The trend
of void density change with the oxygen content observed in this study
supports the recent theoretical modell2,3] which predicts that oxygen can
stabilize voids by reducing the metal surface energy, and that gas is

necessary for voids to form in nickel.

B. Void Suppression Mechanism for Irradiated Ni-Cu Alloys

The results on the irradiated Ni-Cu alloys of this study support the
previous findings that voids are increasingly more difficult to form with
increasing copper content for the Ni-based Ni-Cu alloys[4: 51. The reason
for the void suppression is of great interest.

From energetic considerations(6,7], a system which has a lower
stacking fault energy favors the formation of faulted dislocation loops or
stacking fault tetrahedra rather than voids. However, the possibility of
void suppression in Ni-Cu alloys due to a stacking fault energy effect has
been excluded!(8], because the stacking fault energy is 50% higher in Ni-
50Cu as compared to pure copper(9 while voids are easy to form in
irradiated pure copper as long as a certain concentration of gas atoms
are present (as shown in Chapter 3). Since the effective migration
energies of point defects in the Ni-Cu alloys have been determined to
change monotonically and continuously between values for pure nickel

and pure copperl10], the void suppression in the alloys due to differences
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in diffusion between the alloys and the pure metals has also been
excluded[8l. As mentioned in Chapter 3, the mechanism of point defect
trapping by single solute atoms in the solution due to the size difference,
which was proposed by Brimhall and Kissinger(8], is hardly likely to be
responsible because the size difference between a nickel atom and a
copper atom is too small and the explanation apparently breaks down for
the Ni-50Cu alloy. Mazey and Menzinger[4], in 1973, proposed the
possibility of trapping vacancies and interstitials at the boundaries of
fine-scaled clusters having compositions different from the matrix.
Their explanation seems more plausible, but they did not give further
elaboration of the mechanism. The extended discussion on this
mechanism based on the more recent experimental results, including
the results from this study, is given as follows.

In a binary solid solution composed of elements A and B, local
clustering is defined in terms of a reduced number of unlike nearest
neighbors, or A-B pairs compared with the number in a random
solutionll1], The essential condition for that to happen is that similar
atoms must attract each other more than dissimilar atoms in order to
lower the free energy upon clustering, although the interaction is not
strong enough for precipitation. In terms of interaction energies between
pairs of atoms of the two atomic species, this condition can be expressed

as Eppg > 1/2 (Epp+Egg)[11.12], The positive value of the heat of mixing of

the Ni-Cu systeml13] suggests that the above condition is met(14]. When

clustering occurs, the heat of mixing (AH,,) is reduced, which in turn
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reduces the free energy of the system. On the other hand, upon

clustering the mixing entropy (AS,,), i.e. the number of ways of
arranging atoms in the lattice, is decreased and thus increases the free
energy of the system. Since AG = AH-TAS, the entropy term will be less
important at lower temperatures. Eventually, an optimum value of

short-range order (here it means local clustering) will be attained,

reflecting a balance between AH,, and the TAS,, contributions. That

value is measured by the short range order parameter, o;{14], and the

parameter is defined as follows:

oy = 1_—_21‘?&3(3 | ©6.1)

where P(sp)is the probability of finding an A-B pair in the solid
solution of A and B, Z is the coordination number, N; is Avogadro's
constant, and X, or Xp is the atomic fraction of component A or B. In a
complete random solution, the probability of finding an A-B pair equals
ZNoXaXpg, thus a; = 0. For short-range order in which there is a
preference for A-B pairs, oy < 0, and for clustering a; > 0. Figure 6.1
illustrates the three different arrangements with their corresponding
values of a in two dimensions.

More information has now become available in the literature
which provides strong evidence suggesting that clustering takes place in
Ni-Cu alloys. Vrijen and Radelaarl15], in 1978, systematically studied the
short range order parameters for the Ni-Cu system using diffuse

neutron scattering. Their results from the alloys quenched at 450°C,
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Figure 6.1 Illustration of local atom arrangement in a binary alloy with various short
range order parameters in two dimensions
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along with some of the measurements made by Aldred et al. in 1973[16]
and Medina et al. in 1977(17), are plotted in Figure 6.2. The data indicated
not only that local clustering does occur in the Ni-Cu alloys but also that
the tendency for clustering is higher in a more concentrated Ni-Cu solid

solution than in a dilute solution.
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Figure 6.2 Short range order parameter ¢; for Ni-Cu alloys measured by Vrijen et
al.[15] Aldred et al.[16] and Medina et al.[17] with diffuse neutron
scattering after quenching from various temperatures.
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The boundaries of the clusters might trap vacancies and gas
atoms to reduce the high binding energy as well as the strain energy.
These traps can also operate as nucleation sites for vacancy clusters.
When a high density of this kind of trap is present, the arrival rate of
irradiation-produced vacancies at each site will be low, so the small
vacancy clusters will not grow fast enough to reach the critical size of the
void embryo before collapsing into dislocation loops. This inhibits void
formation in the alloys. It is apparent that Ni-50Cu will contain more
fine-scaled clusters of like atoms than Ni-10Cu; in other words, more
vacancy traps are present in Ni-50Cu than in Ni-10Cu. Therefore, the
major trend in defect cluster formation with increasing copper content
observed in this study, i.e. higher resistance to void formation and
higher density of dislocation loops in the more concentrated Ni-Cu alloys
(as shown in Figure 6.3), can be explained.

The formation of helium bubbles in the helium pre-injected Ni-Cu
alloys is expected, because there are theoretical and experimental
indications that helium tends to undergo spontaneous precipitation
when implanted into metals, including the void resistant Ni-Cu
alloys!18], The interesting point of the results of this study is that the
resistance to void swelling of the Ni-Cu alloys is maintained even in the
presence of small helium bubbles during irradiation. Although a simple
calculation based on the ideal gas law and the assumption of equilibrium
bubble pressure indicated that some vacancies must have been trapped

in those bubbles to achieve the bubble volume observed in this study,
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nevertheless, the majority of the excess vacancies which survived
recombination apparently did not go to the bubbles to cause growth into
larger voids. Instead, they form dislocation loops just as if there is no
helium available to help void nucleation. Obviously, that is because the
presence of abundant vacancy traps makes each helium bubble unable to
draw enough vacancies to grow into larger voids. The smaller size and
higher density of bubbles in the irradiated Ni-50Cu versus the larger and
lower density of bubbles in Ni-10Cu indicates that the helium bubbles are
also trapped by the fine-scaled clusters of like atoms in the alloys. Since
the tendency for clustering also increases with decreasing
temperaturell3] (smaller contribution of the TAS, term) and during
irradiation[19] (radiation-enhanced diffusion), the higher density of
bubbles observed in this study versus the relatively low density and alloy
composition independent distribution of helium bubbles observed by
Zinkle et al.[18], after injecting helium at 0.65 T,, without subsequent
irradiation, can also be understood.

In this study, the irradiation of Ni-Cu alloys has been carried out
to the maximum peak damage level of ~ 100 dpa, while the damage level
has only reached ~ 5 dpa in the helium pre-injected region of the Ni-10Cu
and Ni-50Cu specimens. Whether or not the resistance to void formation
of the Ni-Cu alloys will be retained under continuous irradiation to high
dpa level is not certain. From the point of view of the existence of the high
density of dislocation loops, the subsequent formation of voids is unlikely.

The vacancies produced by continued irradiation would be more likely to
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be incorporated into the loops to make them either grow (in the case of
vacancy loops) or shrink (in the case of interstitial loops). However, along
with the dislocation loops, small stacking fault tetrahedra (SFT) have
also been been found in the irradiated Ni-50Cu samples of this study by
weak-beam dark-field TEM, as shown in Figure 6.4; and there has been
experimental evidence showing that the stacking fault tetrahedra in the
irradiated material can be converted to voids under continuous
irradiation[20],

It has been shown in Chapter 5 that the void suppression zone
observed in the copper-ion-irradiated nickel specimen (No. 12) overlaps
the injected copper range. It is believed that the void suppression is due
to the effect of injected copper in the nickel sample, but not due to the
simple injected interstitial effect!21]. There are two reasons for that.
First, in the nickel-ion-irradiated nickel specimen with the same
damage level (No. 11), voids formed throughout the entire damage
region; secondly, previous calculations and experiments have shown
that the injected interstitial effect is important only at the temperatures <
450 °C in 14 MeV heavy-ion irradiated nickel(22], Although the copper
concentration in the ion stopping range of the 14 MeV copper-ion-
irradiated nickel specimen is quite low (see Figure 5.34), it is still able to
provide sufficient copper clusters to serve as vacancy traps and the
nucleation sites for the observed dislocation loops, because the observed
loop density is only about five orders of magnitude lower than the density

of copper atoms in that region. Whitley irradiated several nickel
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Figure 6.4 Weak-beam dark-field micrograph showing the presence of stacking fault
tetrahedra (indicated as SFT) in 14 MeV nickel ion irradiated Ni-50Cu
(No. 21, 5 dpa, 425 °C) with 50 appm helium pre-injection.
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specimens with 14-19 MeV copper ions at 525 °C[23], but did not see the
void suppression in the copper-injected region as noted in this study.
That is because all his samples were electropolished before irradiation,
and the hydrogen introduced during this process[23] was probably able to
help void nucleation and growth even at the very early stage of
irradiation. During that same early period not enough copper ions were

introduced into his samples for forming clusters to trap vacancies.

C. Extended Ion Damage Range

Most of the end of damage range depth measured from the cross-
section micrographs exceed the calculated value, if the ~ 0.3 pm layer,
which was removed from the irradiated sample surface during cross-
section TEM sample preparation to assure good bounding at the
interface, is included in the consideration. Typical radiation damage
microstructures, i.e. voids and faulted dislocation loops, were observed
in some irradiated samples at depths as far as 0.8 um (~ 30 %) beyond the
calculated end of damage range depth shown in Figures 2.1 and 2.2. The
same discrepancy has been reported in many previous cross-section
studies on heavy-ion irradiated materials[22-26], The discrepancy is not
believed due to any experimental errors(23-24],

There have been a number of explanations made to account the
discrepancy. Farrell et al.[25] have proposed that the discrepancy
between observed and calculated damage profiles is primarily due to the

neglect of diffusional spreading of point defects in the calculations.
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Whitley(23] addressed diffusional spreading also, but argued that it could
not account for the magnitude of the discrepancy noted. Whitley[23],
Fenske et al.[26] and Bullen[22] have all attributed the extended range
observations in nickel to the possible overestimation of the electronic
stopping data used to calculated range profiles, because the choice of the
available electronic stopping powers is somewhat arbitrary(27], and
calculations by Fenske et al.[28] and Attayal29] have shown that by
reducing the electronic stopping value one could explain the anomalous
ranges. It is believed that diffusional spreading may be further
enhancing this discrepancy(24l.

A unique observation from the present study, which seems to be
evidence for the diffusional spreading explanation, is that the end of the
damage range depth is dependent on the dose of nickel ion irradiations.
This is shown in Figure 6.5 for the six 14 MeV nickel ion irradiated Ni-
10Cu or Ni-50Cu samples. All these samples were irradiated with an ion
flux of ~ 3x1016 Ni3+/m?2s and at a homologous temperature of 0.45 T,
1.e. 485 °C for Ni-10Cu and 425 °C for Ni-50Cu. Of course, the length of
time during which the irradiation was completed is proportional to the
dose which the sample has received. For example, the Ni-10Cu sample
which has received an ion dose of 14x1019/m2 has been irradiated for 1.5
hrs., while the irradiation for the Ni-10Cu sample which has received
70x1019 ions/m2 was completed in about 7.5 hrs. A maximum error of +
0.15 pm was estimated for the measured depth, as represented by the

error bars in the figure, this error is mainly due to the uncertainty in the
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thickness which was removed before nickel plating by making the
sample anodic in the plating solution. Although no diffusion coefficients
are available to justify the arguments, the trend shown in Figure 6.5 at

least reinforces the explanation of diffusional spreading qualitatively.
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Figure 6.5 The dependence of the end of damage range depth on 14 MeV Ni ion
fluence for the irradiated Ni-10Cu and Ni-50Cu (note: the 0.3 um surface
layer, which has been removed during cross-section sample preparation, is
included in the depth data of this figure). Irradiation temperature: 485 °C
for Ni-10Cu, 425 °C for Ni-50Cu. Ion flux: ~ 3x1016 Ni3+/m2s.
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CHAPTER 7
SUMMARY AND CONCLUSIONS

Pure nickel and three concentrated Ni-Cu alloys, namely, Ni-
10Cu, Ni-25Cu and Ni-50Cu, with various oxygen (residual or pre-
injected) and helium (pre-injected) contents have been irradiated with 14
MeV heavy-ions at the same homologous temperature of 0.45 Tm. The
radiation-induced damage microstructures in the irradiated specimens
have been analyzed by cross-section transmission electron microscopy.

The specific observations noted in this study and the conclusions
that have been drawn from these observations are listed as follows:

1. The residual oxygen plays an important role in promoting void
nucleation in ion irradiated nickel. Lowering the oxygen
content from 180 appm to 75 appm reduces the void density and
increases void size remarkably. For comparative radiation-
induced void formation (or swelling) studies, the amount of
residual oxygen content should be specified in all future
specimens.

2. Voids tend to form in regions with high dissolved oxygen
content. The heterogeneity in void distribution observed in as-
received (cold-worked) nickel could be attributed mainly to the
heterogeneous oxygen distribution.

3. Pre-injection of a small amount (10 appm) of helium enhances

the void nucleation significantly in both high (180 appm) and
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low (75 appm) oxygen content nickel irradiated to ~ 3 dpa, but
the void density in the low oxygen content sample is still much
lower compared to that in the high oxygen content sample in

the same region with pre-injected helium.

. Pre-injection of a relatively large amount (30 appm) of helium

reduced the observable void density in the high oxygen content
nickel (contains 180 appm residual oxygen) irradiated to 3 dpa,

by over-nucleating small-sized cavities.

. Pre-injection of outgassed nickel (still containing 75 appm

residual oxygen) with an additional 75 appm of oxygen
dramatically increases the void nucleation rate in a region

irradiated to ~ 5 dpa.

. Pre-injected oxygen seems to be more efficient in promoting

void formation in irradiated outgassed nickel because it is
thought that the injected oxygen is mostly unbound and able to
partition readily to void embryos, while most of the residual
oxygen left in the outgassed nickel is probably tied up at
various kinds of binding sites such as dislocations and grain

boundaries.

. The experimental results on the effect of oxygen in this study

support the theoretical model which predicts that oxygen can
stabilize voids by reducing the metal surface energy and that

gas is necessary for voids to form in nickel.
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The resistance to void formation of concentrated Ni-Cu alloys
is confirmed by 14 MeV nickel ion irradiation of Ni-10Cu, Ni-
25Cu and Ni-50Cu, and the results support the previous
observations that voids are progressively harder to form with
increasing copper content in nickel-rich Ni-Cu alloys.

Without oxygen pre-injection, voids formed in irradiated Ni-
10Cu (contains ~ 100 appm residual oxygen) only at a dose at ~
100 dpa with 14 MeV nickel ion irradiation, but no voids were
observed in Ni-25Cu and Ni-50Cu (both contain ~ 100 appm
residual oxygen) even at that damage level.

Pre-injection of 100 appm oxygen promotes void formation in
Ni-10Cu at ~ 10 dpa, but showed no effect on Ni-25Cu and Ni-
50Cu.

Pre-injection of 50 appm helium into Ni-10Cu and Ni-50Cu has
little effect on promoting void formation as a result of
irradiation with 14 MeV nickel ions to 5 dpa, while pre-
injection of 50 appm helium results in copious voids in pure
nickel (contains 75 appm residual oxygen) by irradiation to 3
dpa.

Small helium bubbles (< 5 nm in diameter) are formed in the
region of 50 appm helium pre-injection in both Ni-10Cu and
Ni-50Cu, but they did not grow into larger voids during the
subsequent nickel ion irradiation. The density of the bubbles

increases with the increasing copper content, while the size of
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the bubbles decreases concomitantly with the increasing
copper content.

Most excess vacancies precipitate into dislocation loops in
irradiated Ni-Cu alloys regardless of the presence of pre-
injected oxygen or small helium bubbles.

The density of dislocation loops in the irradiated Ni-Cu alloys
increases with increasing copper content and their size
decreases with increasing copper content in the investigated
composition range.

A small amount of implanted copper promotes dislocation loop
formation and suppresses void formation in the low oxygen
content nickel sample (75 appm residual oxygen) irradiated by
14 MeV copper ions to ~ 100 dpa at the damage peak.

The special swelling resistance of Ni-Cu alloys appears to be
the result of trapping of gas atoms and vacancies by fine-scaled
clusters of like atoms during irradiation.

The results of this study support the predictions and
observations that there is a tendency for local clustering of like
atoms to occur in the Ni-Cu alloys, that the tendency is
stronger in a more concentrated Ni-Cu alloy, and that ion
irradiation would enhance the clustering process.

Radiation induced defect clusters have been observed at depths
up to ~ 30% beyond the calculated end of damage range. The

observed ion damage range extended to a greater depth when
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the irradiating ion dose was increased, and this seems to be an
indication of the diffusional spreading of the point defects

during continuous irradiation.

The overall conclusions are: (1) both oxygen and helium promote
void formation remarkably in ion irradiated pure nickel; (2) addition of
copper into nickel promotes dislocation loop formation and suppresses

void formation by providing traps for gas atoms and point defects.

Due to the limitations of the experimental conditions of this
research, the following future work is suggested for gaining a more
thorough understanding on the major topics covered in this thesis:

1. Ultrahigh purity nickel foil which contains less than 5 appm
residual oxygen should be irradiated and analyzed to verify the
theoretically predicted minimum oxygen level for void stability
in nickel.

2. High resolution transmission electron microscopy and
analytical electron microscopy should be performed in the
irradiated Ni-Cu alloy samples to directly show the local
clustering of like atoms and its relationship with the

dislocation loop formation.





