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Abstract

The mechanical strength of electrodeposited Cu-Ni multilayers is
known to vary with deposition wavelength. Since layered coatings are
harder and more resistant to wear and abrasion than non-layered
coatings, this technique is of industrial interest. Optimisation of
the process requires a better understanding of the strengthening
mechanisms and the microstructural changes which affect such
mechanisms.

The work presented in this thesis presents the characterisation a
series of Cu-Ni multilayers, covering a wide range of thicknesses of
the individual layers in the multilayer, using X-ray diffraction,
cross-section TEM, hardness testing and tensile testing. Further,
the effects of high temperature annealing on interdif fusion and on
changes in internal stresses are documented.

A dissertation submitted for the degree of Doctor of Philosophy
in the University of Cambridge.

ISBN 87-550-2374-6
ISSN 0106-2840

Information Service Department, Ris0, 1998



This thesis is dedicated to

my parents and the late Mike Stobbs



Preface

This dissertation is submitted for the degree of Doctor of Philosophy in the University of

Cambridge and is an account of work carried out in the Department of Materials Science

and Metallurgy between October 1993 and April 1997 under the joint supervision of Dr P.

J. Withers, Dr A. Horsewell and the late Dr W. M. Stobbs.

This dissertation is the result of my own work and includes nothing which is the outcome

of work done in collaboration except where due reference is made to other sources. It is less

than 60,000 words in length and no part of it has been, or is being, submitted for any other

degree, diploma or qualification at any other university.

An account of some of the results described within this dissertation has already been

presented in the following papers:

"Texture as a Function of Wavelength in Cu-Ni Electrodeposited Multilayers"

C. J. Pickup, A. Horsewell & W. M. Stobbs

EUREM 1996 conference proceedings (Dublin)

"Changes to Microstructure and Interlayer Stress in Annealed Electrodeposited Cu-Ni

Multilayers as Assessed using TEM and X-ray Diffraction Methods"

C. J. Pickup, A. Horsewell & W. M. Stobbs

Institute of Physics Conference Series, 147, (EMAG 1995) pp 499-502

The following papers will be presented to the Electrodeposited CMA-coatings Workshop

(Athens) in May 1997:

"On the Interdiffusion of Cu and Ni in CMA coatings"

C. J. Pickup, M. J. L. 0stergard, P. J. Withers & A. Horsewell

"The Hardness of Cu-Ni CMA Coatings"

C. J. Pickup, C. B. Nielsen, M. E. Benzon, P. Leisner & A. Horsewell.

Chris Pickup



Acknowledgements

I would like to thank Professor A. H. Windle for the provision of laboratory facilities and

Dr N. Hansen of the Ris0 National Laboratories for financial support. I am also very

grateful to Maria Landeira-0stergard of the Technical University of Denmark for

fabricating all the Cu-Ni multilayers studied within this dissertation.

Many thanks to Dr S. M. Roberts for help with the FEM modelling in chapter five and to

Dr R. E. Dunin-Borkowski for technical assistance with the loss imaging in chapters three

and four.

I acknowledge and thank all the departmental staff in Cambridge and at the Ris0 National

Laboratories for their hard work maintaining all their respective facilities, especially: Brian

Seymour, Dave Nicol, Robin Taylor, Kevin Roberts, Jorgen Lindbo, Anne-Mette Heie-

Kjaer, Knud Jensen, Andrew Moss, the workshop, Brian Whitmore, Keren Butler, Harry

Druiff and Margaret Storey.

Warm thanks to all the members of the microscopy group for their friendship, support and

technical advice during the last three and a half years, notably Dave Foord, Andy Dent,

Steve Lloyd, Simon Newcomb, Li Qiang, Dave Tricker, Alisdair Preston & Gerald

Deshais.

Many thanks to all my friends for making my PhD years so enjoyable, particularly the

Abbey House crew (John, Fi & Gemma) and the departmental 5-a-side footy players.

Special thanks to Suzi for being so understanding and helpful during the writing stage.

Finally I thank my three supervisors, Dr P. J. Withers, Dr W. M. Stobbs and Dr A.

Horsewell for their untiring enthusiasm, patience and guidance during my PhD. Sadly,

Mike Stobbs is no longer with us; his passing was both a great shock and a tremendous loss

for all those who knew him.

Special thanks must go to Phil Withers for taking over Mike's role during the final year.



Acronyms

Acronyms

The following acronyms occur within the thesis text:

CMA Compositionally Modified Alloy.

CSL Coincident Site Lattice.

DBT Dual Bath Technique.

DC Direct Current.

DIGM Diffusion Induced Grain-boundary Migration.

EDX Energy Dispersive X-ray analysis.

EELS Electron Energy Loss Spectroscopy.

FCC Face Centred Cubic.

FEM Finite Element Modelling.

FWHM Full Width Half Maximum.

GB Grain Boundary.

GD Growth Direction.

LIBAD Low Incidence Beam Angle Diffraction.

LPA Lorentz Polarisation Absorption factor.

MBE Molecular Beam Epitaxy.

ODF Orientational Distribution Function.

PMS Pseudo Macro stress.

PVD Physical Vapour Deposition.

SBT Single Bath Technique.

SEM Scanning Electron Microscopy.

SP Slip Plane.

TA Tensile Axis.

TEM Transmission Electron Microscopy.

UTS Ultimate Tensile Strength.

XRD X-Ray Diffraction.



Nomenclature

Thesis nomenclature

An attempt has been made to ensure the symbols given below have the same meaning

throughout the dissertation. Within this list, all symbols with a '*' are commonly used with

a qualifying subscript.

a Coefficient of thermal expansion.*

7 90-W.

8 Horizontal offset (circle fitting),

e Strain.*

e Sample frame strain tensor.

e Sample frame strain tensor (Nye notation).

e^ Laboratory frame strain tensor.

e^ Laboratory frame strain tensor (Nye notation).

£„ Strain in direction of measurement.

<J) Angle between e,, and the trace of the measurement direction in plane.

r Width of crystallite.

A Half angle divergence from X-ray slits.

X Wavelength.

Xt Wavelength of CuKct] radiation.

X2 Wavelength of CuKci2 radiation.

\i Linear absorption coefficient.*

T) Vertical offset (circle fitting)

9 Angle.

9B Bragg angle.

£, Secular equation solution.

p Radius of curvature.

Ao(. Incremental change in coating in-plane stress state.

o Stress.*

t Time.

v Poisson ratio.*

to Angle of rotation of applied stress about a strain measurement direction.

W Angle subtended by the specimen normal and a strain measurement direction.

a Fraction of crystallites correctly oriented for diffraction.

A Background intensity.

A Tensor containing coefficients relating e to e.

Ahkl Measure of elastic anisotropy in a cubic single crystal.

\ Original cross-sectional area.
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b Fraction of all crystallites diffracting.

b Burgers vector.

B Peak intensity (above background).

B' Diffused Cu peak intensity (DIGM X-ray measurements) .

c Intercept.

C Peak position.

C Stiffness tensor.

C" Diffused Cu peak position (DIGM X-ray measurements) .

C{x,t) Composit ion profile.

d Interplanar spacing.*

d^ Interplanar spacing in direction of measurement .

dn Interplanar pacing in the direction normal to the specimen surface.

d0 Stress and strain free interplanar spacing.

D Full width half max imum.

D' Diffused peak F W H M (DIGM X-ray measurements) .

D Interdiffusion coefficient.

E Young ' s modulus .*

ECu^Nl Energy of the interface between Cu and Ni.

/ Fraction of Cu present.

fG Fraction of Gaussian character (pseudo Voigt fit).

F Denotes a function.*

g Vector describing direction of chosen reflection (dark field microscopy) .

G Shear modulus .

G(20) The Gaussian fitting function.

Gx Fraction of diffracted intensity originating from a certain depth below a surface.

h P lanck 's constant.

H. Unit vectors describing direction of principal stresses.

I Identity matrix.

/ Intensity.*

/0 Incident intensity.

j Radial distance from neutral axis.

J Flux.*

k Boltzmann constant.

K Constant describing linear background variation underneath a single peak.

/ Length.*

/0 Original length.

L Dislocation line vector.*

L(20) The Lorentzian fitting Function.



Nomenclature

m Gradient of d vs. sin2W graph.

M Bending moment .

n Number of layers.

Q Activation Energy.

r Distance between the focusing circle and the specimen.

R Radius of receiving slits from the position of eucentricity (XRD).

Rx Tensor describing rotation about axis x.

s Thickness of shim material (dilatometry)

S Compliance tensor.

t Thickness.*

twl Total thickness of multilayer.

T Temperature (K).

Tm Melting temperature.

u Matrix containing measured strain values for differing W and ({> tilts.

v Matrix containing errors in measured strain values contained in u .

V(29) The pseudo-Voigt fitting function.

VA Crystallographic direction vector.

x Distance.*

y Vertical height misal ignment parallel to specimen normal.

z Constant describing the form of the Pearson VIII function.

Z Atomic number.*



Contents

CONTENTS

1. INTRODUCTION 1

1.0 Electrodeposited Cu-Ni multilayers 1

1.0.1 Why create a multilayered structure? 1

1.0.2 Electrodeposition 2

1.0.3 Fabrication of electrodeposited Cu-Ni multilayers 2

1.0.4 Advantages of multilayer fabrication by electrodeposition 3

1.0.5 Why study Cu-Ni multilayers? 3

1.0.6 Thesis overview 4

2 STRESS MEASUREMENT USING X-RAY DIFFRACTION 5

2.0 Aims 5

2.0.1 Brief overview 5

2.0.2 Introduction 5

2.1 X-ray diffractometry 6

2.1.1 X-ray radiation 6

2.1.2 Penetration of X-rays 7

2.1.3 The X-ray diffractometer 9

2.1.4 The effects of specimen misalignment 12

2.2 The interpretation of X-ray peak profiles 13

2.2.1 The effect of plastic strain upon the peak profile form 14

2.2.2 The effect of diffusion upon the peak profile form 14

2.2.3 The effect of instrumental broadening upon the peak profile form 15

2.3 Peak profile fitting 15

2.3.1 Parabolic peak fitting 15

2.3.2 Full peak profile fitting functions 17

2.3.3 Correction for the Ka doublet 18

2.3.4 Correction for a variable background intensity 20

2.3.5 Correction for the Lorentz, polarisation and absorption factors 20

2.4 General determination of stress state using diffraction 23

2.4.1 Measurement of a 3-D stress state of unknown orientation 23



Contents

2.4.2 The sin2^ technique 26

2.4.3 The effect of shear and out of plane stresses on the sin2^ technique 28

2.4.4 X-ray elastic constants 29

2.4.5 Previous X-ray stress measurement of residual stresses in Cu-Ni multilayers.. 32

2.5 Problems associated with X-ray stress measurement 33

2.5.1 Choice of reflection for stress measurement 33

2.5.2 X-ray stress measurement of highly textured specimens 34

2.5.3 X-ray stress measurement of plastically deformed crystals 34

2.5.4 Absolute X-ray measurement of d-spacing 35

2.5.5 Specimen preparation for stress measurement 35

2.6 Summary 35

3 CHARACTERIZATION OF AS-RECEIVED MULTILAYERS 38

3.0 Aims 38

3.1 Nickel electrodeposition 39

3.1.1 Direct current nickel deposition 39

3.1.2 Residual stresses within Ni electrodeposits 40

3.2 Copper electrodeposition 40

3.2.1 Direct current copper electrodeposition 40

3.2.2 Residual stresses within Cu electrodeposits 41

3.3 Cu-Ni multilayer electrodeposition 42

3.3.1 Microstructure of electrodeposited Cu-Ni multilayers 42

3.4 Multilayer fabrication 44

3.4.1 Multilayer specifications 44

3.5 Techniques for microstructural characterization 47

3.5.1 Specular X-ray analysis 47

3.5.2 X-ray texture analysis 48

3.5.3 Optical microscopy 49

3.5.4 Scanning electron microscopy 50

3.5.5 Transmission electron microscopy 50



Contents

3.5.6 Plan view specimen preparation 50

3.5.7 Edge-on specimen preparation 51

3.6 Characterization of single phase platings 52

3.6.1 Copper plating 52

3.6.2 Nickel plating 55

3.6.3 Measurement of residual stresses within single phase platings 57

3.7 Multilayer microstructure as a function of wavelength 59

3.7.1 X-ray microstructural observations 59

3.7.2 TEM observations of the 10 micron layer thickness multilayer 60

3.7.3 TEM observations of the 1 micron layer thickness multilayer 60

3.7.4 TEM observations of the 0.1 micron layer thickness multilayer 62

3.7.5 TEM observations of the 50 nm layer thickness multilayer 63

3.7.6 TEM observations of the 10 nm layer thickness multilayer 63

3.8 Multilayer uniformity 64

3.8.1 Preferential deposition - microstructural variations within a single specimen.. 64

3.8.2 Defective multilayer deposition 66

3.9 Measurement of residual stresses in as-deposited Cu-Ni multilayers 68

3.9.1 Determination of residual stress state 68

3.9.2 X-ray stress measurement of as-deposited multilayers on substrate 69

3.9.3 Residual stresses in as-deposited multilayers removed from their substrates... 73

3.10 Conclusions 77

4 MULTILAYER RESPONSE TO ANNEALING 79

4.0 Aims 79

4.1 Annealing of Cu, Ni and Cu-Ni multilayers 79

4.1.1 Recrystallization 79

4.1.2 Recrystallization of Cu 80

4.1.3 Recrystallization of Ni 81

4.1.4 Interdiffusion of Cu-Ni multilayers 82

4.1.5 Cu-Ni interdiffusion 82

4.1.6 A new interdiffusion model 83



Contents

4.1.7 Diffusion induced grain-boundary migration 95

4.2 Characterization of annealed Cu-Ni multilayers 87

4.2.1 X-ray scans of annealed multilayers 87

4.2.2 X-ray analysis of microstructural changes within Ni during annealing 88

4.2.3 Origins of the annealed Cu double peak profile - an overview 89

4.2.4 Characterization of alloyed Cu regions using TEM EDX 90

4.2.5 Characterization of alloyed Cu regions using loss imaging 91

4.2.6 Characterization of alloyed Cu regions using X-ray 92

4.2.7 In-situ hot X-ray analysis of Cu-Ni Multilayers 93

4.2.8 Characterization of multilayers annealed at 400°C 95

4.3 Measurement of residual stresses within annealed Cu-Ni multilayers 96

4.3.1 Room temperature X-ray residual stress measurements 96

4.3.2 Pre & post-annealing stresses at elevated temperatures 97

4.3.3 In-situ hot X-ray stress measurements 100

4.4 Conclusions regarding multilayer response to annealing 101

4.4.1 Cu-Ni multilayer DIGM 101

4.4.2 Specimen optimization for mechanical testing 102

5 MECHANICAL TESTING OF Cu-Ni MULTILAYERS 103

5.0 Aims 103

5.1 Mechanical testing of multilayers 103

5.1.1 Mechanical behaviour of metallic composite materials 103

5.1.2 Effects of changes in strain path during mechanical testing 106

5.1.3 Mechanical behaviour of Cu-Ni multilayers 108

5.2 Mechanical testing of annealed Cu-Ni multilayers 109

5.2.1 Pretest annealing treatment 109

5.2.2 Monotonic tensile testing of Cu-Ni multilayers 110

5.2.3 X-ray residual stress measurement of monotonically deformed multilayers 112

5.2.4 Two stage mechanical testing with a 90° change in strain path: stage (I) 115

5.2.5 Stage (II) mechanical testing 115

5.2.6 TEM of the '0%/0.25%' deformed Cu-Ni multilayer 116

5.2.7 TEM of the '0.25% / 0.34%' deformed Cu-Ni multilayer 117



Contents

5.2.8 TEM of the '0.46% / 0.43%' deformed Cu-Ni multilayer 119

5.2.9 X-ray residual stress measurement of deformed multilayers 119

5.2.10 Residual stress measurements of stage (I) deformed Cu-Ni multilayers 121

5.2.11 Measurement of residual stresses in stage (II) deformed samples 123

5.2.12 Modelling of the deformation behaviour of Cu-Ni multilayers 124

5.2.13 Modelling of stage (I) loading 127

5.3 Conclusions 130

6.0 CONCLUSIONS 133

7.0 FURTHER WORK 136

APPENDIX A 138

BIBLIOGRAPHY 148



Chapter One: Introduction

1. INTRODUCTION

1.0 Electrodeposited Cu-Ni multilayers.

7.0.7 Why create a multilayered structure?

In 1970 Koehler suggested that a strong solid may be created by layering two different

phases. The necessary requirements for the two phases within such a structure are:

• The phases should have similar lattice parameters at room temperature.

• The phases should have similar thermal expansions coefficients.

The phases must have a large difference in stiffness.

• The bonding between phases should be large and of similar magnitude to bonding

within the constituent phases.

• The thickness of the layers must be small (100 atomic layers).

The structure envisaged by Koehler is strong because dislocation generation and motion is

impeded by the narrow width of the layers and the difference in dislocation line energy

between the two phases. The structure would also be resistant to brittle fracture and

excessive thermal mismatch stress. Koehler cited the Cu-Ni and Rh-Pd systems as ideal

candidates for such a multilayered structure. A multilayer is a periodically layered structure

composed of two or more phases, as depicted by S1.1 :

D Phase A j \ / - - - . , 'J^'^\ -i- W a v e l e n8 t h

• Phase B f > O ^ \ \ ^ ^ " "^^'^ 31 Layer thickness

57.7: Depiction of a two-phase multilayer.

Since Koehler's work there has been considerable interest in the possibility of creating

multilayered structures with enhanced strength in comparison to the homogeneous

constituent phases. Cu-Ni multilayers have shown such strength enhancements (Menezes

1990, Bunshah 1980, Baral 1985, Tench 1984 & 1991) for both the predicted and coarser
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wavelengths. Cu-Ni multilayers may be fabricated using a number of techniques, the most

common being electrodeposition.

1.0.2 Electrodeposition.

Metal atoms may be deposited onto a conducting surface by applying a potential between

the surface and another electrode immersed within a solution of metallic ions (SI.2):

Ni->

Ni

e

Ni2+ +

e

Ni2+

—»•

2e

Applied voltage

Ni2+

Solution

e

- «• 1^

a,
Ni •

Cu

pill

f 2e

111
_>Ni

SI.2: By application of a driving potential Ni may be deposited upon a Cu electrode.

Cu and Ni electrodeposition is cheap and may be carried out at temperatures within 30° of

room temperature.

1.0.3 Fabrication of electrodeposited Cu-Ni multilayers.

Cu-Ni multilayers may be fabricated using two electrodeposition techniques: the dual bath

technique (DBT) and the single bath technique (SBT). The DBT is the simpler in concept

since it involves dipping a metallic substrate into alternate plating baths using an automated

movement process. The SBT utilises the fact that both Cu and Ni may be deposited from a

single bath containing both ions by simply adjusting the applied potential; in reality only

the Cu layers are pure, the Ni layers contain a small amount of Cu (less than 2 at. %).

Multilayers deposited using the SBT are often termed compositionally modulated alloys

(CMAs). The SBT deposition system is easier to construct yet the specimen area and shape

are limited by the need to rotate the substrate at high speed in order to provide sufficient

solution agitation. The different techniques are considered further in chapter 3.

1.0.4 Advantages of multilayer fabrication by electrodeposition.

Physical vapour deposition (PVD), molecular beam epitaxy (MBE) & evaporation all

involve laying atoms upon a substrate within a relatively high vacuum environment and are
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therefore very expensive to build. Once built, such systems are capable of producing high

quality multilayers relatively quickly, however, the high temperatures evolved during

deposition (= 400°C) can lead to interdiffusion. Not only is electrodeposition cheaper and

possible at lower temperatures, it is also capable of greater microstructural control by

altering plating bath parameters such as the applied potential, temperature, current density

and pH (Amblard 1977, 1979 & 1983).

The DBT has a further advantage in that the substrate need not be planar; the solution

surrounds the plated object enabling 3-D deposition, albeit with slight thickness variations

at sharp edges (see §3.8.1).

1.0.5 Why study Cu-Ni multilayers?

There are two reasons for studying electrodeposited Cu-Ni multilayers. The first is

application based, the second theoretical.

This dissertation lies on the periphery of a Brite-Euram project which investigates

commercial fabrication and the associated properties of DBT Cu-Ni multilayers. Previous

research has indicated that the multilayer structure has better strength and wear resistance

than both electrodeposited Cu and Ni constituents (Ruff 1989 & 1991).and that a peak in

yield strength occurs upon reduction of multilayer wavelength (Ogden 1982). The

maximum in yield stress is often quoted as being at the point where the interfaces change

from being epitaxial to incoherent, at a wavelength of ~ 0.4 microns (Tench 1984). Yield

stress (Baral 1985) and stiffness (Tsakalakos 1983) maxima have also been observed for

very fine wavelengths (< 50 nm). It would seem that the multilayer morphology is

enhancing the overall performance of the system to a greater extent than expected. The

reasons for such maxima remain unclear, however, it is hoped to utilise such enhancements

in wear resistant coatings that require good surface replication, for example, on printing

rollers. By use of TEM and XRD as characterization tools it is hoped to elucidate the

changes in morphology that occur upon wavelength reduction in order to gain a better

understanding of the yield stress maxima. The quality of the multilayers, fabricated at IPU,

Copenhagen, may also be assessed.

Cu-Ni multilayers are also an interesting model layered system. Little research into the

mechanical behaviour of a layered composite containing two ductile phases has been

carried out, in particular the generation of residual stresses and dislocation structures

during both monotonic and varied strain path deformation remains unclear. The multilayers

studied within this dissertation have a large total thickness (150 microns) in comparison to
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samples used in previous Cu-Ni multilayer research. Such sturdy specimens may be

removed from their substrates and handled in a manner similar to most mechanical tests.

Previous research has relied upon thin film techniques such as the bulge test to gain

mechanical deformation data. Such tests cannot be analysed using X-ray diffraction

because the deformation is inhomogeneous and covers a very small area. The thickness of

the specimens studied here enables tests and measurements to be carried out in a manner

previously not possible.

1.0.6 Thesis aims.

The aims of this thesis may be summarised:

• To measure stresses within as-deposited, interdiffused and deformed Cu-Ni

multilayers using X-rays. Never before has X-ray been used to study interdiffused

or deformed Cu-Ni multilayers. A knowledge of the residual stress state after

deformation (or annealing) may help elucidate the relevant mechanisms.

• To characterize the microstructure, uniformity, quality and stress state of as-

deposited Cu-Ni multilayers as a function of deposition wavelength.

• To compare the microstructure within the individual layers of the multilayer to

equivalent homogenous platings of the constituent phases.

• To assess the stability of the multilayer structure when heated. The reasoning

behind such experimentation is twofold: firstly, during annealing the structure may

not soften as easily as a single phase equivalent and secondly, an annealed

multilayer may be a better model deformable two phase system.

• To investigate the mechanical behaviour of Cu-Ni multilayers. The effects of strain

path variation upon residual stress formation and dislocation structures are to be

characterized and compared to finite element models (FEM)
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2. STRESS MEASUREMENT USING X-RAY DIFFRACTION

2.0 Aims.

Since X-ray stress measurements on such Cu-Ni multilayers have never been attempted

before a number of questions must be answered:

• What volume is the diffraction information originating from?

• Is the information representative of the bulk or the surface?

• Are the multilayers in a state of plane stress? Can it be proved?

• Can residual stresses be measured in multilayers that have interdiffused?

• Can residual stresses be measured in multilayers that have been deformed?

The answers to the above questions are not necessarily covered in this chapter. Chapter two

merely introduces the underlying principles. The problems associated with specific stress

measurements are addressed in the relevant experimental chapters.

2.0.1 Brief overview.

This chapter outlines and contrasts the various X-ray stress measurement techniques. The

concept of a diffraction peak profile is introduced and the factors affecting its form are

discussed. Peak profile forms may be related to crystallite interplanar spacings by means of

mathematical 'fitting functions'; the choice of fitting function is found to be dependent

upon the peak profile and hence the crystal being measured. Once determined, d-spacings

for a variety of differing specimen tilts may be related to a full strain description for a

sample from which a stress state may be calculated using appropriate elastic constants. The

anisotropy of stiffness with crystal orientation necessitates careful consideration of the

elastic constants employed when measuring stresses using a single crystal reflection.

Models describing the elastic constants for polycrystalline aggregates are listed and

contrasted. Finally, difficulties with specific X-ray measurement techniques are described.

2.0.2 Introduction.

Diffraction occurs when an incident beam of radiation interacts coherently with the

periodic arrangement of atoms within a crystal. The atomic positions may be grouped into

geometric planes. When the path difference from successive reflecting planes is equal to an



Chapter Two: Stress Measurement Using X-ray Diffraction

integral number of wavelengths constructive interference occurs; such interference is

termed Bragg diffraction (Bragg 1913) and is characterised by the famous Bragg equation:

(E2.1) X = sin Qs

Measurement of the Bragg angle 9fi coupled with a knowledge of the incident radiation

can thus lead to a value for the interplanar spacing for the reflection concerned. If a stress-

free value d0 is known then a strain in the direction of measurement (the normal to the

diffracting planes) may be calculated using E2.2:

(E2.2) ~ do

By varying the angle of incidence of the radiation one can measure strains in differing

directions, thus, by tilting & measuring the sample it is possible to gain a complete strain

description which may be related to a stress state.

2.1 X-ray diffractometry

2.1.1 X-ray radiation.

X-rays are commonly produced by the impingement of high-energy electrons upon metallic

targets. The wavelengths of the radiation emitted are dependent upon the target metal, each

of which have a characteristic set of emission lines arising from the possible electronic

transitions within the electron 'cloud' structure. The most intense and therefore most

frequently used emission lines are the K lines. T2.1 lists some common target elements and

their K line emission wavelengths:

Table T2.1: X-ray emission wavelengths (Cullity 1959)

Element

Cr

Fe

Co

Cu

Mo

Ka (A)

(Average)

2.29100

1.937355

1.790260

1.541838

0.710730

Ka2(A)
(Strong)

2.293606

1.939980

1.792850

1.544390

0.713590

Ka, (A)

(Very Strong)

2.28970

1.936042

1.788965

1.540562

0.709300

KPi (A)

(Weak)

2.08487

1.75661

1.62079

1.392218

0.632288
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As can be seen from T2.1, each Ka line is seen to have two components labelled Ka, and

Ka2. When grouped, the two components are commonly termed the Ka doublet. True

monochromaticity is not possible due to the proximity of the Ka line components. All

other lines may be effectively eliminated by the use of filters or monochromating crystals.

Filters consist of thin sheets of specific metallic elements which have characteristic

absorption peaks which increase the effective Ka/p intensity ratio. Nickel filters are

commonly employed with CuKaradiation; the effect of a Ni filter is illustrated in S2.1:

o

< I

K t t CuKa

"1 ft Without

Ni Filter

i

C/3

(angstroms) X (angstroms)

S2.1: Effect of a Ni filter upon incident Cu X-ray radiation.

Monochromating crystals are placed just before the X-ray detector and consist of a single

crystal aligned such that a certain crystal plane will diffract only the Ka components into

the detector.

2.1.2 Penetration of X-rays.

The penetrative powers of Ka X-rays within metals is generally low. The attenuation

within a material is characterised by the linear coefficient of X-ray absorption, (i. Relevant

|i values include (T2.2):

72.2: Linear x-ray absorption coefficients for relevant elements: (Cullity 1959)

Element

Cobalt

Nickel

Copper

Atomic No.

27

28

29

î (cm1) (CuKa X-rays)

2790

407

474
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Using the above data one can calculate the thickness of a particular metal required to

attenuate a fraction of an incident beam of CuKa radiation in transmission using E2.3:

(E2.3) = /oexp(-ju)

63 microns of Cu attenuates an incident beam by 95%, as does 74 microns of Ni. Such

thicknesses are generally smaller than any useful sample and therefore most X-ray

diffractometry of metallic samples is carried out in reflection rather than transmission. In

reflection the extent of absorption may be calculated using the following equation (E2.4)

for the diffracted intensity from a slab of thickness dx at distance x from the surface as

shown in S2.2 (Cullity 1959):

dx

S2.2: Diagram explaining symbols used in the absorption equation (E2.4)

(E2.4) -Ux • + —
-]XX

sin(G-V)

Where & is a constant relating to the number of crystals correctly oriented and V describes

an offset in incident angle often used in stress measurement (see §2.4). The fraction of the

total diffracted intensity originating from the surface to a depth x, GX( is therefore:

(E2.5) Gr =
P

-us
i

For example, 95% of the measured diffracted intensity from Cu being irradiated by CuKa

radiation at 28 = 136°, W=30° is from the first 25 microns of Cu from the surface. X-rays

do not sample the bulk of a specimen, they sample the surface.
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2.1.3: The X-ray diffractometer

The diffractometer used in the following dissertation is a Philips X'Pert machine. The

layout of the Philips diffractometer is illustrated in S2.3:

G Generator

D Detector

1 Filter (if needed)

2 Divergence slits

3 Soller slits

4 Scatter slits

5 Sample

6 Receiving slit

7 Monochromating crystal.

Normal to measured

crystal planes

4 3 2 1

G

S2.3: Schematic of the general set up of the Phillips X'Pert diffractometer used.

The diffractometer has a fixed generator with independent movement of the detector arm

and sample holder. The divergence slits control the specimen area irradiated. Care must be

taken to ensure that the area irradiated is never greater than the specimen since this will

decrease the signal to noise ratio. The receiving slit controls the V angular range of crystals

that contribute to the detected radiation. The choice of slits is dependent upon the size of

the specimen and the signal to noise ratio of the peak being measured. Fine slits lead to

finer angular resolution yet reduce detected intensity. Resolution will be lowered by a poor

signal to noise ratio. If a measured peak has a high peak intensity compared to the

background noise then finer slits may be used. The sample is held at the centre of the

diffractometer circle upon which the detector and generator divergence slits lie at all times,

such a set-up is termed parafocusing because an beam of finite angular spread is brought to

focus at the detector slit as shown S2.4:

Sample in centre Diffractdmeter Circle

S2.4: Parafocusing diffractometry; diffracted beams are brought to focus by the specimen.
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Stress measuring techniques need to collect information from crystal planes at angles away

from the specimen normal (dashed line in S2.4); this may be achieved by decoupling the

9/29 (specular) drive in order to independently rotate the specimen holder as depicted in

S2.5. W is the angle between the measurement direction and the sample normal.

52.5: W tilting is achieved by independently rotating the sample holder.

Such offsetting destroys the parafocusing condition; all diffracted beams are focused at a

radius, r, short of the detector slit radius R and may be calculated using E2.6:

(E2.6) r
R

The detected beam is essentially out-of-focus. Truly focused detection may only be

achieved by re-aligning the detector slit along the radial direction; sadly such a manoeuvre

is not possible on the diffractometer used in this study. The effect of defocusing must be

therefore be investigated if any peak position accuracy is to be claimed.

Taking the limiting case (S2.6), consider the incident beam whose angular divergence is

the greatest and equal to A,.
Measurement direction

4

S2.6: Wtilting leads to focusing of the diffracted beams off the diffraction circle.

10



Chapter Two: Stress Measurement Using X-ray Diffraction

Such a beam impinges the sample at a position L from the centre of the diffractometer

circle. In order for the diffracted beam to enter the detector the beam must be diffracted by

an angle 20fl + A, - A2 where A2 is the angle subtended by the diffracted beam and the

radial vector from the true centre of the circle to the detector. The beam collected from the

position L on the specimen will have been diffracted by 20fl + A20 where A20 = A, - A2.

Geometrical considerations give (E2.7):

(E2.7) tan A. = L c o s ( 9 ° - 9 - W ) a n d t a n A = i L c o s (9 0 - 0 + xy)
R-L sin (90-0- W) R v

By eliminating L from the above two equations A20 may be obtained (E2.8):

(E2.8) = A,- tan tan A, cos (90-9 +V)
' I tan A, sin (90-0-W) + cos(9O-0-W)

On first inspection E2.8 seems strange because when ^ equals zero A20 * 0, i.e. focusing

is not exact; this is actually true since a slightly bent sample is required for precise

parafocusing. Ignoring such an effect and noting that since A, is very small (and therefore

tan A, sin (90 - 0 - V) « cos (90 - 0 - V) ) E2.8 may be simplified to E2.9:

(E2.9) A20 = A, - tan
tan A, cos (90-Q +

cos (90-e-V)

The effect of receiving such an angular range of diffracted beams was investigated by

creating a Gaussian Ka doublet peak profile similar to that measured during stress analysis

(see later, e.g. Cu 331) and creating a new peak profile whose intensity at a particular 20 is

the summation of the intensities of the original peak profiles in the range

(20-A0)->(20 + A0). The new 'defocused' peak is then peak fitted (see §2.3) and the

measured position compared to the original profile. The divergence (A,) slits are chosen to

be the largest used, generally 0.5°. The results are given in table T2.3:

11
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Table T2.3: Effect of defocusing upon peak position.

Peak

Cu331

Cu331

Ni420

Ni420

Divergence (°)

0.5

0.5

0.5

0.5

W

30

50

30

50

Original 29

136.494

136.494

155.811

155.811

Defocused 26

136.495

136.496

155.811

155.811

T2.3 suggests the greatest 20 error caused by the defocusing is 0.001° which is equivalent

to an error in strain of 4x106 and may therefore be ignored. To ensure that defocusing

errors are kept to a minimum it is advisable to use fine slits where possible.

2.1.4: The effects of specimen misalignment.

It is important to ensure that the specimen is correctly positioned at the centre of the

diffracting circle, failure to do so will result in erroneous angular measurements of the

diffraction peak profile maxima. The effects of misalignment may be calculated using

E2.10(Cullity 1959)

(E2.10)
R [ sin(O-W)

An error in height measurement, y, of 0.1 mm for 29 = 136"and W - 50° leads to an

error in 20 of 0.05°. From E2.10 it is clear that W tilting results in a peak profile movement

which may confuse stress measurement (see §2.4). Specimen positioning was achieved by

use of a holder specially designed to facilitate accurate height positioning (S2.7):

Sample placed on here,

height may be adjusted

Whole assembly slots under diffractometer

ledge (eucentric height)

Clamp to hold

cylinder in place The holder is clamped under diffractometer ledge

S2.7: The specimen holder used to ensure eucentricity of the sample.

12
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2.2 The interpretation of X-ray peak profiles.

In order to measure e ^ it is necessary to scan the intensity profile as a function of angle in

the region either side of the Bragg angle. Diffracted intensity is not only found at the exact

Bragg angle, it is found over a small angular range; such an angular variation is termed a

peak profile.

Consider a perfect unstrained crystal of thickness T, Suppose radiation is incident at an

angle 9B+A0. Diffraction from successive planes will become increasingly out-of-phase

with diffraction from the top of the crystal. At some limiting angle, BB+AGQ, the

interference will be such that the diffracted intensity will be zero, coinciding with

diffraction from the bottom of the crystal being back in phase with that from the top:

GB+AGO

/=/_ /=0

S2.8: When offset from the Bragg angle diffraction occurs until the limiting A0O.

All angles between GB+AGQ and 0B will produce some net intensity. The width of a peak

profile is often characterised by the full width-half maximum (FWHM), D, and may be

related to the thickness of the crystal by the Scherrer formula (Cullity 1959):

(E2.ll)
0.9X

TcosQr

E2.ll is true for a perfect crystal and perfect instrumentation, other factors, both

instrumental and specimen related, affect the form of the peak profile, notably:

Plastic strain. (§2.2.1)

Diffusion. (§2.2.2)

• Crystallite anisotropy. (§2.4.4)

• Diffractometer aberrations. (§2.2.3)

13
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2.2.7 The effect of plastic strain upon the peak profile form.

Previously we have considered the crystal to be strain free, in reality inhomogeneous strain

is often created during plastic deformation. Dislocations formed during plastic deformation

have a surrounding strain field. A region having a high dislocation density is likely to be in

a different stress state to that with no dislocations.

A classic example of such an effect is that found in fatigued (Mughrabi 1983, Biermann

1993) and tensile tested (Mughrabi 1986) single copper crystals due to the formation of

dislocation cell structures. Copper within cell walls is found to be strained in a different

manner to copper within the cells resulting in an asymmetric peak profile (fig 2.2.1.a). The

profile formed from such a structure is asymmetric. The position of maximum intensity

does not correspond to the average strain in either phase. Because the cell interior will be

more uniformly strained in comparison to the cell wall the peak maximum is more likely to

correspond to the position of the maximum from the cell interior.

2.2.2 The effect of diffusion upon the peak profile form.

Incorporation of another element into a crystal is likely to result in a change of lattice

parameter. Cu and Ni form a complete solid solution and therefore interdiffusion is

relatively easy. The lattice parameter variation of the Cu-Ni alloy system is very close to

Vegard's law, as illustrated in fig 2.2.2.a (Coles 1956). An interdiffused Cu-Ni multilayer

may have gradual composition variations which may affect the diffracted peak profile in a

similar fashion to that depicted in S2.9

L^UU_ t_
26A 29B 29 • 29A 29B 29

O O O O O C Q O Q C C Q OOOO
©OOOOOLXJQQQ® ®OOOooooocoooooo oooooo

S2.9 Two lattices A &B with peak profiles before (left) & after (right) interdiffusion

Intcrdiffusion may complicate strain measurement since the stress & strain free lattice

parameter is unknown; the sin2^ technique, however, can cope with such a problem (see

§2.4.2).

14
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A Cu single crystal is plastically deformed to give a microstructure

similar to that represented by the schematic below:

iSSBHSS

T

GO

U
Cell

compressive

Shift —

Cells
Walls
Overall Profile

Wall tensile shift

Two Theta (arbitrary scale)

Fig 2.2.1.a: Schematics illustrating the effect seen by Mughrabi 1983 & Biermann (1993).

Large plastic tensile deformation of a single Cu crystal results in an inhomogenously

strained dislocation cell structure. Diffraction parallel to the straining direction produces

an asymmetric peak profile which is essentially a combination of the contributions from

the cells and walls. The position of the overall profile's maximum intensity is closer to that

of the cell structure.
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3.62

3.60

3.52

3.50

0 20

Lattice Parameter (Coles)

Vegard's Law

40 60

Atomic % Nickel

80 100

Fig 2.2.2.a: Variation of the lattice Parameter with alloy composition for the Cu-Ni

system. The system is seen to slightly deviate from Vegard's Law (Coles 1956).
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2.2.3 The effect of instrumental broadening upon the peak profile form.

Diffractometer aberrations are a function of the slits used and the focal line width of the X-

ray source (Cheary 1992). Instrumental effects are usually symmetrical and are usually

considered as a single broadening function for a particular peak at a particular angle. The

broadening may be quantified by measuring peak profiles from single crystals or stress &

strain free large-grained polycrystalline aggregates. If the diffractometer aberrations are

known then specimen-based effects (e.g. crystallite size broadening) may be discerned

from the measured FWHM and/or asymmetry.

2.3 Peak profile fitting

Often it is necessary to correlate a single interplanar spacing to a particular peak profile. If

the Ka doublet may be resolved (or removed) then the angular position of the point of

maximum intensity may be used to calculate a representative d-spacing value using E2.1.

When measuring peak movement (and hence strain) the peak position must be measured to

a relatively high degree of accuracy. The accuracy required may be calculated by

differentiating the Bragg equation (E2.1) to obtain an expression for the angular movement

of a peak as a function of strain (E2.12)

(E2.12) O = 2Arfsin0 + 2rfA9cose => — = -A9cot0
d

For example, if it were hoped to measure a stress of 10 MPa in Ni then the technique must

be able to measure a strain = 5x10~5. If the strain measurement uses the Ni 420 peak at

140° 28 then E2.12 suggests that the accuracy of peak position determination must be =

0.016° 26. Most diffractometers have a resolution of 0.02° at best and it is pointless to

measure profiles using step sizes lower than the resolution of the machine. In order to

ascertain the point of maximum intensity from a measured profile to an accuracy greater

than the smallest step size the peak profile must be fitted with a curve and the position of

maximum intensity calculated from the curve and not the individual data points. The

curves are commonly known as, fitting functions.

2.3.1 Parabolic peak fitting

Fitting a parabola to peak profile is the simplest and most limited of all the fitting

functions. A peak profile is almost Gaussian in form; a narrow section surrounding the

peak maximum may be approximated to a parabola. A parabola fit can only calculate the

15
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position of maximum intensity, other features such as the FWHM cannot be measured. The

form of the parabola peak fit is as follows (E2.13):

(E2.13) P(2Q) = A'-B'(2Q-C)2

Where A', B' are indirectly related to the height & width of the peak and C is the

maximum position. To ease fitting it is best to choose an A' value greater than the peak

height and a B' value approximately double A'.

A parabola fit cannot account for a peak whose Ka doublet can not be resolved. To

illustrate the problem the following set of computer generated Gaussian Cu 331 Doublet

peaks were created, each with increasing FWHM. The generated peaks were fitted using

parabolas, as shown in fig 2.3.1.a. The positions recorded varied with the simulated peak

profile widths (fig 2.3.1.b) in agreement with Gupta (1977). Claims have been made that

by choosing wide slits to create a very broad peak profile then the parabola technique may

be used in conjunction with a weighted radiation wavelength; fig 2.3.1.b clearly shows this

to be untrue. The parabola fit should be restricted to either resolvable peak profiles or

profiles which have been mathematically stripped of their Ka2 component, (see §2.3.3)

The resolution of a Ka doublet varies with 28 and may be characterized using the ratio H,

the angular separation of the doublet peaks divided by their full width half maximum

(E2.14):

(E2.14) H = =^ where: A20 = 2

A plot of H is given in fig. 2.3.l.c from which it is clearly seen that doublet resolution is

greater at higher angles; high angle reflections are ideally suited for d-spacing

measurement by use of parabola peak fitting.

The parabola should be fitted to a set portion of the full peak profile for consistency. The

best section to fit may be determined by fitting simulated diffraction profiles:

A series of simulated Gaussian peak profiles having no noise were fitted with parabola

functions. The parabola is a better approximation to the Gaussian profile when smaller and

smaller sections either side of the maximum point are fitted (fig 2.3.1 .d) In reality the

addition of noise favours fitting of a greater portion of the profile and therefore a

compromise must be sought. Noise was added to the computer generated Gaussian profiles,

16
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Cu331FWHM = 0.3 Cu331 FWHM = 0.8 Cu331 FWHM= 1.3

Fig 2.3.1.a: Computer generated Gaussian Peak profiles. Increasing the peak profile width

leads to an unresolved Kct doublet. An increase in peak width may be attributed to a

number of effects, including increased dislocation density or reduced crystallite size.

136.3

taS 136.2

o

H

4-1

C

U
•a

n,

36.1

? 136.0

135.9

Simulated Peak Centre at 136

0 0.2 0.4 0.6 0.8 1

FWHM of Simulated Peak

1.2 1.4

Fig 2.3.1.b: The computer generated profiles given in fig. 2.3.1.a were fitted with parabola

functions and their position of maximum intensity calculated and plotted above. Increasing

interaction from the Ka2 peak causes a false peak shift that may be potentially disasterous

for stress measurement.
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2.50

2.00

1.50

g 1.00

0.50

0.00

- i 1 1 1 1 ] r- ~1 1 1 1 1 T"

Totally Resolvable Above This Line

0 20 40 60 80

29

100 120 140 160

Fig 2.3.1.c: A plot of the ratio of the separation of the Ka doublet peaks over the width of

the peak as a function of two theta. The above plot clearly shows that the Ka doublet is

more easily resolved at high 20 values.
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0.5 x FWHM Peak Fitted 2 x FWHM Peak Fitted

Fig 2.3.1.d: Parabola peak fitting (dashed line) of a simulated profile. It is clear that the

smaller the section of the peak fitted the more accurately the parabola approximates.

I
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o
<

0.01

0.008

0.006

0.004

0.002
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2 x FWHM
1.6 x FWHM
1.2 x FWHM
1.0 x FWHM
0.8 FWHM

2 3 4 5 6
Peak / Background Ratio

Fig 2.3.1.e: A plot of the accuracy of the parabola peak fitting function as a function of

peak to background ratio and section of profile fitted. It is clear from the above graph that

both 1.2 x FWHM and 1.0 x FWHM give the most consistently accurate results.
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with attention to noise statistical theory (i.e. probability distribution of actual recorded

intensities is in the form of binomial distribution with standard deviation being

proportional to the square of the number of counts (Witte 1991)). The peak to noise ratio of

the generated peaks was varied. Ten profiles for each peak / noise ratio were created to

minimise error. The section used for fitting was varied and the accuracy of fit noted. The

results of the peak fitting are given in fig 2.3.I.e. Each fraction of the section fitted gives a

varied performance depending upon the peak / noise ratio. It is clear from the results,

however, that fitting either the full FWHM or half FWHM gives acceptable results over a

wide range of peak / noise ratios.

Parabola peak fitting has one major advantage over other fitting techniques: the angular

range measured is small. The data collection time is often limited (say, one night). If only

the central section of the peak profile is required then the extra accuracy gained from

having longer counting times counter balances the poorer accuracy of the parabola peak fit

in comparison to other functions (see later). It is essential to ensure that the peak is truly

resolvable before sampling only very small sections of peak profile.

2.3.2 Full peak profile fitting functions.

Many functions can fit an entire diffraction profile and are capable of giving information

concerning the width, D, the background, A, the position, C and the intensity of the peak

above the background, B, of a peak, as depicted in S2.10:

29

S2.10: Attributes of a peak profile and their associated variables.

Some common functions include:

(E2.15) The Gaussian fit: G(28) = A + B exp -41n(2)
(29 - Cf

D2

17
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2 "!"'

(E2.16) The Lorenztian fit: L(29) = A + B ^ ~ 2 ^ +1

Please note that the inclusion of constants such as 4 In (2) ensure that D is the true

FWHM. In practice peak profiles from an ideal crystal are found to vary from a Gaussian

form at low angles to a Lorentzian at higher angles (Cheary 1992). Composite functions are

often used:

(E2.17) The Pseudo-Voigt fit: V(29) = fG G(29) + (l - fG) L(29)

Where fG is the fraction of Gaussian behaviour in the profile.

4z(2y™-l)(2e-C)2

(E2.18) The Pearson type VII fit: £(29) = A + B 2D2z

Where z is a constant which determines the character of the function; if z - 2 the Pearson

function represents a Lorentzian, if z = °° it represents a Gaussian (Hall 1977). The

Pearson function often converges with great difficulty (Gupta 1977).

Modifications to equations E2.15 to E2.18 are required to account for a number of effects,

including: The Ka doublet (§2.3.3), a variable background (§2.3.4) and a large 'LPA'

variation (only for broad high angle peaks) (§2.3.5).

2.3.3 Correction for the Ka doublet.

The effect of the KCC2 peak may be accounted for or simply eliminated ('stripped'). The

Fourier method (Gangulee 1970) is often used to strip the Kci2 peak from a profile before

fitting. The accuracy of such a method is hard to quantify, however, unsurprisingly, noisy

profiles are found to strip poorly. The stripping routine provided with the Phillips

diffractometer software was often used within this dissertation, the exact mathematical

routine is not documented. Clearly, treating such a routine as a 'black box' is dangerous

and therefore a simple experiment was carried out:

Computer generated doublet profiles were created and fed back into the diffractometer

software to be stripped. The resultant scans were then compared to computer generated

profiles with no K(X2 peak.

18
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Three scenarios were investigated: firstly, using the pseudo-Voigt profile, a spectrum of

profiles ranging from pure Gaussian to pure Lorenztian were stripped; the stripped and

actual profiles are given in fig 2.3.3.a and are found to be identical. Secondly, peak profiles

consisting of two overlapping Gaussian doublet peaks were stripped; exact agreement is

once again seen (fig 2.3.3.b). Finally, differing sections of a Gaussian doublet peak were

stripped and the results given in fig 2.3.3.C from which it can be clearly seen that if pre-

peak background data is not recorded (i.e. if the full peak is not measured) then huge

discrepancies occur.

It is often simpler to account for the Ka doublet within the chosen mathematical fitting

function, rather than stripping after acquisition. The position of the Kct2 peak is related to

the KcCi peak by a simple function derived from E2.1:

(E2.19) 2 V = 2 sin ' '•/fa, sin 8Ka,

The intensity of the Ka.2 peak is also exactly half that of the Kai peak (Cheary 1992,

Cullity 1959) and the FWHM identical; the functions E2.15 ~> E2.18 may be adapted to

accommodate the doublet by taking the following form (E2.20):

(E2.20)

Such a peak fit is termed a Rachinger fit (Dumond 1931, Rachinger 1948, Delhez 1975).

Early examples of such fitting utilised a fixed offset between the two peaks, however, with

the advent of the computer, the true peak position function (E2.20) may be incorporated.

Examples of such functions being fitted to real diffraction data are given in figs 2.3.3.d &

2.3.3.e. The results are given in table T2.4.

Table T2.4: Results of peak fitting using different functions.

Function

Parabola

Gaussian

Lorentzian

Pseudo-Voigt

Cu 311 - Resolvable Ka Doublet

Position

89.997+0.001

89.9968+0.0009

89.9968±0.0008

L89.996410.0003

Width

-

O.133±O.OO2

0.105±0.002

0.116±0.001

Ni 311 - Unresolvable Ka Doublet

Position

93.08810.006

92.99010.004

92.99010.002

92.98910.002

Width

-

0.8510.01

0.7110.01

0.49610.008
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Ka2 Profile (Computer Generated) Actual (full) & Stripped (dashed)

t/3
C

t/5c
j

67 % Gaussian, 33% Lorentzian 67 % Gaussian, 33% Lorentzian

t/5

33 % Gaussian, 67% Lorentzian

C
(L)

33 % Gaussian, 67% Lorentzian

Fig 2.3.3.a: Computer generated doublets (left) of varying Gaussian and lorentzian

content were stripped using the Phillips software and compared to the actual computer

generated Ka, profiles (right). The stripping is seen to be very accurate.
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Ka2 Profile (Computer Generated) Actual (full) & Stripped (dashed)

134 135 136 137 138 139 140134 135 136 137 138 139 140

Fig 2.3.3.b: Computer generated Gaussian double doublets (left) were stripped using the

Phillips software and compared to the actual computer generated double Ka, profiles

(right). The stripping works very well.
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Kcc2 Profile (Computer Generated)

C/5

Actual (full) & Stripped (dashed)

1/5

<D

135 136 137 138 135 136 137 138

Fig 2.3.3.c: Computer generated Gaussian doublets (left) were stripped using the Phillips

software and compared to the actual computer generated Ka, profiles (right). It is clear

that if the leading peak information is not recorded then stripping gives poor results.
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Fig 2.3.3.d: A selection of mathematical functions are used to ascertain the position of a

resolvable peak profile. The profile is best fitted with the pseudo-Voigt fit, followed by the

Lorentzian, Gaussian then parabola. The differences in accuracy between the functions are

small. The parabola is by far the easiest to fit and involves fitting a smaller section of the

peak (which can mean longer counting times if time is limited).
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Lorentzian Fit

Fig 2.3.3.e: A selection of Rachinger mathematical functions are used to ascertain the

peak position of an unresolvable peak profile. In this case the best fit is that of the

Rachinger Pseudo-Voigt, followed by the Rachinger Lorentzian, the Rachinger Gaussian

then the parabola. The parabola is clearly an unsuitable function for such a peak.
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Clearly the pseudo-Voigt gives the most accurate fit, however, the greatest cause for

concern is the large variation in the FWHM results. Upon inspection of the fitted curves it

would appear that the pseudo-Voigt has given the best fit.

2.3.4 Accommodating the effects of a variable background during peak fitting.

At high angles, particularly with broad peaks, a large variation in background intensity

occurs; if ignored the peak fit will be incorrect. Background variation may be adequately

approximated to a linear variation which may be conveniently incorporated by adding a

gradient term, K, into the equations given previously, as exemplified by the modified

Gaussian given below:

(E2.21)
D2

2.3.5 Correction for the Lorentz, polarisation and absorption factors.

The geometry of the diffractometer requires other data correction procedures. The 'LPA'

correction factor (Cullity 1959) is a combination of three individual effects, the Lorentz,

polarisation and absorption factors. In most cases the LPA corrections lead to an

insignificant peak shift, however, this is not true for broad, high angle reflections where it

must be taken into account. The individual effects that comprise the LPA correction factor

arc as follows:

The Lorentz factor is a correction for the integrated intensity of individual peaks as a

function of Bragg angle. By measuring the integrated intensity of diffraction peaks in a

specular scan then dividing by the Lorentz factor one eradicates pseudo intensity variations

caused by the geometry of diffraction and can therefore compare intensities with powder

diffraction files. Without such corrections a diffraction trace from a sample irradiated with

CuKa radiation would give differing intensity values compared to one obtained using, say,

CoKa radiation.

The Lorentz factor compensates for many effects; firstly, as proven in §2.2, the width of a

diffraction peak, B, is found to vary with diffraction angle (E2.11) to give E2.22:

(E2.22) D •
cos 8B
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Secondly, the peak profile contains diffracted intensity from crystallites oriented at slight V

misorientations to that supposedly being measured. The broader the peak the greater the W

angular range over which such an effect occurs and thus the maximum intensity is found to

vary in the following manner E2.23 (Cullity):

(E2.23)
1

sin 0,

The integrated intensity observed is proportional to the product of the FWHM and the

maximum intensity. Other geometrical factors exist, if one assumes that the polycrystalline

aggregate being measured is textureless then a variation in diffracted intensity with

diffraction angle will still occur. S2.ll illustrates that diffraction at a particular angle is

from a set of crystals whose plane normals (O to N) lie within the bands illustrated as bold

circles in S2.I1.

S2.ll: Diagram illustrating diffraction from a sample.

If textureless, the crystallite plane normals will be distributed randomly about the surface

of the diffracting sphere. If A9 is constant with 29B then the fraction of crystallites

contributing to the measured intensity will be (E2.24):

(E2.24)
Surface within bands 2rcr2A8 • sin(90 - 6fl)

\ SJ.
Total surface of sphere Anr

Similarly, the detector will not be able to measure the entire diffraction cone produced by

the incident radiation, consider S2.12:
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Detector width

r sin 29,

S2.12: As 20B is varied, the fraction of the diffracted cone detected varies too.

If the detector width is fixed then it is clear that a greater proportion of the diffraction cone

is detected for high and low 29 fi values. The intensity will therefore vary as E2.25:

(E2.25)
1

sin 29,

The Lorentz factor is a combination of all three intensity variation factors (E2.21 to E2.25):

(E2.26) F/JV (9) , . . . j f—-—loc—-1 where9 = 0fl

sinBAcosQ) \sin 2QJ sin20 cos 0

The polarisation factor describes the angular dependence of X-ray scattering by an electron

cloud, first calculated by J. J. Thomson. The polarization factor is given in E2.27:

(E2.27)

The absorption factor is a simple correction for the effect of W tilting upon diffraction

intensity and therefore is relevant to stress analysis. The absorption factor varies with V &

0 in the following manner (E2.28):

(E2.28)

Any X-ray diffraction trace may be corrected with a combined factor which takes into

account all the above factors (Lorentz, polarisation & absorption), the LPA factor: (E2.29)

(E2.29) FLPA{2Q) oc (l + cos2 20) (1 - tan W cot 9) sin 29
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For accurate peak position measurement the LPA correction factor must be applied to the

diffraction data; it is possible to incorporate it within a fitting curve, for example (E2.30)

has the factor incorporated within a Lorentzian profile:

(E2.30)
D2

+ 1
- i

1 +cos2 26

sin29
(1-tanW-cote)

- i

If the Ka doublet is included within such an equation then the fitting function becomes too

large for some applications (e.g. Kaleidograph) to handle. In such a case it is necessary to

strip the data before fitting.

2.4 General determination of stress state using diffraction

There are a number of different strain measuring techniques which vary in complexity

depending upon the equipment and the geometry of the strain state. The following sections

review some of the common techniques used.

2.4.1 Measurement of a 3-D stress state of unknown orientation

For this particular technique it is assumed that the none of the principal stresses are equal

and that the directions of the principal stresses may not coincide with any obvious

specimen direction, as depicted in schematic S2.13:

S2.13: General stress state. S2.14: e.v direction in sample frame.

A strain measurement in a given direction, e ^ , may be related to the strain state of the

sample (in the sample frame) by two simple rotations (|> & W: <j> is taken to be the rotation

about the z axis (specimen normal) from the x-axis and W the rotation about the new y-axis

from the z-axis, as depicted in S2.14. The measured strain direction, e ^ , is simply the £33
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value of a new strain tensor whose co-ordinate axes have been rotated. Denoting such a

tensor as z'tJ one can relate the lab tensor, ztj , with the new tensor mathematically (E2.31):

(E2.31) £ —

Where the individual rotations are:

(E2.32)

cos ((> sin <}> 0

-sin <|) cos <|) 0

0 0 1

&

1 0 0

0 cos W s in l

0 -sin W cos T

The e'33 is classically equated to the measured strain, e ^ . e^ is equal to (E2.33):

(E2.33) £33 = £,, cos2 <()sin2 V + £22 sin2 <}>sin2 V + £33 cos2

+ El2sin2(()sin2 V + £13cos(()sin2^'-l-£23sin

For ease of calculation the Nye notation is used whereby a 3x3 tensor is treated as 1x6

vector by reduction in the following manner:

(E2.34) o
21

o
32

—> a2 & '21

-12

-22

-32

-13

-23

-33

—»

E2.33 in the Nye notation is therefore:

(E2.35) E3 = E, cos2 (|)sin2 W + £2 sin2 ())sin2 ^ + £3 cos2 W

+1 E6 sin 2(|)sin2 V + }E5 cos<})sin2W + \E4 sin<>sin2^

In order to measure the strain state it is necessary to determine the values of the 6

independent components of E. To calculate the 6 unknowns in E2.6 it is necessary to

measure 6 independent £3 values (i.e. differing <|> & V value) to give six simultaneous

linear equations the solutions of which are best determined using the method of least

squares (Nye 1972). The method of least squares assumes that each individual measured

strain, (£3), is equal to M, + v, where w, is the true strain reading and v, the error in the /th

measurement. Such a method optimises the solutions for any number of measurements (>

6) and calculates the error, v,, associated with each initial reading. If the second rank tensor

AI} is defined as being the scaling quantities in E2.6 then one may express E2.35 as E2.36:
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(E2.36) ( e ^ = M( + v, = AjjEj and therefore vectorially as u + v = Ae

The sample frame strain tensor, e, may now be calculated and the errors associated with

the final result, v, may be calculated using a vector manipulation (E2.37 & E2.38) (Nye

1972)

(E2.37) e

(E2.38) v = [A(ATA)"'AT-l]u

Where AT is the transpose of A, (ATA) is the inverse of ATA and I is the identity

matrix. Such a calculation is daunting and is therefore best calculated using a computer.

The values of e are then converted to stresses using the stiffness tensor, C, or the

compliance tensor S.

(E2.39) a = Ce or e = Sa

Any stress state may be represented by a matrix containing no shear components, such a

matrix contains the three principal stresses denoted ot, o2 & o3. Calculation of the

principal stresses is relatively simple, being the 3 solutions, £,, of the determinant E2.40:

(a, -%) o6 a5

= 0(E2.40)

This cubic equation is called the secular equation and can be readily solved using

computational methods.

The directions of the principal stresses are harder to calculate. The computational method

given in Nye (1972) is the simplest:

Consider a 2-D section through a 3-D surface described by the tensor D. Taking a random

direction, x, the product Dx yields a vector normal to the surface of the ellipsoid, n. If the

process is repeated with x=n from the previous calculation then eventually n will point

along a principal axis of the ellipsoid, as depicted in S2.15:
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n

52.75 The direction of the smallest principal axis direction may be calculated by repeated

tensor multiplication.

Such an operation upon a yields the direction of the principal stress of highest magnitude

relative to the original chosen axes. The elements of the unit vector in the final direction

(after y-1 iterations), hy, thus contains the cosines of the angles between the axis and the

three chosen axes and is denoted H,. Likewise, the same operation upon o"' will yield the

direction of the principal stress of smallest magnitude, H3. The final direction may easily

be calculated since it is the vector cross product of H, and H3 (E2.41):

(E2.41) 2 ~~ I 3

The stress state is now fully described. All the calculations described above are best

handled by a computer program like the one used in Appendix A. Accounting for errors in

the final principal stress values in such a calculation is very difficult. Some researchers

(Witte 1992) have attempted such a task by simply repeating measurements (either

experimentally or using simulated results) and noting the standard deviation in the answers

obtained. Such calculations are important because they can study the effects of, say, the

choice of <}> & W tilts.

The 3-D stress measuring technique may not be applied universally. The necessity of

knowing the stress-free lattice parameter may be problematic, e.g. for unknown phases or

alloys of unknown composition; that aside it remains a very powerful technique.

2.4.2 The sin2 W technique.

For Kct X-ray radiation the diffracting volume is essentially from the first = 50 microns

(see §2.1.2); in such a case the principal stress a3 is likely to lie parallel to the surface

normal and may be approximated to zero. Consider schematic S2.16 of the principal

stresses and strains:
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o3,e3

52.76: Directions of stresses and strains used in the following equations.

If it is assumed that O3=0 then the following relations (E2.42) hold (Taira 1974)

(E2.42) EyE = Oy- VOX

The measured strains may be related to the principal strains in the following manner

(simplification of E2.35):

(E2.43) - e i sin2 (|)sin2 V + e3 cos2

Likewise, the strain in the measured direction in-plane, Ex, is related to e, & e2 in the

following manner:

(E2.44)

By substituting E2.15 and E2.13 into E2.14 the following relation is obtained (E2.45):

(E2.45) t im —

E^ is found to vary linearly with sin2 W. If e^, is plotted as a function of sin2 W and the

gradient measured then ox may be calculated, given a knowledge of the elastic constants.

E2.45 expressed in terms of interplanar spacings gives:

(E2.46)

A subtle mathematical substitution may be made at this point. The error in substituting dn

for dQ in the sin2 V coefficient is small compared to the error in stress measurement
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(Cullity 1976). As an example, consider Cu with O\ = o2 = 100 MPa in plane; such a

loading (if dn was substituted for d0)would cause an error of 6 x 10~4 in a calculated ox

stress value; common errors with the technique are of the order of 5 x 10~3 at the very best.

The gradient of a graph of d^ vs. sin2 W, m, and (the error in m) may be used to calculate

(E2.47) ox =

Since there is no d0 within E2.47 a knowledge of the stress free lattice parameter is not

required in order to measure ox This technique can therefore measure stresses within

phases of unknown strain-free lattice parameters, e.g. interdiffused alloys.

2.4.3 The effect of shear and out of plane stresses on the sin2 V technique.

The existence of o13, o23 & o33 affects the gradient and form of a d^ vs. s in 2¥ graph

(Noyan 1992). To illustrate the effects the following calculations were made:

A theoretical textureless copper polycrystalline aggregate of elastic constants E = 109 GPa

and v= 0.343 is loaded by the following stress state:

(E2.48) o =
100
0

al3

0
0
0

G 1 3

0

°33

(MPa)

The strain tensor was calculated using E2.39 and a d^ vs. sin2 V graph for § = 0

calculated using E2.35. W values were taken from -90° to +90°. The effects of o l 3 and o33

were studied individually by repeating the calculation for differing values of the stress

applied (0, 25, 50, 75, 100 MPa). The results are given in figures 2.4.3.a and 2.4.3.b from

which it may be seen that a positive a,3 leads to a splitting of the graph above and below

the o13 = 0 line, depending upon whether V is greater or less than zero. Two values

coincide, those at W = 0° and W = 90°, the latter of which cannot be measured using

reflected X-rays. The existence of such stresses may be easily established by measuring

positive and negative values of W. A o33 component manifests itself as a change in

gradient and is thus can be potentially very misleading when measuring the in-plane stress,

ox, which is 100 MPa in this case. We see in fig. 2.4.3.b that if o33 =100 MPa then

seemingly no ox stress is recorded at all.
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0.8310

0.8305

c 0.8300

ex
-6 0.8295

0.8290

0.8285

0.8280

= 0MPa
a13 = 25 MPa
a,3 = 50 MPa
0,3 = 75 MPa
o n = 100 MPa

0 0.2 0.4 0.6 0.8

sin

Fig 2.4.3.a: The effect of a ol3 component upon the linearity of a d vs sin 2W plot. The line

is seen to curve and split. The splitting movement is dependent upon the sign of the V tilt.

0 0.2 0.4 0.6 0.8

sin

Fig 2.4.3.b: The effect of aa33 component upon the gradient of a d vs sin2*? plot. The

gradient of the line falls with increasing a33.
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Any combination of o13 and o33 can only produce splitting and a change in gradient, thus

it is not possible to explain an oscillatory d^ vs. sin2 W plot (i.e. points do not lie on a

smooth curve) with a single stress state acting upon a textureless medium in agreement

with Noyan (1992).

2.4.4 X-ray elastic constants.

The choice of elastic constants used depends upon the material studied. For the following

working a cubic crystal is assumed. The stiffness tensor for a cubic medium has only three

independent variables (Nye 1972):

E(2.20)

, ,2 12
0 0 0

C,2

C,2

0

0

0

Cll

C,2

0

0

0

M 2

c n
0

0

0

0
0

c44
0

0

0
0

0

C44

0

0
0

0

0

C44

The values of the individual components of the compliance and stiffness tensors may be

readily found in literature. The values for Cu and Ni are given in Table T2.5:

Table T2.5: Single crystal elastic constants for Cu and Ni (Robb 1987)

Element

Copper

Nickel

Six

TPa 1

15.0

7.67

544

TPa1

13.3

8.23

TPa-1

-6.3

-2.93

GPa

169

247

C44

GPa

75.3

122

C,2

GPa

122

153

The Young's modulus (stiffness) for a particular hkl plane is thus (Metals Handbook):

(E2.49) 1 = SI, -2Âhki\ (Sn - ' ' * 'where Am = * '*
21.2

*'*
(h2+k2+l2j

The square bracketed term is a measure of the anisotropy of the crystal. The stiffness

values for certain directions are given in table T2.6. Cu is found to be fractionally more

anisotropic than Ni.
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Table T2.6: Stiffnesses with respect to crystallographic direction in Cu and Ni.

hkl

111

200

220

331

420

Copper

191.08

66.67

130.29

143.58

96.974

Nickel

303.34

130.38

227.79

245.58

179.51

The choice of elastic constant to be used in X-ray diffraction is not simple; unlike

mechanical testing X-rays do not sample the whole specimen at once, only those

crystallites oriented for Bragg diffraction. Due to the anisotropic nature of individual grains

the strain measured from a certain crystal may not be representative of the whole, for

example:

A single Cu crystal, of orientation depicted in S2.17 is stressed by 400 MPa in a direction

perpendicular to [101] at an angle w to [TOl] .

/ ; [101] of crystal

parallel to lab z axis.

[101] is the measuring directior

[101] of crystal

parallel to lab* axis 400 MPa

[010] of crystal

parallel to laby axis

S2.17: Direction of applied stress with respect to the crystallographic axes.

If strain were measured using diffraction from the (101) planes (i.e. a Poisson strain

measurement) what would the measured strain be as a function of (0? Following the

method of Sayers (1984) the resultant strain tensor may be calculated using the following

vector equation (E2.50):

(E2.50) e = SRR.,oRlRT

Where S is the compliance tensor, R^ the rotation of o about the lab z axis and Rc the

rotation of the crystal with respect to the laboratory co-ordinate system:
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o =

o

0

0

0

0

0

0"

0

0

cos (0 sin co 0

-sin co cos to 0

0 0 1

R =

' I/A/2 0 1/V2"

0 1 0

-1/V2 0 1/V2

e,01 varies with to in the following manner (Nye notation) (E2.51)

(E2.51) Eioi=-[( 5 l i+5 1 2 ) cos2 to+ 2S12 sin2 c o - ^ c o s 2col

A plot of the above function is given in fig 2.4.4.a from which it can be seen that the

variation in strain is very large and even changes sign, indicative of a negative Poisson

ratio for certain orientations. The data presented here is in broad agreement with the

findings of Sayers (1984). Crystallite anisotropy can have a marked effect upon a peak

profile. If the variation in strain measurement plotted in fig 2.4.4.a is used to create a

diffraction profile based on the range of d-spacings and a Gaussian function one obtains fig

2.4.4.b which clearly demonstrates that the anisotropy leads to a peak profile which has

been broadened and shifted in comparison to that associated with a single d-spacing.

A question now arises - if the orientation of the crystal in the plane perpendicular to the

measurement direction is not known then how can one measure the applied stress with any

confidence? Such a problem is further complicated when one considers that most materials

are polycrystalline and that when stressed, crystals of differing orientation will have

differing elastic responses, as shown in S.I8:

(a) (b) (c)

S.] 8: (a) Textureless polycrystalline aggregate, (b) Variation ofE within grains.

(c) Stressed aggregate if one assumes no constraint between neighbours (Reuss model).

Such a situation is not physically possible because the grains are connected. A number of

models have been proposed in order to calculate a reasonable elastic constant for a

reflection chosen for stress measurement: the Voigt (1928), Reuss (1924) and Kroner
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0 45 90 135 180 225 270

Angle of 400 MPa applied stress in plane

315 360

Fig 2.4.4.a: Following the work of Sayers (1984) the effect of crystallite anisotopy is

studied by taking a single crystal of Cu and applying 400 MPa within the plane whose

normal is the [101] direction. The stress is rotated in plane & the (101) strain given above.
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Fig 2.4.4.b: The data from fig 2.4.4.a was used to generate a computer simulated Gaussian

based peak profile and compared to a profile generated assuming elastic isotropy. The

anisotropy is seen to broaden and shift the profile.
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(1958) models, however, the best method is still that of experimental measurement; by

straining X-ray samples in-situ by a known amount and measuring the response of the

technique an appropriate stiffness may be calculated (e.g. Marion 1977). In-situ straining

equipment is not always available and so theoretical models are commonly used:

The Reuss approximation assumes that the stress applied to the aggregate is the same

within each grain, regardless of orientation. The strain within each grain will necessarily be

different. To obtain the aggregate stress one must therefore assume that the elastic constant

used will be that of a single crystal for the reflection used. Compliance tensor data for a

single crystal, S, is readily available (e.g. Robb 1987). The elastic constant, E, for a

particular crystallographic direction is thus that given by E.22.

The Voigt approximation assumes that all grains are strained uniformly and stressed

differently. Unlike the Voigt approximation there is no physical problem of individual

grains straining by differing amounts leading to interfacial discontinuities; the

corresponding elastic constant must be isotropic and may be calculated by averaging the

stiffness over all orientations (Webster 1992). The average stiffness is thus (E2.52):

(E2.52) l = S11-0.4(S11-S12-0.5S44)
t.

The Reuss and Voigt models provide upper and lower bound estimates of the elastic

constants. The Kroner model is a more realistic attempt at solving the problem. The crystal

is treated as a spherical particle of known orientation within an isotropic continuum of

polycrystalline aggregate. The Eshelby method (Eshelby 1957) is then used to calculate the

strain within the crystal. For further details see Sayers 1984 & Kroner 1958.

2.4.5 Previous X-ray stress measurement of residual stresses in Cu-Ni multilayers.

Celis (1995) is the only recorded attempt at measuring internal stresses with X-rays within

electrodeposited Cu-Ni multilayers. The multilayers studied had a total thickness of 3

microns and were never removed from their parent substrates. Conventional techniques,

such as those described within this chapter, could not be used because the diffracted

intensity from such a thin layer would be too low. Celis uses low incident beam angle

diffraction (LIBAD). LIBAD requires a stage that can tilt in a plane perpendicular to the

diffractometer circle, such movement is not possible on the diffractometer used in this

study. Considerable residual stresses were seen in the deposited multilayers. An attempt to

calculate the residual stress as a function of depth was made; the results appear to be

unusual and should be treated with great suspicion (given some of the work in this thesis),
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in particular a change from a Ni residual stress of +350 MPa to -350 MPa in a 4 layer

composite seems highly unlikely.

2.5 Problems associated with X-ray stress measurement.

There are a number of difficulties associated with stress measurement that require careful

consideration.

2.5.1 Choice of reflection for stress measurement.

There are a number of criteria that a reflection must fulfil if it is to be of any use in stress

measurement. Obviously, a peak profile must not overlap another (deconvolution very

difficult, but not impossible) and must be of sufficient intensity to be measured within a

reasonable counting time. In order to obtain the highest resolution of d-spacing it is

necessary to use a reflection residing at a high 29 angle, consider differentiating the Bragg

equation (E2.1) to give E2.53:

(E2.53) 0 = 2AJsin9 + 2</A9cos9 ^ — =-A9 cot 9 (9 in radians)
d

The relationship suggests that for a given error in 9 the greatest accuracy is obtained using

a high angle reflection (cot 9 —» 0 as 29 -> 180°).

The higher the V tilt the greater the accuracy in the measured gradient in the sin2vP

technique and the greater the range of tilts available for general stress state analysis.

Recalling §2.1.3 (S2.5) it is clear that the 20 angle chosen restricts the range of V tilt

because the detector may not be positioned below the surface of the specimen. The highest

achievable V angle is simply xVmM < 9Bragg. Defocusing is more apparent for shallow

angles of incidence therefore it is sensible to limit W readings to within, say, 8° of Vmax.

Reflections at high 29 angles allow a greater Vmax and therefore obtain greater accuracy of

stress measurement.

It is worthwhile to consider what soft X-ray radiation would best suit stress measurement

of Cu-Ni multilayers. Figure 2.5.1.a lists most of the reflections available for analysis (the

111 reflections are used as the Imax standard). Reflections which satisfy all the above

criterion are highlighted. It can be seen that the most suitable radiation is CuKa, utilising

the Cu 331 and Ni 420 reflections.
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Reflection

plus hkl

Ni-200

Cu-220

Ni-220

Cu-311

Ni-311

Cu-222

Ni-222

Cu-400

Ni-400

Cu-331

Cu-420

Ni-331

Ni-420

%Imax

XA->

42

20

21

17

20

5

7

3

4

9

8

14

15

MoKa

.711

23.3

32.3

33.6

38.1

39.1

39.8

40.9

46.3

47.6

50.8

52.2

52.2

53.6

ZnKa

1.436

48.1

68.4

70.4

82.4

85.0

86.9

89.8

105.2

109.2

119.9

125.3

125.3

131.3

CuKa

1.542

51.9

74.2

76.5

90.0

93.1

95.3

98.6

117.1

122.1

136.8

145.1

145.0

156.2

NiKa

1.659

56.2

80.9

83.5

99.11

102.7

105.3

109.3

133.2

140.6

CoKa

1.79

61.1

88.9

91.8

110.4

114.8

118.1

123.3

164.0

FeKa MnKa

1.937^2.103

66.7

98.5

102.0

125.4

131.5

136.3

144.4

73.3

110.7

115.1

149.5

163.6

i

j

|

!

CrKa

2.291

81.1

127.4

133.7

—

Fig 2.5.l.a: Table of the 29 positions (in degrees) of relevant Cu & Ni reflections for stress

measurement. The higher the angle the more suitable the reflection. Suitable reflections are

highlighted. It is clear that the Cu 331 and Ni 420 reflections with CuKa radiation are the

best candidates for stress measurement.
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2.5.2 X-ray stress measurement of highly textured specimens.

Before continuing it is worthwhile to note that the texture of a polycrystalline phase

provides further complication to strain measurement. A textured material has a non-random

distribution of crystallographic orientations of the constituent grains; not only does it

introduce elastic anisotropy to the polycrystalline aggregate it may also negate the

possibility of making diffraction measurements with the same reflection in all orientations.

Texture in the surface layer of a material may be simply measured using a specialised X-

ray diffractometer with a texture goniometer and is discussed further in §3.5.2.

Texture can result in non-linear d^ vs. sin2 *P plots. Noyan (1992) simulated diffraction

from such a medium and suggested that, in certain cases, texture can result in an erroneous

stress measurement. The effect is only marked for very strong textures.

2.5.3 X-ray stress measurement of plastically deformed crystals.

In §2.2.1 the effect of peak profile distortions due to cell dislocation structures were

considered. It was suggested that the maximum peak position from such a structure is more

likely to correspond to the less dislocated cell interiors (fig 2.2.1.a). Such an observation is

of fundamental importance for stress analysis because any stress measurement will

correspond to the cell interior stress state and not to the whole phase.

After tensile deformation of a single phase it is common to measure a compressive stress in

the direction of straining upon unloading. The magnitude of the effect increases with

increasing plastic strain. The effect is symmetrical, creating a tensile stress when

compressed and was first noticed by Smith (1940 & 1942); it is commonly known as a

'pseudo macro stress' (PMS) (Garrod 1963). PMS has been observed in Cu & Ni (Krause

1963, Macherauch 1966) and is thought to correspond to the stress in the cell interiors

Cullity (1977). PMS is known to exist throughout the thickness and not just at the surface

of a specimen, as shown by dissection experiments (Newton 1955). The measured stress

state does not change upon removing a surface slice and therefore it may be assumed that

the PMS is constant with depth. The consistency with depth is in direct contradiction to

Macherauch (1966) and Greenough (1951) who measured biaxial surface compression in a

surface layer (about 30 fim in steel). The compression was attributed to a lack of constraint

by neighbouring grains at the surface during deformation (surface softening). X-ray

broadening studies by Ungar (1982) suggest that surface softening does not occur for single

crystals aligned for multiple slip, in fact, surface softening is only known to occur in single

crystals aligned for single slip or in materials where the dislocation mean free path is large
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(Fourie 1968). Surface softening in polycrystalline materials is unlikely to effect regions at

a depth greater than the average grain size.

Compressive stresses in plane but 90° (y) to the initial direction of tensile straining (x) have

been reported. The magnitude of the measured compressive stress with respect to that in

the direction of straining is constant for differing materials. Krause (1968) measured oy ~

0.6o, forNi.

The origin of such a stress has been related to loss of triaxiality and differing surface

deformation behaviour.

2.5.4 Absolute d-spacing measurement.

Unlike the sin2vF technique the 6 measurement method for calculation of 3-D stress states

is dependent upon absolute d-spacings. Given the ease of misalignment in X-ray

diffractometry, particularly in height alignment (§2.1.4), it was decided to place a reference

standard upon the samples from which the measured d-spacings may be compared. Criteria

for such a reference include the need for it to be essentially stress free, oxidation resistant

& have no peaks in the vicinity of the measured peaks. Magnesium Oxide, MgO, fulfils all

the above requirements. It is cubic having reasonably intense reflections at 122° and 143°

26. Absolute measurement is achieved by peak fitting the MgO peaks from a scan of the

Cu, Ni & MgO and linearly adjusting the two theta scale until the MgO peaks have their

true d-spacing. The adjusted peak profiles are then fitted to obtain d-spacings for the Cu

and Ni phases. Such a method proved to be impractical; the powder required in order to

achieve a strong peak was excessive, attenuating the signal from the sample beneath, and

often being at the wrong height itself owing to its finite thickness.

The accuracy of absolute d-spacing measurement on the X-ray diffractometer used in this

dissertation was found to be poor (see §3.9.1).

2.5.5 Specimen preparation for stress measurement.

Often a specimen must be sectioned or reduced in size to fit within the sample holder or

diffractometer. Great care must be taken when preparing samples for X-ray stress analysis

because certain actions produce residual stresses within surfaces, for example mechanically

polishing and grinding. Wilson (1964) Studied the effects of sample preparation and

concluded that mechanical polishing induced compressive stresses into the surface layer of

a metal and that electropolishing is the most suitable preparatory technique. Great care
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must be taken if the material is two phase in order to ensure large protruding areas of one

phase do not stick out of the surface. Protrusions will be in a different stress state to the

bulk and may therefore lead to a false stress reading.

2.6 Summary.

Listed below are the main conclusions regarding stress measurement using X-ray

diffraction:

• The multilayers used in this study have a much greater total thickness in

comparison to previous research (e.g. Celis 1995) and therefore thin film techniques

such as LIBAD need not be used.

• The Cu 331 and Ni 420 reflections are ideal candidates for measurement of strains

using CuKa radiation due to their angular position (136° & 154°) and their

moderate intensity.

• Parabolic peak fitting is the easiest method of fitting diffraction profiles, however,

more information (such as FWHM) and greater flexibility is achieved by using

functions that sample an entire peak, such as the Gaussian or Lorentzian profiles.

• Fourier stripping routines are of sufficient accuracy to be used instead of Rachinger

fits provided that background data either side of the peak is acquired.

• The sin2 W technique is clearly the easiest and potentially most useful of all the

stress measuring techniques. The measurement of peak shifting rather than an

absolute peak position enables stress analysis of systems which have no defined

stress/strain free d-spacing, e.g. systems which have undergone interdiffusion.

• The sin2 V technique assumes a state of plane stress. It is expected that the

multilayers will be in a state of plane stress owing to their geometry, however, such

an assumption may be tested using the more complex and time consuming

generalised 3-D measurement technique. It is also possible to ascertain the existence

of a l3 or o23 components by measuring d as a function of sin2 W for both + and - V

tilts. If such stress components exist the d data will have differing values for + and -

Stilts (see §3.9.1).

• If the diffracting volume measured is not representative of the bulk specimen then

there will be a gradient in stress state with depth. Such a gradient will result in a

non-linear d vs. sin2 V plot (Watts 1997). If the plot is linear then one may assume

that the measurements are a valid reflection of the bulk stress state.

• Since the multilayers used in this study may be measured without a substrate the

residual stresses within the Cu and Ni should be equal and opposite. Such a

criterion may be used to further confirm the validity of the measured stresses.
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The application of X-ray stress measurement is described in the following sections:

Single platings (§3.1.2 & §3.2.2).

Multilayer as-deposited stress state on and off substrate (§3.9).

• Annealed multilayers (§4.3).

Deformed Cu-Ni multilayers (§5.2.9 & §5.3.3).
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3. CHARACTERIZATION OF AS-RECEIVED MULTILAYERS

3.0 Aims.

Within this chapter it was hoped to address the following key issues:

• Fabrication of multilayer cross-sections for the TEM:

The quality of Cu-Ni multilayer TEM samples is often poor due to the differing milling

rates of Cu and Ni. It was deemed essential that a new, reliable method of sample

preparation be found in order to characterize the as-deposited, annealed and deformed

multilayer micro-structures.

• Through-thickness plating variations within single phase electrodeposits:

It has been reported that Cu-Ni multilayers have a higher yield strength than either

electrodeposited Ni or Cu, however, the microstructures of the tested samples have never

been compared; given that through-thickness variations commonly exist within platings

(De Angelis 1995) it is likely that the plating microstructure, and therefore yield stress, will

be different to that of the corresponding layers within a multilayer.

• Do intermediate washes affect the microstructure of a single plating?

During bath transferral the plating surface is washed and then 'activated' before further

deposition can occur. The effect of washing was investigated by plating Cu or Ni and

washing the surface at differing time intervals. If any microstructural changes occur, the

comparison between DBT and SBT multilayer structures becomes less applicable.

• Variation of microstructure with multilayer wavelength:

Both TEM and X-ray were used to characterize the changes in microstructure with varying

deposition wavelength. Possible explanations for the observed changes are suggested.

• Assessment of multilayer uniformity over large areas:

The DBT is capable of creating large multilayer specimens ideal for mechanical testing. It

is essential that test specimens have a uniform microstructure.
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• Measurement of residual stresses within electrodeposits:

The feasibility of using X-ray diffraction to characterize the stress state of as-deposited

platings and multilayers was assessed and the results compared to dilatometry

measurements.

3.1 Nickel electrodeposition.

3.1.1 Direct current nickel deposition.

Ni deposits often consist of a fine initial grain size followed by a columnar growth region

leading to a coarser grained structure with a strong preferred orientation (Atanassov 1981,

Amblard 1977, 1979 & 1983). Reddy (1963 I-III) categorized growth into three stages:

initial epitaxial growth, transitional growth and a final preferred orientation stage. The

transition from epitaxial growth was clearly demonstrated by depositing Ni upon Ni single

crystal faces of known orientation (Froment 1974); it has also been found that non-epitaxial

deposition occurs more rapidly on smooth substrate surfaces (Atanassov 1981).

The ultimate texture of Ni electrodeposits varies with plating bath conditions such as

current density, agitation, temperature and pH (Amblard 1977, 1979 & 1983). Early

deposition theories attributed Ni texture formation to stress relieving mechanisms (Wyllie

1947), two dimensional nuclei formation (Pangarov 1965) and multiple twinning, however,

recent research has indicated that texture is governed by chemical inhibition at the growing

interface (Fischer 1972 I-II). Hydrogen is a by-product of Ni deposition and may be

released in gaseous form into the electrolyte, be incorporated within the crystallite lattice or

reacts to form inhibiting compounds, such as nickel hydroxide. Adsorption of compounds

such as Ni(0H)2 (T3.1) inhibits specific nucleation sites leading to a preferred orientation.

Table T3.1: Inhibitors & their effect upon Ni electrodeposit texture (Amblard 1979)

Growth direction texture

<100>

<110>

<210>

<211>

<111>

Inhibiting species

None

Atomic hydrogen

Gaseous hydrogen

Ni(OH)2

Ni(OH)2
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Organic additives such as saccharin and 2-butyne-l,4-diol are commonly used to tailor

deposit microstructure & texture (Costavaras 1973, Denise 1953, Valles 1993). The effect

is particularly marked for Ni because the Ni2+-Ni interface is known to have a high surface

energy (Amblard 1979).

Electrodeposited Ni crystallites often contain twins. The probability of crystallite twinning

is constant with deposition thickness (Atanassov 1981) and often displays 5 or 10 fold

symmetry parallel to the growth direction (Hall 1986). Gianuzzi (1993) suggested that

twins are formed during TEM sample preparation and are not inherent within Ni

electrodeposits; high voltage TEM of thicker foils revealed a twin free, highly defective

microstructure unlike the dislocation-free twinned crystallites observed at the foil edge; if

true, care must be taken when interpreting TEM of Ni electrodeposits.

3.1.2 Residual stresses within Ni electrodeposits.

Ni electrodeposits are commonly found to be in a state of tensile residual stress which has

been attributed to either desorption of hydrogen (Armyanov 1992) or the coalescence of

crystallites leading to a reduction in free volume (Koch 1994), however, coalescence is a

thermally activated process and is therefore not likely to occur during room temperature

electrodeposition (see §4.1.3).

Residual stresses can be measured using dilatometry (see §3.6.3); both pulsed and direct

currents were found to give slight compressive stresses during the initial deposition

followed by a large tensile internal stress (Armyanov 1992). Nickel is known to deposit

with a higher tensile stress than most other electrodeposits e.g. Au, Ag, Cd & Cu.

3.2 Copper electrodeposition.

3.2.1 Direct current copper electrodeposition.

Copper electrodeposits are commonly found to contain large (1-5 microns), twinned grains

with varying dislocation contents that have been likened to cold-worked microstructures

(Hofer 1965). Copper electrodeposits are known to vary with deposition thickness, after an

initial epitaxial deposit of = 1 fxm a fibre texture develops parallel to the growth direction

(De Angelis 1995). The texture is thought to depend upon the temperature of the plating

bath (Rashkov 1972), the current density (Rashkov 1972, Pangarov 1965) and the bath

composition (Anderson 1985). Both the 110 and 111 textures are frequently observed

(Banerjee 1961, Pangarov 1965). Experimental evidence suggest that high current density
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deposition (> 1 A/dm2) results in a 111 texture whereas lower current densities produce a

110 deposit. During low current density deposition the 'electrical charge upon the (111)

planes falls to zero' and, coupled with 'specific edge energy effects', the rate of nuclei

formation becomes negligible (Damjanovic 1966, Dhanajayan 1970); conversely (110)

faces are charged and free to form nuclei. At higher current densities the situation is

reversed, leading to the texture changes observed. Other textures have been reported,

notably <100> . Thermodynamic calculations suggest that the (100) crystal growth rate lies

between the corresponding values for the (111) and (110) faces (Dhanajayan 1970),

correlating with the rarity of <100> texture observations (Storey 1960, Damjanovic 1966).

Raising the electrolyte temperature increases both the likelihood of 110 fibre texture

formation over 111 (Rashkov 1972) and the average crystallite size (Surnev 1992) whilst

decreasing the average dislocation content.

Through thickness microstructural variations were quantified by De Angelis (1995) using

Fourier analysis of X-ray diffraction peak profiles. The observed progressive increase in

220 texture was accompanied by a reduction in strain and an increase in grain size for 220

oriented crystallites; co-deposited 200 oriented crystallites were found to become both

more defective and strained. The ductility of the differing textures was also found to vary;

110 deposits were capable of sustaining a strain of 26% before failure whereas 111 deposits

were limited to a final elongation of 6 % (Ye 1992). The defect density within the as-

deposited microstructures has been observed to be sufficient to initiate room-temperature

recrystallization leading to a change in fibre texture; in particular the 100 texture

component was found to increase at the expense of the 111 and the rarer 311 textures

(Tomov 1985, Surnev 1989). Currently, the 110 fibre texture has not been re-created by

any other deposition technique (Tracy 1993).

3.2.2 Residual stresses within Cu electrodeposits.

Internal stresses occur within copper deposits. A bath containing no organic additives

produces a deposit with a tensile in-plane residual stress which increases with both

increasing current density (Lamb 1966), decreasing concentration of copper sulphate

(Walker 1970) and decreases with increasing bath temperature (Lamb 1966). Numerous

stress formation mechanisms have been proposed. Popereka (1965) suggested that surface

vacant sites at the growth interface lead to the formation of dislocation arrays of similar

orientation. Dislocations of opposing sign are thought to result from the introduction of

impurities into the plating solution, such as organic additives. The most likely cause of
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tensile residual stresses within copper electrodeposits, however, is thought to be desorbed

co-deposited hydrogen (Evans 1955).

3.3 Cu-Ni multilayer electrodeposition.

3.3.1 Micro structure of electrodeposited Cu-Ni multilayers.

Multilayers are electrodeposited using two techniques, the single bath technique (SBT) and

the dual bath technique (DBT). The DBT creates a multilayered structure by mechanically

moving a sample from one plating bath to another. To ensure the individual electrolytes are

not polluted the freshly deposited surfaces are rinsed with the destination plating solution

and activated using acids before further deposition occurs. Activation is the process

whereby oxides formed during bath transferral are removed. The SBT relies upon the

ability to select deposition of a particular ion from a solution containing two metal ions by

adjusting the electrochemical forces. The Cu-Ni system is an ideal candidate for the SBT

because at low overpotentials Cu ions may be deposited from a solution containing both Cu

& Ni ions with almost 100% purity. At high overpotentials an alloy of maximum ~ 98 %

Ni content may be deposited (Tench 1984). Fortunately, Ni is known to passivate and

therefore does not re-dissolve when placed in a copper sulphate solution (Despic 1989,

Menezes 1990). The SBT is better suited for fine wavelength multilayers (1-10 nm scale)

because the mechanical movement of the DBT is time consuming. Uniform deposition is

often achieved in the SBT using vigorous agitation achieved by rotating the substrate at

high speeds; such rotation limits the geometry and size of the final sample.

It is conceivable that oxidation may occur during the DBT bath transfer, lowering the

quality of bonding between successive layers. Three minute air exposure studies upon

copper substrates before Ni deposition and vice versa suggested that Ni deposition was

epitaxial yet Cu deposition was not (Kuntze 1969). Cu2O requires a large activation energy

and deposits epitaxially (fig 3.3.1.a); further Ni deposition may still be epitaxial with

respect to the copper, with oxide present at the interface (Lee 1965). NiO forms readily

upon Ni and is rarely epitaxial (Marcrac 1963). It must be noted bath transferral times are

of the order of 10 seconds, not 3 minutes, and that during transferral the fresh surface is, for

the greater part, immersed in cleansing fluids and therefore not exposed to gaseous oxygen

(Hasseb 1994). Conclusive proof is given by HREM images of DBT multilayers in cross

section showing continuous lattice planes crossing both interfaces with no irregularities

such as oxides sandwiched in-between (Haseeb 1994).

42



Chapter Three: Characterization of As-received Multilayers

The crystal structures of Ni (FCC, a = 3.523 A) and Cu (FCC, a = 3.615 A) are similar.

Epitaxial deposition of Ni on Cu or Cu on Ni is expected with either a coherent interface or

epitaxial interface relaxed by misfit dislocations. Calculations suggested a critical thickness

is required before it becomes energetically favourable to form misfit dislocations

(Matthews 1970, Van de Merwe 1988); the critical thicknesses for the Cu-Ni system are

4.3 nm for Cu on Ni and 1.9 nm for Ni on Cu. The transition from coherent to epitaxial

deposition has been observed at thicknesses ranging from 3 to 20 nm, depending upon bath

conditions (Nakahara 1973). It is thought that adsorbed species at the growth front impede

the formation of misfits dislocations by blocking screw dislocation sites upon the substrate

thereby increasing the critical thickness. Coarser multilayers of wavelength > 50 nm were

reported to be epitaxial (Haseeb 1994, Ross 1994). Multilayers of layer thicknesses > 0.4

microns contain polycrystalline layers with little crystallographic relation across the

interfaces (Ogden 1986).

Both Cu and Ni have differing preferred fibre textures. The dominant fibre texture for a

multilayered system is therefore difficult to predict. The following orientations have been

observed (T3.2):

73.2; observed Cu-Ni multilayer fibre textures as a function of wavelength.

Texture

001

110

002 (not clear)

111

220

111 preferred

200

111

210, 111 & 110

111

Wavelengths

6 -7 nm

<6nm

5- 100 nm

<8 nm

100 nm

6 - 8 nm

10nm&60nm

1.5 nm

100- 1500 nm

<100nm

Technique

SBT

SBT

DBT

Evaporated

DBT

SBT

SBT

SBT

DBT

SBT

Reference

Tench 1991

Tench 1991

Haseeb 1994

Baral 1985

Celis 1992

Lashmore 1988

Lashmore 1992

Yahalom 1987

Celis 1995

Menezes 1990

The fibre textures observed are likely to be affected by either the substrate orientation and /

or the bath conditions. Multilayers deposited upon single copper crystals of varying

orientations were found to epitaxial, however, traces of other textures, particularly the 111

texture were noted for deposits of total thickness 15-20 microns (Lashmore 1988); thicker
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depositions carried out by Menezes (1990) develop a 200 fibre texture over large distances

(50 microns).

Fine wavelength (< 0.4 micron) multilayer microstructures were found to be columnar in

nature with poorer planarity than those created using other techniques such as sputtering

(Haseeb 1994). The layer planarity decreases with increasing deposition until a faceted

structure is seen. Facet formation may be related to the anisotropy of current density with

orientation observed in Cu (Damjanovic 1966). The apparent columnar structure observed

by Haseeb was attributed to the existence of subgrain structures within the rolled substrate

material. Ni is known to have a higher nucleation rate and a lower growth rate compared to

Cu (Haseeb 1994) corresponding with the observed fine-grained polycrystalline Ni

deposits characteristic of coarser multilayers (X > 0.4 microns). Haseeb (1994) concluded

that Cu determines the layer planarity and the Ni deposits uniformly on all orientations.

Electrodeposition has been known to smooth out small layer perturbations, however, larger

protrusions and included particles are accentuated, forming 'nodules' (Cohen 1987).

Stresses within as-deposited Cu-Ni multilayers are addressed in §2.4.5.

3.4 Multilayer fabrication.

The Cu-Ni multilayers studied within this dissertation were deposited using the dual bath

plating technique at the Institute for Product Development (Copenhagen) by Maria

Landeira 0stergard.

3.4.1 Multilayer specifications.

The plating bath conditions are given in T3.3. The multilayers were fabricated by

sequentially immersing a metallic substrate (Cu, Fe and Al were commonly used) into

alternate Cu & Ni plating baths with cleansing washes in-between. The whole procedure

was automated as depicted in S3.2.

Table T3.3: Individual bath conditions

Bath

Copper

Nickel

Solution

Cupracid (CuSO4)

Watts bath, semi-bright.*

Temperature

Room temp.

50°C

pH

1

4

Air agitation?

Yes

Yes

* (Watts bath used: 300 g/1 NiSO4.6H20, 40 g/1 H3BO3, 40 g/1 NiCl2, 0.8g/l 37%

formaldehyde & 0.4 g/1 'Duplalux 538', a commercial brightener)
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DC

Current

Controller

Cu Plating Bath Special Chemical Cleansing Dips Ni Plating Bath PC Controller

S3.2: Automated dual bath deposition system.

The maximum attainable substrate size was approximately 20 cm x 12 cm. Specifications

of all the samples supplied are listed in tables T3.4 to T3.8. The samples are split into five

main groups supplied at different times: (n.b. CD. means Current Density)

T3.4: Initial multilayer ed samples: substrate dimension 5 cm x 5 cm. x 1 mm*

Index

CMA-3

CMA-4

Subs.

Fe

Fe

CD.

A/dm2

2

2

Copper Layers

r(nm)

240

900

Number

50

50

Nickel

/(nm)

220

830

Layers

Number

50

50

Total

T(m)
23

86.5

Number

100

100

T3.5: Varied wavelength multilayers: substrate dimension 5 cm x 5 cm x 1 mm*

Index

A124-

2

4

12

15

18

Subs.

Cu

Cu

Cu

Cu

Cu

CD.

A/dm2

2

2

2

1

0.4

Copper Layers

/(|im)

10

1

= 0.1

= 0.05

= 0.01

Number

10

100

100

200

716

Nickel Layers

t(\xm)

10

1

= 0.1

= 0.05

= 0.01

Number

11

101

101

200

716

Total

T(\m)
210

201

20.1

20

14.3

Number

21

201

201

400

1432
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T3.6: Individual platings (with washes): substrate dimension 5 cm x 5 cm x 1 mm*

Index

A124-

21

22

27

28

Subs.

Cu

Cu

Cu

Cu

CD.

A/dm2

2

2

2

2

Copper Layers

/(urn)

0.1

1

Number

250

25

Nickel

r(Mm)

0.1

1

Layers

Number

250

25

Total

r(um)
25

25

25

25

Number

250

250

25

25

T3.7: Dilatometer specimens, single platings: subs, dimension 1 cm x 15 cm. x48 |lm.

Index

Cu Dil.

Ni Dil.

Subs.

Fe

Fe

CD.

A/dm 2

1.83

1.82

Copper Layers

t(iim)

16

Number

1

Nickel

t(pm)

16

Layers

Number

1

Total

T([im)

16

16

Number

1

1

73.8: 'Two-way pull' multilayers: substrate dimension 12 cm x 12 cm x 1 mm.

Index

A124-

76

77

91

Subs.

Al

Al

Fe

CD.

A/dm 2

2

1

2

Copper Layers

t{\im)

1

0.1

1

Number

100

1000

100

Nickel

t{\im)

1

0.1

1

Layers

Number

100

1000

100

Total

r(fxm)

200

200

200

Number

200

2000

200

* Only 1 cm x 5 cm was provided for study, the remainder was retained at Ris0.

The multilayer thickness values quoted within tables T3.4 to T3.8 were calculated using the

applied current and specimen dimensions and therefore assumed no preferential deposition

at edges of the substrate and 100% current efficiency in both Cu and Ni baths. The actual

layer thicknesses may be non-uniform and less than predicted (see §3.8.2). The 10 nm layer

thickness multilayer was thinner than the other samples because the deposition time was

excessively long; a typical 1 micron layer thickness multilayer of thickness 200 microns

takes approximately 3 days to plate.
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3.5 Techniques for microstructural characterization.

Sample microstructural characterization was achieved using a number of techniques:

5.5. / Specular X-ray analysis.

As mentioned in §2.2, information concerning the average crystallite grain size, defect

content and composition may be gained from X-ray diffraction peak profiles. X-rays

sample a greater volume than the highly localised TEM method and are therefore useful for

guaranteeing the applicability of TEM information to the specimen as a whole.

The sampling volume of CuKa X-ray radiation is dependent upon the angles of incidence

and diffraction. Most X-ray profiles are specular, i.e. the incident angle is exactly half that

of the diffracted angle. X-rays are severely attenuated by metallic materials resulting in a

large proportion of the detected radiation originating from surface material. Defining a

physical penetration depth is not possible, it is conventional to define a depth from which a

certain fraction (normally 95%) of the diffracted intensity originates. The difference

between the X-ray absorption coefficients of Cu and Ni is small and therefore an average

value may be used to calculate an expression for the penetration depth of Cu-Ni multilayers

(E3.1):

(E3.1)
u

»3.4xl<r m

E3.1 was used to calculate the number of layers sampled during X-ray diffraction as a

function of multilayer wavelength (T3.9):

73.9: Number of layers contributing to 95% of the total diffracted X-ray intensity.

layer

10 urn

1 ujn

0.1 urn

10 nm

Ni/Cu 111

9 = 22°

1.3

13

130

1300

Ni/Cu 200

9 = 26°

1.5

15

150

1500

Ni/Cu 220

9 = 38°

2.1

21

210

2100

Cu331
9 = 68°

3.2

32

320

3200

Ni420

9 = 78°

3.3

33

330

3300

Tot. layers

deposited

21

201

201

1432

Two conclusions may drawn from T3.9: firstly, high angle X-ray diffraction of the 10 nm

to 0.1 [im layer thickness multilayers is likely to incorporate information from the Cu
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substrate (affected readings are highlighted) and secondly, the first Ni layer of the 10

micron layer thickness multilayer attenuates the incident beam considerably.

Shallow angles of incidence are often used when measuring residual stresses (see §2.1.3)

therefore it may not be possible to obtain information from the Cu phase of the 10 micron

layer thickness multilayer. The fraction of the total diffracted intensity originating from one

phase of a dual phase multilayer may be calculated using E3.2:

) ' = S'n=0

where (in this particular equation) c = -— +

The fraction of the total diffracted intensity is simply

Fig 3.5.1.a illustrates the calculated fraction of the total intensity from the Ni phase as a

function of 20 and V. At high 20 & W angles the Cu layer beneath the top Ni layer

contributes only 1/10 of the total diffracted intensity; it would seem that stress

measurement of the Cu phase is possible but may be hampered by a high signal to noise

ratio, as confirmed by actual data collected from the 10 micron multilayer given in fig

3.5.1.b.

3.5.2 X-ray texture analysis.

The texture of a sample is a description of the crystallographic orientation of its grains.

Dedicated X-ray texture machines exist and are relatively simple in concept; the intensity

of a reflection at a particular 20 angle is measured as a function of orientation, in this case

characterized by two angles, W and <f> (S3.3). A plot of l(ty,W) is misleading, data must be

corrected for two effects: firstly the background intensity must be subtracted from the

measured intensity and secondly defocusing effects must be accounted for.
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Fig 3.5.La: The fraction of the total diffracted intensity originating from the Ni phase in

the 10 micron layer thickness multilayer (calculated using E3.2) is plotted as a function of

0 and W. At high V and 0 values considerable attenuation occurs.

Psi=0
Psi=23
Psi=33
Psi=42
Psi=51
Psi=60

Fig 3.5.1.b: Stripped X-ray scans of the 10 micron layer thickness multilayer. Since the

Cu phase is essentially textureless (see §3.7.2), the variation in intensity observed as a

function of vp is due to defocusing and absorption, the latter being more significant. The

experimental data correlates well with the modelled data given in fig. 3.5.1.a.
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Measurement

direction

S3.3: Pictorial description of the angles used when describing textural orientation.

A plot of a typical correction factor is given in fig 3.5.2.a. The correction factor is

dependent upon the line profile, the FWHM of the peak being measured and the receiving

slit used (Huijser-Gerits 1974, Gale 1960). High W angle data often has a high signal to

noise ratio which, when corrected, may yield nonsensical results (e.g. negative intensity). It

is common to limit the maximum W tilt to 60° in order to avoid such a problem.

Texture data may be presented in a number of forms, the most comprehensive being a full

orientation distribution function (ODF) (Bunge 1965, 1968). For the purpose of this study a

simple pole figure is adequate. A pole figure is a contoured projection of intensity as a

function of orientation, similar to the stereographic projection (fig 3.5.2.b). All of samples

studied have in-plane textural isotropy (a fibre texture) similar to that observed in fig

3.5.2.b and may be represented by a graph of intensity as a function of W only, created by

averaging all the intensities (ty 0° to 360°) for each individual V value (fig 3.5.2.c). The

data in fig 3.5.2.C is clearly 220 textured, the second minor maximum at W = 60° is due to

the other <202> reflections residing at 60° to the original 220 direction.

Texture analysis is a relatively quick method of measuring fundamental changes in

microstructure, it is also useful when conducting X-ray stress measurements since it can

help predict W intensity variations for a particular reflection; for example, a 200 fibre

textured phase will have intense <420> reflections at W = 26.6° (420) and W = 63.4° (240).

3.5.3 Optical microscopy.

Optical microscopy has a spatial resolution of ~ 1 micron and therefore cannot be used to

characterize grain structures within most of the multilayers studied, however, it can be used

to investigate both layer planarity and defect structures on a macroscopic scale. Better

definition may be achieved by etching samples using a solution of 20g K2Cr07 + 40 cm3

H2SO4 + 2 cm3 HC1 + 1 litre water, which is known to preferentially attack the Cu phase

(Haseeb 1994).
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Fig 3.5.2.a: Typical form of a texture defocusing correction function. Peak broadening

with W angle leads to underestimation of the intensities measured at such angles. By

dividing the measured intensity by the corresponding defocusing correction value such

defocusing errors may be removed. At high V angles noise is magnified considerably by

the correction, hence the imposed upper W limit of 60° on all data acquired.
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Fig 3.5.2.C: Cu 220 texture plot from the 100 nm layer thickness multilayer. Full texture

data is presented using a pole figure (fig 3.5.2.b), however, if the texture plot has radial

symmetry (a fibre texture) then the data may be presented only as a function of V, as

illustrated above. The strong 220 fibre texture is clearly seen.
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Increasing Intensity

Fig 3.5.2.b: The above texture 'pole figure' is a graphical representation of the Cu 220

peak intensity variation as a function of orientation for the 100 nm layer thickness

multilayer. The high intensity values at the centre and in the ring at 60° psi indicate a

strong 220 fibre texture. All texture data within this dissertation has circular symmetry.

The above plot may be simplified by losing phi information (fig 3.5.2.c).
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Other uses of optical microscopy include Nomarski interference microscopy which is used

to characterize height relief (Haynes 1984, Robinson 1992) and the ability to relate a region

studied in the TEM to the sample as a whole.

3.5.4 Scanning electron microscopy.

Scanning electron microscopy is useful for observing fine (< 1 urn layer thickness)

multilayer planarity. Atomic contrast is minimal for Cu-Ni multilayers (ZCu = 29 & ZNi =

28) and so samples were etched in a similar manner to that of optical microscopy. SEM

EDX may be used to establish macroscopic compositions, however, the large electron

interaction zone (> 1 (xm) renders the technique unsuitable for individual layer

characterization of layer thicknesses less than ~ 2 fim.

3.5.5 Transmission electron microscopy.

Transmission electron microscopy (TEM) is a powerful microstructural characterization

tool. TEM techniques may be used to characterize boundaries, grain sizes, grain

morphologies, orientations and defect structures. Chemical composition may also be

measured using energy dispersive X-rays (EDX) and / or loss imaging. TEM has a number

of disadvantages, including the likelihood that an area studied at high magnification may

not be representative of the specimen as a whole and the difficulty of specimen preparation.

A TEM sample must have regions of electron transparency; for 200 keV electrons the

maximum Cu & Ni thickness that may be imaged reasonably is ~ 2000 A. Creating large

thin regions of multilayer is quite an art; the following sections describe the fabrication

methods used in this dissertation:

3.5.6 Plan view specimen preparation.

Electropolishing is ideally suited for materials with uniform composition across the area of

dishing (chemical polishing is very sensitive to composition) and is therefore well suited to

the individual Ni and Cu platings; favoured solutions included:

Cu: 30% nitric / 70% methanol (cooled by liquid nitrogen)

Ni: 10% perchloric acid / 90% methanol (cooled by nitrogen)

By its very nature, a multilayer is a two phase material; copper and nickel have differing

chemical milling rates that lead to severe thickness variations within a specimen. An

electropolishing solution must be capable of polishing both Cu and Ni at the same potential
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and temperature. Marginal plan-view success was achieved using a solution of 20% nitric /

80% methanol (cooled by liquid N2), with the specimen held at 52V.

Substrates must be removed before electropolishing: aluminium substrates were removed

using hot NaOH, steel substrates were removed using hot sulphuric acid and copper

substrates were removed by capping the multilayer in wax then immersing the sample in

nitric acid (S3.4).

Wax protecting

multilayer from acid

Multilayer

Acid attacking Cu

Cu Substrate

Acid attacking Cu

S3.4: Copper substrate removal using nitric acid.

The first Ni layer encountered dissolves at a slower rate than the surrounding copper layer

and thus, with constant supervision, the specimen may be removed when the first Ni layer

becomes visible. Electropolished foils were found to have large areas of electron

transparency in both phases (fig 3.5.6.a & b), however the copper layers were found to be

slightly etched, especially when using an old solution. Plan view specimens are ideal for

individual layer grain structure characterization over large areas.

Electropolishing was attempted on pre-dimpled edge-on specimens, however, dishing did

not occur uniformly and consequently very little thin area was observed (fig 3.5.6.c).

3.5.7 Edge-on specimen preparation.

Edge-on TEM specimens were made by removing the substrate material, sectioning into

strips ~ 1.5 mm wide then electroplating with Ni until a cross-sectional diameter of > 3 mm

was achieved. The resultant plated cylinder was then sectioned into slices using a slow

speed saw, ground to a total thickness of « 70 microns and then dimpled to a depth of ~ 28

microns on each side. The dimpled sample was ion milled until a hole encompassing an

area of multilayer was seen. Fig 3.5.7.a illustrates a familiar result of such a process;

differential thinning results in the Ni layers jutting out into the central hole. There is little
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Fig 3.3.l.u: A 1111 j zone diffraction pattern taken from an oxidised copper TRV1 sample.

The hexagonal array of minor reflections surrounding each [ I I I | zone relied ion are from

copper (I) oxide which has a primitive cubic lattice. The lattice parameter of the oxide is

slightly greater than Cu itself and therefore a close orientation relation is commonly seen.

In the above pattern the [ 1 1 11 zones are coincident. The extra reflections which form the

hexagonal array arc a result of double diffraction. The origin ofthe spots is described

graphically below for one of the Cu <220> reflections.

•> I To Cu.c)
* * * •• *s 220 C u . O

w Double Dili.
* * 000

• 220 Cu
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Fig 3.5.6.a: Optical of a plan view 1 micron mullilayer TEM specimen. The swirling

eddies of the eleciropolishing technique produce a contoured surface. The copper layers

are clearlv etched.

I-'i«_» 3.5.(>.l>: L o w magn i f i ca t i on bright field m i c r o g r a p h from ilk- sainpk- pi t / imvd in lig.

v^ .o . ; i . flic c k ' c l r o p o l i s h i n g is seen lo c r e a t e large a r e a s oi e l e c t r o n i r a n s | \ u v i u - \ .

h o u c x e r . llic c o p p e r l a \ e r s arc e tched .
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Fig 3.5.6.C: Pictured above is an attempt at creating an edge-on sample using

electropolishing. The sample was prepared in a similar fashion to the ion beam thinning

samples then jet polished using a solution of 20 % Nitric / 80 % methanol. Preferential

attack at the interface between the multilayer and the Ni plating resulted in very few areas

of electron transparency.
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or no area where both the Ni and Cu layers are electronically transparent, however, by

thinning for an extra 40 minutes with a mask (see S3.5) the comparatively slower milling-

rate of the Ni layers shield the Cu layers to produce large areas of essentially thin material

with only minor thickness variations parallel to the growth direction.

Stage Mask

Ion milling from

this direction only >••

Mask shields

sample from ion

milling from this

direction

Ni plated multilayer

S3.5: Masking during ion beam thinning counteracts the effects of differential thinning.

Ion beam milling of Ni is known to create surface contrast, mainly in the form of point

defects and oxide. The effect of ion beam thinning is clearly shown by ion milling an

electropolished sample and noting the differences (fig 3.5.7.C & d). Edge-on samples are

ideally suited to the microscopic study of interdiffusion, interfacial sharpness, dislocation

structures and layer planarity.

The best samples were produced using ion beam polishing at a low angles ~ 7°. Polished

samples have little or no thickness variation with phase (see fig 3.5.7.e), however,

considerable oxidation and sputter contrast was observed; a success rate of ~ 80% was

achieved.

3.6 Characterization of single phase platings.

Electrodeposition from the individual baths was characterized in order to establish the

preferred Cu and Ni microstructures when not deposited in a multilayer morphology and to

investigate the effects of periodic washing.

3.6.1 Copper plating.

The samples listed in T3.10 were characterized. The dilatometer specimen was deposited

continuously whereas both A124-21 and A124-27 were created by periodically interrupting
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Multilayer
Multilayer

100

Fig 3.5.7.a: Ni has a slower ion beam milling rate than Cu resulting in Ni layers juttinu

out into the central hole, as pictured above. Such a sample is little use lor mterlacial or

microstructural TEM study.

l i t f 3 .? .7 .h : I he el' lecls o f masking arc clear ly seen. By th inn ing f rom one d i rec t ion the

Ni layers mask the sui ter copper layers creat ing regions o f electron transparency in both

Cu and Ni w i l h i n ihe same local i ty. 40 minutes o f masked th inn ing is all- that is required I D

improve a sample l ike that pictured in fig. 3.5.7.a.
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Fiji 3.5-7.c: TEM plane view of the Ni dilatometer specimen. The central grain is one of

the anomalously large grains present. A few delects are seen within the grain.

Fiji 3.5.7.(1: Pictured above is ihe same sample used in fig .1.5.7.c alter ion beam

lor only 20 minutes. A similar gram to that observed in fig .v5.7.c. imaged in similar

condit ions, is found to contain more dislocations cK: point delects. I he delects must h a \ e

been formed during the milling process.
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Cu

Kij» 3.5.7.e: Ion beam polishing produces specimens with less thickness variation than

standard ion beam thinning. The focused ion beam is quick and is capable of milling at

low (= 7 ) angles of incidence. The above sample is an ion beam polished cross section of

a 1 micron layer thickness multilayer which has been annealed for 48 hours at 300 C. The

layer grain sizes are comparable, making the lack of thickness variation clearer.
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Cu electrodeposition with a cleansing wash, as if the sample were being transferred to the

Ni bath.

T3.10. Specifications of the samples electrodeposited solely from the copper bath.

Index

A124-21

A124-27

Cu dil.

Substrate/.

Thickness

Cu / 1 mm

Cu / 1 mm

Fe / 48 urn

Current Density

A/dm2

2

2

1.83

Copper Layers

t(^im)

0.1

1

16

Number

250

25

1

Samples A124-21 and A124-27 are referred to as the '0.1 micron washed' and '1 micron

washed' samples respectively.

Microstructural characterization was achieved using edge-on and plan view TEM. Fig

3.6.1.a illustrates a typical Cu dilatometer specimen microstructure. The Cu grains are seen

to be = 1-3 microns in diameter, twinned and have a low defect content. The 1 micron

washed sample (Fig 3.6.1 .b) has a similar grain structure to that of the dilatometer

specimen within the centre of the plating (fig 3.6.1.b) with occasional dislocation arrays in

selected grains (fig 3.6.l.c). Despite porosity at the substrate-plating interface (fig 3.6.l.d)

orientational registry still occurs (fig 3.6.1.e), however the grains closest to the interface

have a higher defect and twin content than those at the centre of the plating. No evidence of

periodic washing is seen within the plating structure. The microstructure of the 0.1 micron

washed is similar to that of the other samples (fig 3.6.1 .f), however, the underlying

substrate material differs from the other samples because the grains are seen to be heavily

deformed up to a depth of approximately 1 micron below the top surface (fig 3.6.1.h). The

underlying grains are divided into subgrains producing a spread in the angular orientation

of the plating above despite porosity at the interface (fig 3.6.l.h). There appears to be little

through-thickness microstructural variation (apart from twin density) within the Cu

electrodeposits.

X-ray specular scans of the platings are given in fig 3.6.l.i. The fibre texture varies, as

emphasized by the relative integrated intensities of the peak profiles (note the counting

time for the 220 reflections was four times greater). The washed samples have distinct 200

texture, especially the 1 micron washed sample. The low comparative intensity of the

dilatometer profiles reflect the thinner deposition of copper, however, it is clear that the

dilatometer specimen is not as highly textured. The peak profiles of the 111 / 200

reflections and to a lesser extent the 220 reflection are slightly asymmetric for all samples,
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Fij> 3.6.1.a: Plan view g=l 11 dark field of a typical Cu dilatometer plate grain. Twinning

is evident and the defect content low.

t Growth

I'ijj 3.6.1.1): l-.dgc on hriglu field of ihe '1 micron washed' C'u plalc taken approximately

lo microns away from the suhstrale/plating interface. The grains are large and twinned m

.1 similar lashion lo ihose in ihe dilalometer specimen. Many ponil defects. oxides and

dislocation loops are seen, presumably resulling from ihe ion beam ihinnini: process.
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200 nm 'y | G r o w t h

Fig 3-6.l.c: Ediie-on dark field from a grain residing mid-way through the 'I micron

washed' Cu plate showing regular dislocation arrays.

l ' i» 3 .6 .1 . (1 : iTcsne l i m a g e s from the in te r face b e t w e e n I he C'u s i ths i ra le a i n h h e 1 m i c r o n

w a s h e d ( u plalniLi slu>\\ po ros i t y .



( htij'lcr I luce: Chunn . \ w e , •< •j\;-,l \hihilti\cr\

Î i?4 3.6.1.e: Dark f ie ld i l l us l i a t i ng epi taxy across ll ie interface seen in f ig }.(•>. I.cl. The

in i t ia l |) lal i ! ig grains are found to have a higher tw inn ing content than grains in the bulk o f

the p la t ing.

VV

t Growth

Fiji 3.6.1.1': Bright field ol a typical grain in the 'O.I micron washed' ("u plate. The grains

arc large. Iwinncd and contain very lew dislocations. The defect contrast may he a result

ol the ion heam thinning process.
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Fif» 3 . 6 . 1 . ^ : Fresnel images from the interface between the Cu substrate and the 0.

micron washed Cu plating showing the presence of porosity.

Fiji 3 .6 . I .h : Dark I'ield I'mm the area pictured in fig .Vd.l.g. Considerable deformation

was observed in the top micron of the substrate material. Subgrains exist, resulting m

reflections with an angular spread in the diffraction pattern.
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Fig 3.6.l.i: X-ray specular scans of the three Cu plating bath specimens. The peak profiles

are similar in form yet the intensities vary with reflection (see fig 3.6.1.c). The peak

positions also vary due to the accuracy of specimen positioning.
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a slight 'tail' exists at the lower 29 range which may be attributed to a through-thickness

variation of in-plane stress.

The peak profiles were fitted using pseudo-Voigt functions and their FWHMs measured

and tabulated in T3.11:

73.11: FWHMs of all the 111, 200 & 220 reflections from the copper platings (°20).

Specimen:

250 x 1 micron

25x1

Dilatometer

111

0.094

0.092

0.096

200

0.099

0.0995

0.106

220

0.109

0.105

0.115

The close FWHM agreement suggests that the crystallite size and defect content are similar

for all the samples in the direction of growth, as observed using TEM. It would appear the

only major difference between the samples is the fibre texture, however, the changes

observed seem to be a direct consequence of epitaxial deposition rather than periodic

washing. The washed samples, which were plated on Cu, have similar textures, with the

deformation in the 0.1 micron washed sample substrate weakening the resultant plating

texture. The dilatometer sample is essentially textureless, as expected given the differences

in crystal structure between the Cu and the underlying steel substrate. It would seem that

periodic washing has little effect upon Cu electrodeposition.

T3.12: Spatial compositional variation of A124-21; position numbers refer to S3.6:

Position on

specimen

1

2

3

Atomic percentage

Cu

99.58

99.73

100

Co

0.05

0

0

Fe

0.37

0.28

0

Area type

scanned

spot

spot

raster X 500

JpP^|||||||||||is
3

Jtjn,

{ 1

Substrate 25 microns Cu Plate

S3.6: Positions of readings given in T3.12.
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Compositional analysis of the copper bath output was achieved using SEM EDX of an

edge-on section (T3.12). The results suggest that the copper plating is of a relatively high

purity with slight iron contamination.

3.6.2 Nickel plating.

The following samples were used to characterize Ni electrodeposition (T3.13):

T3.13 List of the samples deposited solely from the nickel plating bath.

Index

A124-22

A124-28

Ni dil.

Substrate/.

thickness

Cu / 1 mm

Cu / 1 mm

Fe / 48 nm

Current density

A/dm 2

2

2

1.82

Nickel layers

fWr(|im)

0.1

1

16

Number

250

25

1

TEM plan view illustrates the microstructure of the dilatometer specimen (fig 3.6.2.a);

anomalous grain growth is seen; large (1-2 microns), twinned, relatively defect free grains

(fig 3.6.2.b) reside amongst fine grains (fig 3.6.2.c) of size (20-80 nm). X-ray specular

scans of the three major reflections from all the specimens are given in fig 3.6.2.d. Clear

variations in microstructure are seen. The 0.1 and 1 micron washed samples are strongly

200 textured, with the 0.1 micron washed sample having the stronger orientational

dependence, unlike the Cu equivalent. The profile form of the dilatometer reflections are

different to the others; the central FWHM section is seen to be very narrow with an

unusually wide lower portion, presumably corresponding to the anomalously large and fine

grains respectively.

Peak profile fitting of the major Ni reflections with the pseudo-Voigt function gave the

following FWHM data (T3.14):

T3.14: FWHMs of all the HI, 200 & 220 Ni reflections from the single platings (°20).

Specimen:

250 x 0.1 micron

25 x 1

Dilatometer

111

0.274

0.368

0.245

200

0.268

0.426

0.549

220

0.628

0.853

0.534
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Fig 3.6.2.a: Bright field plan view TEM micrograph illustrating the anomalous grain

growth found in the Ni dilatometer plating. Large 1-3 micron grains containing twins lie

amongst finer mains.

Fifi 3.6.2.1): g = 1 1 1 / 200 dark field image of a large Ni dilalomeler grain in a weak beam

condition. Very few dislocations are present within the larger grain.



Chapter Three: Cliaraeieri:aiii>ii <>l MulnLn,

Fig 3.6.2.c: High magnification plan view g = 11 1 / 200 dark field of the Ni dilatometer

specimen illustrating the finer grain structure. The fine grains appear twinned with

occasional dislocations.

IBOO
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361UC
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10 10 ri0 (ill -0

A t o i i i i < P f c r r n t X u k c 1

I IT

Fiji 3.6.2.e: Nickel-cobalt phase diagram (Nishi/.awa & Ishida ( l l ) l ) l ) ) . The s \ s i em is

considered to he very close lo a thermodynamically ideal solid solution.
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Nickel 111 peaks
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Fig 3.6.2.d: Specular scans of the Ni platings reveal a variation in texture and an unusual

peak profile for the dilatometer specimen. Peak fitting suggested the order of grain size to

be: dilatometer > 1 micron washed > 0.1 micron washed.
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The FWHM is inversely related to the grain size if all other factors are constant (§2.2). The

dilatometer specimen would appear to have smaller 200 fibre textured grains compared to

the other grains; it is possible that a two-fold texture similar to that seen by De Angelis

(1995) exists given that anomalous grain growth is unlikely at room temperature (R.T. ~

0.23 Tm, see §4.1.3). FWHM information also suggests that fibre textured grains in the

washed samples are larger than the surrounding grains.

Edge-on TEM of the washed samples shows little evidence of periodic washing. The 1

micron washed electrodeposit consists of small initial grains (fig 3.6.2.f) followed by a

textured columnar deposit containing large (fig 3.6.2.g), highly defective grains (fig

3.6.2.h). The 0.1 micron washed sample contains columnar grains of a larger size than

those seen in the 1 micron sample, correlating with X-ray data. The boundaries of the

columnar grains are more parallel (fig 3.6.2.i) than the zig-zagged nature of the 1 micron

washed, presumably reflecting the stronger 200 texture.

It is clear that the microstructure of a Ni plate varies with plating thickness, even if washed

periodically, and bears no relation to the underlying substrate. Such variation suggests that

direct comparison between the mechanical properties of a Ni plated sample of thickness

150 microns with the properties of the individual layers within a Cu-Ni multilayer can be

misleading. The differences in microstructure may explain the observed increase in yield

strength in comparison to the constituent phases reported for multilayers of coarser

wavelength than that suggested by Koehler (1970).

Washing clearly affects Ni elctrodeposition more than Cu eleclrodeposition. The higher

affinity for adsorbing species coupled with the existence of chemical additions within the

Ni electrolyte may cause the greater variation. Adsorbed species take a finite time to cover

a surface and take affect; cleansing washes will rid the growth interface of such inhibitors.

Increased washing is likely to decrease the effect of the inhibitors, altering the

microstructure. The levelling agent promotes even growth at all surface positions by

suppressing orientations that may grow potentially faster, accounting for the lack of texture

observed in the dilatometer specimen. The increased suppression of the levelling agent, by

the washing procedure may explain the observed textures in the washed samples.

Compositional analysis was achieved using SEM EDX of an edge-on section of the Ni

plating (with Cu substrate) and was found to give the following results (T3.15 & S3.7):

56



Chanter Three: Charaderi:niit>iij>l .\\:rc<ci\ < <I Muliilincr

100 n m i t Growth

Fiji 3.6.2J": Ni I micron washed substrate-plating interface observed in dark dield. The

initial plating grains are small and are not part of a columnar growth morphology.

2 0 0 n m I t Growth

IMK 3.6.2.«: g = 200 dark field of the I micron washed Ni sample taken with g parallel lo

the growth direction. Al'ler = 20 microns of deposition a columnar grain slruciuiv ol simng

200 icxlure cmerizcs. The grains 'zig-zag' at angles ti> the growth direction, often parallel lo

lheir resident twin planes. The grains are highly detective.
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T3.15: Spatial compositional variation ofAl24-21: position numbers refer to S3.7:

Position

on specimen

1
i

2

3

4

Atomic Percentage

Ni

90.31

90.31

90.71

90.76

0

Co

6.93

6.70

6.85

6.61

0

Cu

2.26

2.45

2.10

1L86

100

Fe

0.504

0.546

0.745

0.745

0

Area type

examined

Spot

Spot

Spot

Spot

Raster X 500

Substrate 25 microns Ni Plate

S3.7: Positions of readings given in T3.J5.

The nickel plating contains relatively high amounts of cobalt. Cobalt forms a near ideal

thermodynamical solid solution with Ni (Haseeb 1982) as illustrated in fig 3.6.2.e. No

precipitates or other phases are likely to be present, as observed. The existence of cobalt

may be related to the quality of the Ni electrode used during fabrication. It must be noted

that samples A124-76, 77 & 91 were all cobalt free according to TEM EELS and EDX.

3.6.3 Measurement of residual stresses within single phase platings.

Electrodeposits are often found to have large, tensile in-plane residual stress; dilatometry is

a simple, direct method of measuring such depositional stresses. A dilatometer consists of a

long thin steel shim electrode attached to a sensitive strain measuring device (fig 3.6.3.a).

The strain associated with electrodeposition may be equated to a change in residual stress

within the plating material. Dilatometer measurements were carried out at IPU by Maria

0stergdrd and the results given in figs. 3.6.3.b & c. An initial inspection reveals the Ni

plating to be highly stressed in the early stages of plating with a continuous in-plane stress

of the order of 200 MPa, whereas the Cu stresses are considerably smaller yet increase in a

linear fashion with thickness.

The data sets presented in figures 3.6.3.b & c do not clearly reflect the changing nature of

the plating with thickness because the stresses measured correspond to the entire plating
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To power supply

Fig 3.6.3.a: A dilatometer, depicted above, may be used to measure residual stresses

during electrodeposition. Metal ions are electrodeposited upon a shim of metal, in this

case a steel shim of thickness 48 microns. The change in length of the shim, measured

using the sensitive strain measuring device, may be related to the residual stress state of

the plate.
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Fig 3.6.3.b: The above graph is a plot of the copper plating residual stress state as a

function of deposition thickness measured using dilatometry. An increasing tensile stress

state is seen. The magnitude of the stresses are smaller than the associated Ni stresses.
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Fig 3.6.3.c: Dilatometry results from the Ni plating bath. Large residual tensile stresses

are seen. The stress falls to a constant value of approximately 180 MPa for thick (>10

micron) coatings.
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and not the most recent deposition. Over large plating distances certain fibre textures

dominate, the data in fig 3.6.3.b & c may be used to establish whether such texture

formation reduces in-plane residual stress.

If the plating procedure is modelled as the addition of elemental thicknesses of plating

which then contract after deposition due to, for example, hydrogen desorption, then the

variation in contraction with thickness may be ascertained:

- » H

A thin layer of plate is deposited. Contraction if not fixed. Strain results from bonding.

S3.8: Deposition strains caused by an elemental layer of plate onto shim (dark) & plate.

An elemental layer of thickness AJC is deposited upon a composite comprised of a half

thickness s of shim and a thickness x of previous deposition. After deposition the elemental

layer contracts by a, straining the whole system. A stress balance gives E3.3:

(E3.3) o (Ax) =

E3.3 may be expressed in terms of strain. (The subscripts c and p refer to composite

[shim+plate] and plating).

(E3.4) |

By considering a strain balance for the system, a + £p - Ec , and eliminating ep from E3.4

it is possible to obtain the strain in the underlying composite which can then be used to

calculate the change in stress within the shim due to an additional plating of thickness Ax :

(E3.5) Aa, = 1 +
EpAx

- i

58



Chapter Three: Characterization of As-received Multilayers

Simplification of E3.5, involving the approximation Ax i s « x, leads to E3.6:

(E3.6) Ao.
Ax dx

Es{l-vc)a

The differential of the shim stress state with plate thickness may be measured from the data

presented in figures 3.6.3.C & b and used to calculate a as a function of JC.. The results are

given in figs 3.6.3.d & e. The contraction is seen to develop in differing senses in the Cu

and Ni electrodeposits; Ni is seen to contract less and Cu more. The reduction in Ni

contraction coincides with the development of a strong fibre texture.

X-ray stress measurements of all the single plating samples are presented in (T3.16):

T3.16: X-ray and dilatometry stress results for single plating specimens listed in T3.6.

Sample

Description

Dilatometer

A124-27&28

A124-21&22

of layers.

1x16 |im

25x1 Jim

250x0.1 jam

X-ray results

ar,, (MPa)

44±1

43 + 4

30 + 3

oM (MPa)

166 ± 3

160 + 45

155 ±32

Dilatometry results

o r | i (MPa)

45 ± ?

-

-

offi (MPa)

186+ ?

-

-

T3.16 suggests that the variation in residual in-plane stresses within both Cu and Ni is

small and therefore the washing procedure does not affect the deposition stress; it would

also seem that changes in texture do not clearly affect the stress state, however, the error in

the Ni readings may be masking a slight downward trend. The dilatometer and X-ray data

sets are in approximate agreement.

3.7 Multilayer microstructure as a function of wavelength.

3.7.1 X-ray microstructural observations.

Specular X-ray scans (fig. 3.7.1.a) illustrate the variations in microstructure with

decreasing wavelength within Cu-Ni multilayers of the A124-* series. The data may be

categorised into 3 groups. The first consists of the 1 and 10 micron layer thickness

multilayers where slight (1 micron) and strong (10 micron) 200 fibre textures are seen in

the Ni layers and weak 111 textures in the Cu layers. The Ni peaks are broader than the Cu

peaks suggesting a comparatively finer grain size and / or a greater defect content within
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-0.0006
0 5 10

Thickness (Microns)
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Fig 3.6.3.d: The contraction of newly deposited Cu is found to vary with thickness in the

manner described above. Surprisingly, the contraction increases with increasing

deposition.
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Fig 3.6.3.e: Ni 'contraction' results calculated from dilatometer stress readings. Initial

contraction in the Ni plating is very high then decreases gradually with increasing

deposition.
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the Ni phase. The second group contains the 0.1 and 0.05 layer thickness multilayers which

show equally strong 220 texture in both the Ni and Cu layers, suggesting possible epitaxial

correlation between layers. Finally, the 10 nm multilayer falls into a category of its own,

displaying slight 220 texture; correlation between the Cu & Ni peaks exists, as does a

distinct attractive peak displacement.

The variations are broadly consistent with literature (Foeke 1992) for the single and dual

bath techniques. Further investigation required electron and optical microscopy.

3.7.2 TEM observations of the 10 micron layer thickness multilayer.

The 10 micron layer thickness multilayer has a strong 200 fibre texture in the Ni phase (fig

3.7.1.a). Previous calculations (§3.6.1) suggest that the low intensity of the Cu peaks is a

direct consequence of attenuation through the top Ni layer. The Cu layer microstructure

(fig. 3.7.2.a) consists of equiaxed, twinned grains which are 1-3 microns in size with very

few defects. The Ni layer microstructure varies with increasing deposition (fig 3.7.2.b).

The initial Ni grain size at the Cu-Ni interface is small, (20-50 nm) and is seen to develop

into a columnar morphology containing grains which are twinned. Dark field microscopy

(fig 3.7.2.b) demonstrates the existence of a 200 fibre texture within the columnar growth

regions that develops after ~ 500 to 800 nm of growth. The Ni grains appear to be highly

defective, though this may be a result of the ion beam thinning process (see §3.5.7). There

is little evidence of the anomalous grain growth observed in the Ni dilatometer specimen,

which is curious given the almost identical plating conditions.

Fig. 3.7.2.C illustrates the planarity of the multilayer on many different scales; it would

appear that the D.C. dual-bath technique produces interfaces of remarkable planarity. The

Cu and Ni layers are of unequal thickness; the Ni (= 6.5 microns) is thinner than the Cu (=

8.2 microns). The Cu bath must have a higher current efficiency than the Ni bath. For

reasons of clarity the multilayer will still be referred to as the '10 micron layer thickness'

multilayer.

3.7.3 TEM observations of the 1 micron layer thickness multilayer.

Like the 10 micron multilayer, the 1 micron layer thickness multilayer has excellent

macroscopic and microscopic interface planarity (fig 3.7.3.a). Fig 3.7.3.b illustrates a

typical Cu layer microstructure containing grains which often span the entire layer and

contain growth twins that have twinning planes oriented 60-90° from the growth direction.
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t Growth

Fig 3.7.2.a: By thinning a 10 micron layer thickness multilayer cross section without a

mask it is possible to oblain large areas of electronically transparent Cu layering in the

same locality. The Cu layer grains are large and contain growth twins.

200 nm i t Growth

Fig 3.7.2.b: TEM image of the 10 micron layer thickness multilayer. A g = 200 (parallel

to growth direction) dark field image shows the 200 fibre texture o( the larger grams that

exist away from the Cu-Ni interface.
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100 urn

t Growth

t Growth

h'ijj 3.7.2.c: Micrographs illustraiing the planarily of the 10 micron sublayer thickness

multilayer as viewed by optical (lop) and bright field THM (middle ^ bottom). By ion

beam thinning with a mask it is possible to obtain large expanses <)\ electronically

transparent Cu/Ni interface. The growth direction is vertically up the paue.
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The Ni layer consists of 20-80 nm grains with no anomalously large grains (fig 3.7.3.C),

however, the defect content of the Ni grains is high.

When a large Cu grain is imaged in dark field at the Bragg orientation very few of the

surrounding Ni grains are excited, suggesting no epitaxy across the interface (fig 3.7.3.d).

Varying degrees of porosity are seen within the interfaces of the samples provided. The

most porous multilayer is that from the first bath, CMA-4 pictured in fig 3.7.3.e.

Texture plots (fig 3.7.3.f) suggest a very strong Ni 200 fibre texture and a weak 111 Cu

texture, however, the Cu 200 plot does have a ring of intensity at V = 17° and not the V =

54° expected for a 111 textured sample. The apparent anomaly may be explained by

twinning in the Cu layers; if one twin variant were 111 textured the orientation of the other

may be calculated assuming:

The twinning plane normal is not parallel to the growth direction.

• The common twinning planes are (l ll) and (lll)B

The direction [110],, is parallel to [110]B

• The final pair of parallel directions are flT2l and [ll2]

11 Textured ? Textured

[112]A& [lT2]B

S3.9: The growth direction of twin B may be calculated assuming the relations above.

, the fibre texture of twin B, is equal to (E3.7):

(E3.7) and thus [111],

-2/
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t Growth

t Growth

K i ^ 3 . 7 . 3 . a : M i c r o g r a p h s i l l u s t r a t i n g t h e p l a n a r i t y o f t h e I m i c r o n l a y e r t h i c k n e s s

m u l t i l a y e r a s v i e w e d b y o p t i c a l ( t o p ) a n d b r i g h t f ie ld T P . M ( m i d d l e & b o t t o m ) . The 1

m i c r o n m u l t i l a y e r is s e e n to be r e m a r k a b l y p l a n a r d e s p i t e the p o l y c r y s l a l l i n e n a t u r e o f the

Ni l a y e r i n g .
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t Growth

Fig 3.7.3.b: The Cu layers of the 1 micron thickness multilayer consist of grains which

often span entire layer thicknesses and contain growth twins. The defect content was low:

ion beam ihining is thought to induce point defects and sputter onto the sample.
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•*:«

l i y 3.7.3.c: Various low inagniricalion plan view bright fields of Ni layers troin an

electiopolished I micron layer thickness multilayer. Anomalous grain growth is not seen

in Ilie Ni mierushucluie.
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Fig 3.7.3.d: The orientational correlation between layers is small. The above dark field

micrograph contains a large Cu grain in bragg with g parallel to the growth direction. If

orientational registry exists then most of the Ni grains would be excited in a similar

manner to the copper grain; such excitation is clearly not seen.

t Growth

Ki^ 3.7.3.e: Porosity exists within the interfaces of some of the multilayers provided. The

most porous are those belonging to the I micron layer thickness multilayer, pictured

above.
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Aluminium Substrate 111 Aluminium Substrate 200
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Steel Substrate 111 Steel Substrate 200
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Z
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Nickel

Fig 3.7.3.f: Texture plots from 1 micron layer thickness multilayers deposited upon

differing substrates. The differences between the two sets are negligible despite the

differing stress states. The above data suggests that the stress state does not affect the

overall morphology of the multilayer.
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Growth > • M.

Fig 3.7.3.g: Bright field image of a Cu layer disturbance in the 1 micron layer thickness

multilayer being smoothed out by the next Ni layer. The smoothing effect seen in the Ni

layering is probably due to the levelling agenl added to the Ni bath.

1000

800 -

600

400 ;

200

0

\i v \J

Copper L edge Nickel L edge
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4 6 S
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Kij> 3.7.3.h: An SI-MF.DX lincscan parallel 10 I he growth direction clearly illustrates the

periodic variations in composition. The large electron interaction /one characteristic ol

SH.Y1 is seen to smoolh out sharp composition variations. The copper signal is grealcr than

the Ni. presumably tlue to llourescence.
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The twins have parallel 3-fold symmetry axes resulting in {111},, being parallel to

where {111} does not include (II l). A Cu 200 texture plot of variant B would therefore

have a ring of texture at ^=15.8°, correlating with the observed ~ 17° ring. Texture plots of

the 1 micron layer thickness multilayer deposited on Al and Fe substrates are shown in fig

3.7.3.f. The fibre textures are seen to be identical, suggesting there is little orientational

registry between the multilayer and the underlying substrates.

Fig 3.7.3.g illustrates a typical area where a Ni layer smoothes a disturbance in the Cu

layer. The smoothing effect is likely to be due to the presence of the levelling agent within

the Ni plating bath. An EDX linescan of the 1 micron layer taken parallel to the growth

direction shows the periodic composition variation (fig 3.7.3.h) and the difference in layer

thickness between the Cu and Ni. The higher counts associated with the Cu layers may be

due to fluorescence. The individual layer spacings are » 0.6 microns for the Ni and ~ 0.8

microns for the Cu, smaller than predicted (see §3.4). The 1 micron multilayer is seen to be

very similar to the 10 micron layer thickness multilayer.

3.7.4 TEM observations of the 0.1 micron layer thickness multilayer.

Upon decreasing layer thickness from 1 to 0.1 microns the multilayer microstructure

changes dramatically. Texture measurements from the centre of the 0.1 micron layer

thickness multilayer reveal a microstructure which is almost entirely 220 textured, as

confirmed dramatically in fig 3.7.4.a.

Edge-on TEM (fig 3.7.4.b) shows a wavy layered structure containing epitaxial columnar

regions of dimension ~ 5 microns (parallel to growth direction) by 500 nm. The columnar

regions are often twinned with the twinning plane normal lying perpendicular to the growth

direction (fig 3.7.4.c), demonstrating the close orientational registry between layers. A

characteristic doubling of all diffraction spots is seen (fig 3.7.4.d). Interfacial dislocation

arrays exist but were not clearly imaged due to the wavy nature of the interface and the

moire contrast. The layer waviness may be attributed to faceted growth, in particular (111)

layer normal facets are seen (fig 3.7.4.e) formed by the slower growth on (111) faces

compared to (220) faces (Damjanovic 1966), resulting in a loss of planarity. Individual

columnar regions are slightly misoriented to neighbouring columns (fig 3.7.4.d). The

microstructure is similar in appearance to Ag-Ni multilayers of similar wavelength (Wang

1992)
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\ 200 220

0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60

Psi Angle (Degrees) - -

Copper

Nickel

Fig 3.7.4.a: Texture plots from the 0.1 micron multilayer. Strong 220 texture is seen in

both the Cu and Ni. The maximae at Psi = 35° (111) and 45° (200) correspond exactly with

a 220 texture. The strong correlation between the phases suggests epitaxial deposition.

t Growth

Fig 3.7.4.b: Low magnification TEM bright field micrograph of the O.I micron layer

thickness multilayer showing the columnar regions of epitaxial layering.
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t Growth

t Growth

I''ij> 3.7.4.c: Twinning is scon in lhe O.I micron sublayer thickness multilayer. Twins are

seen running almost parallel to the layering normal. Such a feature can only occur if there

is orientalional correlation across the inlerface(s). Note the doubling of spots within ihe

twin | I l()| diffraction pattern.
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Fig 3.7.4.d: Edge-on diffraction pattern of a columnar region in the 0.1 micron layer

thickness multilayer showing slight misorientations between successive columns

producing an angular spread in the diffraction pattern.

t Growth

IMJ» 3.7.4.e: The layer planarity of the O.I micron layer thickness is poor. Layer kinks are

associated with facets at specific angles, in this case 35 . corresponding lo a l l l fncei in a

220 fibre textured grain. Anisotropy of deposit ion current with cryslal lographic lacei

within ihe copper layers is ihoughl to cause such planarity distortions.
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3.7.5 TEM observations of the 50 nm layer thickness multilayer.

X-ray data (fig 3.7.1.a) from the 50 nm layer thickness multilayer is very similar to that of

the 0.1 micron multilayer; the similarities extend further. Strong 220 texture in both the Cu

and Ni phases is seen (fig 3.7.5.a), suggesting epitaxial deposition. Edge-on TEM shows a

wavy structure (fig 3.7.5.b) with the layer normal varying from region to region (faceting).

Loss imaging using Cu, Ni & Co edges illustrates the waviness of the layers clearly (figs

3.7.5.c to e). The interface is defined and contains misfit dislocations which are particularly

hard to image since they have the same periodicity as the moire fringes between the two

phases. No evidence of porosity was seen.

3.7.6 TEM observations of the 10 nm layer thickness multilayer.

The 10 nm layer thickness multilayer has no strong fibre texture (fig 3.7.6.a). Fig 3.7.6.b

shows the typical microstructure observed using edge-on TEM; areas containing distinct

interfaces (e.g. fig 3.7.6.c) of periodicity greater than the 10 nm predicted exist, whilst

other regions have no defined interface yet have periodic contrast of wavelength less than

10 nm. Diffraction suggests that the interfaced regions have a 220 fibre texture and the

other areas do not, agreeing with the faster deposition on 220 observed by Damjanovic

(1966). 10 nm is close to the critical thickness for the formation of misfit dislocations; it is

conceivable that 220 oriented grains 'steal' material from the other orientations thus

creating a 20-30 nm multilayer whilst compositionally modulated coherent structures of

sub-10 nm wavelength exist in the grains of differing orientation. The microstructure

observed was very similar to previous DBT work (Haseeb 1994). No evidence of porosity

was seen. To summarise (T3.17):

T3.17: Summary ofCu-Ni multilayer microstructural observations as a function of X.

Layer

thickness

(nm)

= 8000

= 800

= 80

= 40

= 10

Current

density

A/dm 2

2

2

1

1

, 0.8

Texture parallel to

growth direction

Copper

weak 111

weak 111

strong 220

strong 220

weak 220

Nickel

strong 200

strong 200

strong 220

strong 220

weak 220

Grain size (nm)

(in plane / out of plane)

Copper

1800/1800

1800/800

300/80

200/40

N/A

Nickel

400/800

20/30

300/80

200/40

N/A

Layer

Planarity

Excellent

Excellent

Poor.

Poor

Very poor

The microstructural variations (T3.17) correlate with the deposition current density.
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220
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Fig 3.7.5.a: Texture plots of the phases present within the 50 nm layer thickness

multilayer show strong 220 texture. The texture observed is sharper than that seen for the

100 nm multilayer.

t Growth

Fig 3.7.5.1): T E M bright field showing a co lumnar layered st rue lure s imilar lo l hat

observed in the 100 nm multilayer.
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6.

Fig 3.7.5.c: Loss image of the region pictured in fig 3.3.6.b taken with an energy 'window'

over the Ni edge. The layering is particularly wavy. A standard elemental map is created

by taking an image using an elemental edge (e.g. edge 3 on the diagram below) then

isolating non-composition based contrast variations by extrapolating contrast from two

pre-edge images (e.g. taken from windows 1 & 2) to leave an image containing only

compositional variation contrast.

\w Co
\ . 779/794

m
• — ,r—rk

eV

3

Ni
855/872 eV

^ .

4

Cu
931/')51

1

eV

•
Centres: 690 750 810 885 960 eV

The Cu, Ni and Co edges are close together and therefore pre-edge aquisition becomes

more difficult as the increases atomic number. The quality of the image falls, particularly

for copper (see 3.7.5.e). Figs 3.7.5.c to e are all 'jump ratio' maps which are merely the

product of dividing the peak image by the extrapolated background from the two pre-

edges. In theory such an image is inferior to an elemental map, however, in practice the

images are often clearer.
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Fig 3.7.5.d: Co loss image of the same area as figs 3.7.5.b & c. The presence of cobalt is

clear, despite only comprising 6 at. % of the 'Ni' phase.

Fig 3.7.5.e: Cu loss image of the same area as that in figs. 3.7.5.d & c. The image quality

is poorer than the Ni image. The poorer quality may be attributed to pre-edge aquisition

problems (see fig 3.7.5.c) and radiation damage.
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V.

0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60

— Psi Angle (Degrees) •
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Fig 3.7.6.a: Texture plots for the phases present within the 10 nm multilayer. The copper

data may contain diffraction information from the copper substrate. No clear texture is

seen in either phase.

t Growth *

hiy 3.7.6.1): Edge-on THM of ihe 10 nm multilayer reveals a columnar microsiructure.

Hvidence of layering may he seen in certain areas, however, the greater part ol" I he

inicrnsirucliire does not have a multilayer morphology.
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Fig 3.7.6.c: Edge-on dark field of a region displaying periodic contrast in the 10 urn layer

thickness multilayer. The periodic nature is not easily discerned: it is possible that mislii

dislocations exist. Cu and Ni X-ray diffraction peaks of the same reflection are drawn

together as if highly strained, suggesting coherent deposition. It is possible that the greater

part of the specimen is deposited coherently whilst other regions are epitaxial with mislit

dislocations. Previous research suggests that the transition thickness is of the order o! that

observed here.
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3.8 Multilayer uniformity.

3.8.1 Preferential deposition - microstructural variations within a single specimen.

Owing to a greater flux of metal ions at the substrate edge compared to the centre,

preferential deposition occurs. S3.10 depicts a typical thickness variation.

\MMUM

S3.10: Greater flux of ions at edge (left) leads to preferential multilayer deposition (right)

Modelling of preferential deposition by the researchers at IPU suggested that only areas

approximately > 1 cm from the edge of the sample have a uniform thickness. Given that

significant microstructural changes occur upon increasing layer thickness, it is important to

ensure that no such changes occur within a single sample if it is hoped to carry out

deformation studies upon samples of uniform cross-section. Detailed uniformity studies

were carried out upon sample A124-77, supposedly a 0.1 micron layer thickness

multilayer, plated upon a 12 x 12 cm aluminium substrate (T3.8). The deposition thickness

was measured using a micrometer and was related to the applied current density. The

results are given in fig 3.8.1.a. Four samples were cut from varying positions from the edge

of the substrate (T3.18):

T3.18: Details concerning the samples used in the preferential deposition study.

Sample number

1

2

3

4

Distance from edge

(mm)

2 mm

7 mm

17 mm

40 mm

Layer thickness

(nm)

158 nm

114 nm

87 nm

67 nm

Current density

A/dm 2

1.58

1.14

0.87

0.67

Each sample was sectioned for edge-on TEM and X-ray texture analysis. Texture results

are given in fig 3.8.1.b; it is clear that a gradation in texture occurs across the substrate.
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Sample 1, taken from the edge, does not have any fibre texture, though slight Ni 200 and

Cu 111 textures are discernible, correlating with those observed for the 1 micron layer

thickness multilayers (see §3.7.3). The lack of correlation between the Ni and Cu textures

suggests a non-epitaxial deposition. As the centre of the substrate is approached a

progressively stronger 220 texture develops until eventually the final sample, number 4, is

seen to have an identical texture to that observed in the 0.1 microns layer thickness

multilayer (see §3.7.4). Samples 2-4 show a greater orientational registry between the

layers suggesting epitaxial growth is occurring.

TEM microstructural investigations reveal that sample 1 does indeed have a microstructure

similar to that of the 1 micron layer multilayer (fig 3.8.1.d). The Ni phase is seen to contain

grains of smaller dimension than the layer spacing. The Cu grains are generally larger,

often spanning an entire layer (fig. 3.8.1.c). The layer planarity of sample 1 is good (fig

3.8.].d) and may be attributed to a lack of epitaxial growth. Occasional evidence of epitaxy

exists, in particular across the Cu to Ni interface (fig 3.8.1.e), however, such growth rarely

spans more than a bilayer.

Sample 3 contains regions similar to sample 1 (fig 3.8.1 .g) with additional areas of

epitaxial columnar growth. The interfaces between the epitaxial layers do not contain

pores, unlike the surrounding areas. The orientation of the epitaxial regions varies, with

common fibre textures including 111 and 220, however, only the 220 regions are stable

over large distances (see figs 3.8.l.f & h). Possible reasons for the stability of the 220

regions include the existence of inhibitors as mentioned previously in §3.7.4 and the effects

of growth twinning (S3.11). Growth twins are commonly observed within epitaxial

regions; in general the twin plane normal is perpendicular to the growth direction.

<220> <220>

[Parent |

fTwin I

i

i

S3.ll: Texture changes accompany growth twinning in all but the 220 oriented grains.

The consequence of twinning to the stability of growth is summarised in schematic S3 . l l .

Only twinning in the 220 oriented regions results in no texture change.
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2 3 4 5
Distance from edge of coupon (cm)

1

lri\i 3.8.1.a: Plot of the thickness variation as a function of distance from the edge of

sample A I 24-77. Uniform thickness is only achieved = 3 cm from the edge of the coupon.

* i \ .
5 0 n m i t Growth

Iiji 3 .8.1. c: Bright field TEM micrograph of sample I. The microsiruciure is similar 10

that obse rved in the I micron mult i layer , but on a finer scale . The layers are

pulycryslalline with little epitaxy occuring between layers.
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100 nm i t Growth

Ki^ 3.8.l.d: Low magnification bright field TEM micrograph of sample I showing good

layer planarily. The layer planarity decreases with increasing epitaxy (samples 2-41.

similar to llie changes observed from the 1 lo 0.1 micron layer thickness multilayers.

20 nm 1 | Growth

Kiy 3 . 8 . 1 . e : A » = II 1/200 h i g h m a g n i f i c a t i o n d a r k field s h o w s Ihe l i m i i e d o r i c n i a i i o n a l

r e g i s t r y b e t w e e n l a y e r s in s a m p l e 1. E p i t a x y is r a r e ly s e e n o v e r d i s l a n c e s g r e a t e r l han a

b i l a y e r ( s ee g r a i n s m a r k e d A ) , ll w o u l d a p p e a r thai Ihe Ni l a y e r i n g is r e s p o n s i b l e lo r the

loss of e p i t a x y .
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Fig 3.8.l.f: g = 1 1 1 dark field showing an area of epitaxy o\' I I I fibre texture in sample 2.

The layering becomes more wavy in the epitaxial region in comparison to the surrounding

sample I-like microstructure.

t Growth

If'ij» 3.8.1.g: The majority of sample 2 has a similar microsliuctiire to that seen in sample I.

bin on a finer scale. The above picture depicts a large area containing essentially planar

multilayer deposition.
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2 0 0 n m I t Growth

Fig 3.8.1.h: Unlike the epitaxial 111 fibre texture regions in sample 2, the 220 regions are

stable over many layers. The stability of this texture may account for the gradual increase

in 220 texure approaching the centre of the coupon (samples 2 to 4).

t Growth

Kijj 3.8.1. i : Bright field of the same region as pictured in fig 3 .8 . l .h . The 220 epitaxial

region causes major layer planarily distorlions. The distortions are caused by the relative

increase in the copper layer lhickness.
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Preferential deposition with orientation for the copper phase results in layer planarity

distortions, for example, greater deposition in the copper layers is seen for 220 oriented

regions (upwards distortions in fig 3.8.1 -i) compared to the surrounding sample 1 -like

microstructure in agreement with Damjanovic (1966). The Ni layers do not appear to show

such depositional anisotropy, possibly due to the levelling agent. It is clear from this study

that microstructural uniformity of Al24-77 is not achieved until = 3 cm from the edge of

the specimen, which is disappointing because large sections of the samples are not fit for

mechanical testing. The existence of preferential deposition has led to an interesting insight

into the changeover of microstructure observed upon increasing layer thickness from 0.1 to

1 micron.

The most important conclusion from this study is that textural modification occurs on one

sample and thus the major change in plating condition responsible for such a change is

likely to be the current density. A change in current density appears to increase the

likelihood of porosity formation at the interface between the Ni and Cu layers and affects

the epitaxial nature of the deposition.

3.8.2 Defective multilayer deposition.

Most of the samples are essentially free from macroscopic defects, however, samples

A124-77 and A124-91 are defective, in particular A124-77, which delarninates readily (fig

3.8.2.a.) The Ni coloration of the lower delaminated surface coupled with the copper

coloration of the upper suggests that the Ni to Cu interface is weaker than the Cu to Ni, as

depicted by S3.12.

E(Cu-Ni)interface=E(Ni-Cu)interface E(Cu-Ni)interface*E(Ni-Cu)interface

z

Edge-on

crack

profile

Plan

View

Even Cu/Ni colouration Mainly Ni colouration

S3.12: Explanation as to why Ni is seen on new delaminated surface.
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Cu Surface / ' ; /

Ni Surface

Cracked multilayer on substrate Crack opened to reveal Ni surface Cu surface

Fiji 3.8.2.a: Plan view optical of the delaminaled surface of the 0.1 micron layer thickness

multilayer created in the manner shown. The colouration clearly suggests fracluiv occurs

on Ni to Cu interfaces rather than Cu to Ni. Large humps and ridges-are also seen: such

ridges iniinick those in Ihe opposing delaminaled lace.
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Edge-on TEM suggests considerable porosity exists at the Ni to Cu interface and little at

the corresponding Cu to Ni interface (fig 3.8.2.b). Previous studies suggest that the

activation energy for CU2O formation is considerably higher than that for NiO and

therefore it is more likely that Ni oxidation occurs during bath transferral. TEM (fig 3.8.2.C

& d) reveals the path of the crack to be along the porous interface. It is clear that the crack

has been deflected and ultimately halted by regions of non-porous interface (fig 3.8.2.d).

Crack deflection may explain the jagged ridges seen in fig 3.8.2.a.

Bump-like features are seen over the delaminated surface (fig 3.8.2.a), causing planarity

disturbances. Fig 3.8.2.e shows how the delaminated surface follows the contours of the

bump and how surface features are mirrored in the opposing surface. Plan view TEM (fig

3.8.2.g) suggests that the microstructure within the bump is identical to that surrounding it.

Edge-on optical microscopy reveals a possible origin (fig 3.8.2.f); occasional disturbances

occur half way through deposition causing 'comet-tail' disruption in later deposition. SEM

EDX of the defect area suggests a higher than average Cu concentration; it is possible that

such a feature may be due to particular inclusions within the multilayer structure.

Etched edge-on optical microscopy illustrates another defect type that seems stable

throughout the entire multilayer thickness (fig 3.8.2.h); SEM (fig 3.8.2J) suggests that the

layering is in fact the expected thickness (~ 0.07 microns) with periodic, thicker etched

bands corresponding to the defects observed using optical microscopy.

All defect observations may be explained by defective activation (oxide removal) between

the Ni and Cu baths; if a cleaning nozzle (which sprays the activant onto the substrate)

were to fail due to a blockage, then when a sample is replaced into the Cu bath, the area

onto which the Cu can be deposited readily is significantly reduced. Deposition on the non-

activated areas will be virtually zero or normal, yet porous, however, those areas which are

correctly activated will have much greater deposition than predicted since the same current

will be applied, as illustrated in S3.13:

(a) Oxide forms due to bad activation (b) Resultant deposition after +2 layers.

S.I 3: Locally thicker Cu layers may be formed by poor activation.
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Fig 3 . 8 . 2 . b : E d g e - o n b r igh t field T E M m i c r o g r a p h of a pa r t i cu la r ly th ick area iak .

s h o w i n g p o r o u s nature of the the Ni to Cu interface c o m p a r e d to the Cu to Ni i n t e r i m .

Such poros i ty is likely to w e a k e n the interface, leading to the de lamina t ion obse rved .



Ihr t'c:

Fi« 3.8.2.c: Optical of an edge-on section oi' the A I 24-77 multilayer. The mult i la

delaminaled before sample preparation. The sample seen here is a TEM sample, the II

results are tiiven below.

l''ij» 3.8.2.d: T l i M o f the delaminal injz crack. T o tlie left we see the p la iu in iv ol the c i .n

suy»esl in i ! it f o l l ows one interlace. T o the right such an observat ion is con f i rmed : clea

the crack fo l l ows the N i to C'u interlace. The crack is actual ly def lected hy an area u l u

the N i to Cu interlace is s l ro im.
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Ions

10 (im

sample
10 |im

sample

Ni surface

10 uni

10 urn

C u s i i r l a c o

l ; i n 3 .S .2 .O: P l a n - v i e w o p t i c a l t h r o u g h - l o c a l s c r i e s o f a t y p i c a l h u m p l"eaiuiv s e e n o n

t l c l a i n m a l e c l s u r l a c c p ic l i i iCL! in .VS.2 .a . T h e riclye l e a l u i v s fo l low t h e s i i r l a c e ol t h e

a m i a r c m i r r o r e d in t h e o p p o s i n g s u r l a c c . w h i c h is c o n c a v e .
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t Growth

Fig 3.8.2.1": Optical dark field image of an edge-on etched sample showing a larue

deposition defect causing comet-like layer disruption. Such disruption is thought to cause

the bump like features observed on the delaminated surfaces.

By sectioning the
layer distortions

one can create the
observed morphology

IMJ« 3.N.2.J»: Plan view THM section through one of the bumps showing succcsivc rums

from alternating layers within the bump. The microsliuclure within the layers is seen nut

to be different to the surroundini: microstructure.
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Growth ; ^

Fig 3.8.2.h: Edge-on etched optical of A124-77. Delects run through the sample ai angles

which vary about a common direction. Scratches due to metallographic preparation are noi

responsible for the features above because the sample was ground vertically up the page

and not at the angle seen. The layering should not be resolved optically.

t Growth

Fij« 3.S.2.i: Edge-on SEM of A124-77 shows the layering observed in I'ig 3.N.2.h

corresponds to large gaps surrounded by expected multilayer micros.lrucluiv. The gaps

may be related to poor activation (see later) during deposition.
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The activating agent was sprayed from one side of the coupon. Any protrusion would have

a greater chance of being activated and thus any prominent regions will continue to form in

future layers with slight lateral movement (S.I4).

Bumps move

(a) Wash more effective at bumps. (b) Bumps move in direction of wash.

S.I4: Directional washing can explain the observed defect bands running at angles.

Defect bands would be expected to run at approximately the same angle for one particular

area of the specimen. It is highly likely that the angle will change for a different area due to

the flow patterns on the specimen surface, as observed.

3.9 Measurement of residual stresses in as-deposited Cu-Ni multilayers.

3.9.1 Determination of residual stress state.

Given the geometry of the multilayer it is expected that the individual layers are in a state

of plane stress. The stress state may be measured using X-rays (see §2.4); if d vs. sin2 W

measurements for both +W and -W are linear and coincident then there can be no o13 or o23

stress components present. Tilting the 8 drive to positive and negative V values is not

possible on the X-pert diffractometer, however, by removing the specimen, rotating it by

180° and repeating the measurement one can achieve the same effect. Fig 3.9.1.a contains

+W and -W plots for the copper phase of a 1 micron multilayer removed from its original

aluminium substrate. The data sets are linear and coincident.

The isotropic nature of the in-plane stresses within the same 1 micron sample was

characterized using the '3-D stress' measurement technique (§2.4.1). The main difficulties

associated with the 3-D technique are the necessity to measure absolute d-spacings rather

than comparative shifts and the need to remove and rotate the sample at least three times.

Removal and rotation can lead to height changes which result in a slight 29 displacement.

A simple height misalignment of 10 microns (when measuring the Cu 331 peak at 136.5°

29) can lead to a shift in 29 of 0.01°, which can be misleading. In order to monitor absolute

peak shifts the same d-spacing (^=0) was measured for each <(> rotation, if no height

misalignment occurs each reading should be exactly the same. The results are given in

T3.19:
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m

U

0.8295

0.8294

0.8293

0.8292

T 1 1 VT~

Negative Psi

Positive Psi

I I 1 I

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Fig 3.9.1.a: In order to acertain whether a sample has any shear stress components in the

out of plane direction the variation of 'd' spacing for a particular reflection in the + psi and

- psi orientation may be measured and compared. If the variation in 'd' spacing is seen to

be the same for both + psi and - psi orientations then it may be assumed that the

aforementioned shear components do not exist. The data presented above for the Cu 331

reflection of a 1 micron multilayer removed from its Al substrate is shown to be

co-incident for the two orientations.
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T3.19: 3-D Cu 331 Stress measurement results from A124-76, substrate removed.

V(°)

0

33

42

60

Cu Stress * (MPa)

<t> = 0 °

136.378

136.450

136.476

136.533

-76 ± 4

({» = 4 5 O

136.368

136.435

136.461

136.511

-71 ±4

<j> = 9 0 °

136.371

136.440

136.462

136.512

-69 + 5

* Indicates stress calculated using sin2 *P technique for each individual ({> reading.

The data suggests that within the limits of experimental error, the in-plane stress, as

calculated by the sin2 W technique, is independent of <|) rotation, however, 20 offsets exist

between ([) data sets. T3.19 data was analysed using original software (appendix A) which

calculates the direction and magnitude of the sample principal stresses given the measured

data. The following stress state was calculated (H, are the principal stress axes written in

the lab frame).

78
0

0

0
-56

0

0
0 with H,=

0.843
-0.535

0.030

, H2 =
-0.529
0.840

-0.123

& H,=

0.092
0.088

-0.992

Since a3= -3 = 0 (within experimental error of ± 5 MPa) one may conclude that a state of

plane stress exists within the sample. The difference between the a, & o2 values may be

associated with 29 offsets resulting from height misalignment between rotations. It is likely

that all the as-received multilayers are in a state of plane stress, however, validity

measurements of all the multilayers studied would be highly time consuming; in practice

the linearity of the d vs. sin2 W plot for each sample was deemed sufficient to prove the

plane stress nature of the sample.

3.9.2 X-ray stress measurement of as-deposited multilayers on substrate.

Since the multilayers are in a state of plane stress the as-deposited stresses on and off their

substrates may be measured using the sin2*? technique, as described in §2.4.2.

Measurement of residual stresses within the Ni was complicated by the width of the as-

deposited Ni peaks. For example, the Ni 420 reflection has a FWHM of the order of 5° 28

and therefore, due to time restrictions, larger 20 step sizes were required to sample the

entire peak. An increase in step size leads to a lower d-spacing measurement accuracy,

69



Chapter Three: Characterization of As-received Multilayers

however, the Ni layer stresses and therefore peak movements (with W) are sufficiently

large to be detected. The broad nature of the Ni 420 reflection means that a LPA correction

factor must be included within the peak profile fitting equation (§2.3.5), as well as a linear

background variation. The results from the stress measurements are given in T3.2O:

T3.20: As deposited residual in-plane stresses for multilayers on their substrates.

Substrate material

Cu

Al

Fe

Fe

Cu

Layers

21 x 10 iim

200 x 1 |Lim

200 x 1 nm

100 x 1 (im

201 xO.l urn

Cu a#B_,,w (MPa)

18 ± 4

39 + 4

68 ± 5

73 ± 4

50 ±1

Ni o,n_pllinf (MPa)

252 ± 32

548 ± 30

549 + 31

314± 35

•

Only multilayers of layer thickness > 0.1 microns could be measured because the 50 nm

multilayer is very highly textured and the 10 nm multilayer peak profile is highly irregular.

All layers are in a state of tension counterbalanced by a compressive stress in the substrate

material. It is clear from the data presented in T3.20 that the 10 micron multilayer is the

least stressed of all the multilayers . A considerable tensile stress exists within the nickel

layers of all the multilayers, notably the '200 x 1 p.m' samples which have the highest

recorded stress. 550 MPa is comparable to the yield stress for certain forms of Ni (T3.21)

(Brandes 1992).

T3.21: Mechanical testing data (in MPa) for commercially pure Ni at room temperature.

Condition

Annealed

Hot rolled

Cold drawn

0.2% Proof Stress

150

200

480

UTS

400

500

660

% Elongation

40

40

25

The average as-deposited Ni layer grains are small (~ 20 nm) and highly defective. It is

likely that such a microstructure has a high yield stress in excess of 480 MPa. Sadly,

insufficient material from the single Ni plating bath was provided to carry out tensile tests

on the plate so exact yield stress values are unknown (see §5.2.10)
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Residual stress evolution within Cu-Ni multilayers was modelled using dilatometry data

presented in §3.6.3. The model assumed that each layer contracts after/ during deposition,

creating a tensile stress state in the new layer and associated compressive stresses in the

underlying material. The physical properties of each layer alternates and therefore the

situation is a little more complex than the dilatometry case (§3.6.3); the following

configuration was used (S3.15):

Ax J New layer

n,»Ax

n-n.

n =

Substrate

S3.15: Model configuration.

Following deposition of a new layer, the resulting strain state may be calculated by

considering stress and strain balances for the system, akin to E3.3 & 4. The strain in the

new plating, e/;, and the additional strain in the composite substrate (plating + substrate),

Ae(, is as follows (E3.8):

(E3.8) £ = 1 +
ErAx

- i

The strain in the substrate and previously plated layers will be altered (E3.9):

(E3.9) s => es + AEC & e(n) => e(/i) + Aec

The addition of the new layer will also alter the stiffness of the composite substrate for the

next layer and must therefore be re-calculated after each new layer is deposited using the

rule of mixtures (E3.10):

(E3.10)
sEs

s

M Ax E(n)

nAx + s
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Such a model is best handled by a computer; as deposition occurs the contraction of each

new layer alters the stress state of the underlying composite material producing an in-plane

stress depth variation. A more rigorous analysis (e.g. J0rgensen 1995) would also consider

stress variations within individual layers, however, by calculating the mean contraction of a

certain thickness of deposition from figs 3.6.3.d & e, a similar result may be achieved.

Contraction values for 1 and 10 micron layer depositions are given in T3.22:

T3.22: Calculated average contractions taken from data presented in fig 3.7.3.d & e.

Layer thickness

0.67 microns

10 microns

-0.0002

-0.0004

-0.0037 1

-0.0008 _ |

A Ni layer thickness of 0.67 was chosen since this matched the thicknesses of the layers

studied using X-ray. The simulated strain profile, e(«), for each sample was converted to a

stress profile using E3.11:

(E3.ll) o(n) = - ^ — V1 \-v(n)

The simulated stress profiles are given in figs 3.9.2.a-c, from which it can be seen that there

is a definite stress variation with depth which is greater if the substrate is more compliant.

The stress variation creates a multilayer curvature when removed from the constraining

substrate and is considered in §3.9.3. For a fair comparison between experimentally

acquired and simulated stresses it is important to realise that X-ray diffraction information

comes from only the top surface (§2.1.2) and must therefore be only compared to surface

simulated stresses (T3.23):

T3.23: Comparison between simulated and X-ray as-deposited stresses on substrates.

Substrate

Copper

Aluminium

Steel

Steel

Layers

20x10 jun

200 x 1 nm

200 x 1 |nm

100 x 1 |nm

X-ray

I 8 ± 4

39 ± 4

68 ± 5

73 ± 4

252 ± 32

548 ± 30

549 ±31

314 + 35

Simulation

65 | 255

75 ± 5 ! 643 ±13

61 ±5 I 565 + 5

60 ± 5 | 564 + 7
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Fig 3.9.2.a: Simulated through thickness stress profile for an as-deposited 1 micron

multilayer upon an aluminium substrate. The variation in thickness observed is larger than

that simulated upon an iron substrate, see below, in agreement with J0rgensen (1995).
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Steel Substrate Stress

-50 0 50 100

Distance from Substrate-Multilayer Interface (Microns)
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Fig 3.9.2.b: Simulated stress profile for a 1 micron multilayer deposited upon a steel

substrate. The superior stiffness of the steel substrate with respect to the aluminium results

in a smaller in-plane stress variation with thickness. Similar stresses are predicted for the

final deposited layers.
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Fig 3.9.2.c: The simulated stress profile for the 10 micron layer thickness multilayer

shown above agrees with X-ray stress measurements from the top surface. The stress in

the Ni phase is considerably less than that seen in the 1 micron layer thickness multilayers.



Chapter Three: Characterization of As-received Multilayers

Agreement between simulated and measured results is reasonable for the copper phase

(with the exception of the 10 micron multilayer) and a little wayward for the Ni. Both the

10 micron and 200 x 1 |im on steel sample measurements agree with the. simulation results

in the Ni layering whereas the 200 x 1 îm on aluminium and 100 x 1 |im on steel have

much lower stresses, particularly the 100 x 1 urn on steel. The lower stress seen in the 100

microns on steel sample may be associated with the differing Ni bath composition (6% Co

in the Ni compared to the other samples). The model predicts that the surface stresses for

both phases are approximately independent of substrate material. Simulation of the

deposition of 2 layers, one of Ni and one of Cu upon 198 previous layers produces residual

stresses of 603 MPa for the Ni and 69 MPa for the Cu. Such a simulation proves that after

198 layers of deposition (of the 1 micron layers) the stand alone multilayer is sufficiently

stiff to constrain new Ni layers to a stress of the order of 600 MPa (lower values were

recorded in the Fe because of the lower Poisson ratio). The stresses recorded in the

aluminium substrated multilayer are similar to that on steel in both phases, in direct

contradiction to the greater stresses predicted by the simulation, it is possible the

calculation of the Poisson ratio during simulation is incorrect resulting in a depreciation of

the effect of the previously plated multilayer.

3.9.3 Residual stresses in as-deposited multilayers removed from their substrates.

It was hoped to mechanically test stand-alone Cu-Ni multilayers, it was therefore important

to see how the residual stresses change upon release of the substrate. The tensile nature of

the individual platings coupled with the finite thickness of the substrate leads to an as-

deposited bending moment in the multilayers as depicted in fig 3.9.3.a. When the

multilayer is removed from the parent substrate the relieved moment causes a bend of

radius p. If one assumes a linear stress variation with depth in one phase then the radius

may related to the bending moment in the following manner (E3.12):

Et3

(E3.12) M = ^
12p(l--uc)

p may be measured using optical microscopy (J0rgensen et al. 1995); the limited depth of

field at high magnification provides a highly sensitive non-contact height measuring tool.

The vertical stage movement was calibrated by noting the number of revolutions and

divisions required to move the stage a known distance. Most optical stages have rulers on

their in-plane x movement stage and therefore do not need calibration. In order to measure

the radius, a length of multilayer was attached to a glass slide and then repeated height

measurements were made at equal x intervals (S.16):
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Fig 3.9.3.a: Diagram illustrating how a 'finite' substrate (i.e. one that may be elastically

deformed by the plating process) can lead to a bending moment within the plating. Each

layer deposited compresses the parent material further. The through-thickness stress

gradient manifests itself as a bend when removed from the substrate.
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Fig 3.9.3.b: Typical data set and circle curve fit used in optical bend measurements

performed on as-received multilayers removed from their substrate. The above example is

from a 1 micron layer thickness multilayer. The spatial resolution of the data collected

using the optical microscope is seen to be excellent.
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S3.16: Optical microscope method of measuring radius of curvature.

The radius may now be calculated using the following geometry (S3.17):

measured data points
as af(x,z)

* - x

r\ Vertical offset from the bottom of

the circle to the first measuring

point.

8 Horizontal offset from the bottom

of the circle to the first measuring

point.

S3.17: Schematic explaining symbols used during circle fitting.

The equation of the circle that the multilayer follows is thus (E3.13):

(E3.13)

a may be eliminated by considering the first measuring point (x = 0, z = 0):

(E3.14)

After substituting E3.13 into E3.14, z may be expressed as a function of x with two

unknowns, 8 & p:

(E3.15)
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E3.15 may then be fitted to the experimental data to obtain values of 8 & p using a utility

such as Kaleidograph. The spatial resolution of the technique is good; fig 3.9.3.b depicts a

typical set of data points and the associated curve fit. Due to a lack of specimen area only

three different samples were tested (T3.24):

T3.24: Results from optical measurements of as-deposited bending moments.

Layer thickness

(microns)

0.1

1

1

Substrate

material

Al

Al

Fe

thickness ttmal

(microns)

160 ±10

207 ±10

170 ±10

No. of

measurements

2

3

2

p (mm)

239 ± 2

170 ± 2

1090 ±70

As predicted by the earlier simulations and J0rgensen (1995), the bending moment in the

multilayer deposited upon aluminium is far greater then that upon steel. Curiously the 0.1

micron sample has a smaller bending moment than the 1 micron sample when removed

from aluminium. Given the larger contractions observed in the dilatometry experiments for

thinner Ni deposits it is somewhat surprising that the finer wavelength multilayer does not

bend more than the coarser. It is possible than the microstructural differences between the

two wavelengths may be affecting the as-deposited stresses.

The experimental curvature may be compared to the curvature of the original simulated

stress distribution. Bending moments may be easily calculated using standard beam theory,

E3.16 (Ashton 1969), where ttmal is the total thickness of multilayer and j the distance

from the neutral axis.

(E3.16) M = f°5''°'°' ajdj or, in elemental form: M = Y""'"' f ̂ - - ndj \o(n)dj

The bending moment may be used to calculate the expected radius of curvature of a

multilayer. Such a calculation may be achieved by either calculating the composite elastic

constants and using E3.16 or by applying stresses corresponding to a curvature of known

radius and varying the radius until the moment is zero. The results are shown in T3.25:
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T3.25: Simulated and experimental curvatures for multilayers removed from Al and Fe.

Substrate &

No of layers

A1200x 1.03 urn

Fe 200 x 0.85 \im

Model oCu

after bending

-284 MPa

-257 MPa

Model oNi

after bending

284 MPa

255 MPa

Model radius of

curvature

120 ±5 mm

300 ±10 mm

Actual radius of

curvature

170 ± 10 mm

1090 ±70 mm

The simulated radii of curvature are considerably greater than those measured; the stresses

within the phases are also very high and may be causing deformation within the Cu. The

most likely explanation for the apparent disparity between the model and reality is an

overestimate of the as-deposited Ni stress.

Residual stresses measured using X-ray diffraction are given in T3.26:

T3.26: Deposition stresses for multilayers off their substrates

Substrate material

Removed from Al

Removed from Fe

Removed from Cu

Layers

200 x 1 urn

200 x 1 (im

200 x 1 Jim

Cu a (MPa)

-55 ±6

-53 ± 6

-60 ±5

^Nl^^^iMPaL
234 ± 27

221 ± 10

132±6

The multilayer system has no external forces acting upon it and therefore the stresses must

balance, this is clearly not true. Possible explanations include:

• Error in the elastic constants chosen. The error in elastic constants required to alter

the current situation to a balanced scenario is huge (200%) and therefore unlikely.

• The measurement of the Ni peak movement is in error. The d vs. sin2 W plots from

the Ni phase are linear which suggest the measurements are correct.

• An external force is being applied during X-ray measurements. When a sample is

mounted upon an X-ray holder it is placed upon a plasticine lump and may be

slightly flattened until the area measured is at the correct eucentric height. The

imposed flattening could create a bending moment within the specimen. Since X-

rays only measure the top surface stress state it is conceivable that the top surface

could be in a net state of tension. Although slight external forces on the sample may

exist they do not explain why, if the sample is turned over and measured again,

similar magnitude stresses are measured in both phases.
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A third phase is present. TEM suggests that no other phases are present within the

Cu or Ni layers.

• The form of the Ni peak varies with V angle creating a stress-like peak movement.

It is likely that the Ni phase peak profile varies with W in a manner that produces a stress

measurement error when peak fitted (see chapter 4). The lack of balance ties in with the

apparent discrepancy between the bending moment measurements.

3.10 Conclusions.

The following conclusions may be drawn from the work carried out in this chapter:

Multilayer microstructure as a function of wavelength:

• Changes in microstructure as a function of wavelength exist in Cu-Ni multilayers

deposited using the dual plating bath technique. T3.17 summarises the changes

which correlate with varying deposition current densities.

Multilayer quality:

• Preferential deposition results in a varying layer thickness with distance from the

edge of the substrate. Uniform deposition is only achieved at a distance of 3 cm

from the edge (§3.8.1).

• The excellent planarity of the coarser layer thickness multilayers may be attributed

to the smoothing effect of the Ni phase (§3.7.3). The effect is impeded by epitaxial

deposition in the finer layer thickness multilayers leading to major planarity

distortions (§3.8.1).

• The quality of the interface is generally good, however, occasional poor activation

leads to a porous interface and ultimately delamination. The Ni to Cu interface is

particularly susceptible to porosity if activated inadequately (§3.8.2).

Single phase platings:

• Cu and Ni electrodeposit studies reveal that periodic washing during deposition can

alter plating microstructure for Ni, but not for Cu and may be attributed to removal

of inhibiting species (§3.6.2).

• Without the constraints of multilayer deposition the Ni plating microstructure is

found to vary significantly with plating thickness. A coarser, more textured deposit
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evolves with increasing deposition. Comparison between the mechanical properties

of the Ni within a multilayer and a sample plated solely from the Ni bath are

tenuous, the single plating is likely to have a lower yield stress than the Ni within

the multilayer.

Residual stresses within as-deposited Cu-Ni multilayers:

• As-deposited Ni is found to have a highly tensile residual stress state. The

magnitude of the tensile stress decreases with increasing deposition thickness

(§3.6.3). The Cu plate is often in a slight state of tensile residual stress.

• The finite thickness of the substrate material leads to an as-deposited bending

moment within a multilayer. When removed from their substrates the multilayers

bend; the greater the stiffness of the substrate the smaller the bend (§3.9.3).

• Highly textured deposits make X-ray stress measurement difficult. The 1 and 10

micron layer thickness multilayers are the only multilayers that may be readily

measured using X-ray diffraction (§3.9.2).

• X-ray stress measurements from as-deposited 1 micron layer thickness multilayers

removed from their substrates suggested that there is no stress balance between the

two phases; clearly this is wrong. Given the excessive width of the Ni X-ray

reflections in comparison to the Cu it seems likely that Ni stress measurements are

in error. The cause of such error is considered further in chapter 4.

In summary, the 1 micron layer thickness multilayer is the best candidate for the study of

residual stress creation during mechanical deformation. Residual stresses may be measured

using X-ray diffraction and the microstructure characterized using cross-sectional TEM.

However, the fine defective Ni microstructure may lead to both poor plasticity and stress

measurement inaccuracies; such problems may be overcome by a suitable annealing

procedure.
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CHAPTER FOUR: MULTILAYER RESPONSE TO ANNEALING

4.0 Aims.

It was concluded from chapter three that the 1 micron layer thickness multilayer is the best

candidate for residual stress analysis of a deformed model layered system. It may be

possible to improve certain aspects of the system, in particular it would be advantageous to:

(1) Reduce the defect content within the Ni grains.

(2) Increase the average grain size of the Ni grains.

(3) Relieve the exceedingly high as-deposited residual stresses.

(4) Remove traces of porosity from the interface.

Improvements (1) and (2) increase the accuracy of Ni layer X-ray stress measurement by

reducing the FWHM of the Ni peak profile. All of the improvements (1) to (4) potentially

increase the overall ductility of the system.

Annealing processes may realise such improvements. The following experimentation

studies the annealing behaviour of the 1 micron layer thickness multilayer with a view to

establishing a suitable heat treatment that does not significantly degrade the multilayer

structure.

4.1 Annealing of Cu, Ni and Cu-Ni multilayers.

A number of microstructural mechanisms occur more readily at elevated temperatures,

notably recovery, recrystallization and diffusion:

4.1.1 Recrystallization.

Recrystallization is defined as the nucleation of new grains that often grow, renovating an

entire microstructure. The main driving force for recrystallization is the reduction of local

strain energy by the removal of dislocations. Common findings regarding recrystallization

include (Mehl 1948 and Burke 1952):

• A minimum defect density is required to initiate recrystallization
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• The time required to achieve total recrystallization decreases with increasing

temperature. The mechanisms governing recrystallization follow an Arrhenius type

behaviour.

• The higher the original dislocation density the lower the temperature required to

achieve recrystallization.

• The size of the recrystallized grains depends primarily upon the density of defects,

being smaller for greater densities.

• Recrystallization occurs at comparatively lower temperatures for finer initial grain

sizes.

4.1.2 Recrystallization of Cu.

Recrystallization of Cu has been studied comprehensively, for example, Clarebrough

(1958) collected the following results for deformed pure copper (T4.1). The

'recrystallization temperature' refers to the temperature at which the first signs of

recrystallization are seen.

T4.I: Recrystallization temperatures for pure Cu; Clarebrough (1958) (0 = diameter)

Percentage deformation

before annealing

70%

50%

38%

20%

10%

Recrystallization Temperatures (°C)

Original grains 0 = 0.15 mm

237

271

302

327

411

Original grains 0 = 0.03 mm

193

227

250

293

354

Given the information tabulated in T4.1 and the low dislocation content of the as-deposited

1 -micron multilayer copper phase, it might be expected that recrystallization of thisphase

would occur at temperatures in excess of 400°C. However, electrodeposited copper is

known to anneal in a different manner to bulk pure Cu. Electrodeposited Cu has a higher

concentration of vacancies (typically 0.1 to 1 at. %), a greater dislocation density and a

greater growth twin density (Dahlgren 1974, Stoebe 1964 & Kim 1984) and has been

known to recrystallize at room temperature (Tomov 1985). Stoebe (1964) annealed copper

electrodeposited at 2.7 A/dm2 (similar to the 2 A/dm2 used in the 10 and 1 micron

wavelength multilayers) at a variety of temperatures between 150°C and 600°C; it was

noted that samples annealed at or below 200°C have a greater dislocation density than

those in the pre-annealed microstructure; the observed increase was attributed to a stress
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relieving mechanism. Stoebe (1964) also observed primary recrystallization occurring in

samples heated above 200 °C. Recrystallized grains often contain stacking faults and

annealing twins of larger spacing than the original as-deposited grains. Recent studies by

Merchant (1993, 1995) indicated that annealing mechanisms for copper electrodeposits are

more complex, and although direct comparison with this work is not possible because the

deposition conditions were not described. The micrographs presented in Merchant's work

suggest a similar microstructure to the Cu layers within the 1 and 10 micron layer thickness

multilayers. Merchant observed recrystallization occurring at temperatures as low as 150

°C, 50 °C less than the temperature recorded for rolled non-electrodeposited Cu (see T4.1).

Recrystallization temperatures are strongly affected by deposition bath conditions.

Embrittlement was observed for samples annealed at temperatures beneath the

recrystallization temperature and was attributed to the release of codeposited hydrogen

from vacancy sites into the lattice (Merchant 1993). Conversely, recrystallized deposits are

known to have enhanced plasticity, attributed to clustering of lattice vacancies (containing

hydrogen) and ultimately pore formation.

The conclusion drawn from these previous studies is that the Cu layers of the multilayers

studied in this dissertation are likely to recrystallize between 150°C and 300°C. The low

defect content of the Cu layers makes the prediction of the recrystallization temperature

difficult.

4.1.3 Recrystallization ofNi.

Recrystallization experiments upon cold rolled Ni suggested that recovery occurs after only

30 minutes of annealing at temperatures below 250 °C, with recrystallization occurring at

temperatures between 250 °C and 400 °C (Bollmann 1959, Makita 1988).

Recrystallization temperatures are dependent on deposit thickness; the thinner the foil the

higher the temperature (Weil 1967). A 0.13 micron thick deposit was seen to recrystallize

at a temperature of 310°C, higher than the 210°C measured for 'bulk' deposits.

The recrystallization temperatures observed are broadly consistent with those observed in

electrodeposited Ni studies. The Ni recrystallization temperatures are consistently higher

than the corresponding Cu values owing to the higher melting point of Ni (1453 °C c.f.

1086 °C for Cu). Previous work suggests that the Ni layers from the 1 micron layer

thickness multilayer are likely to recrystallize at or around 300 °C.
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4.1.4 Interdiffusion of Cu-Ni multilayers

The Cu-Ni multilayers studied within this dissertation are two phase materials. When

heated, the layers are likely to interdiffuse. Interdiffusion is not desirable for a number of

reasons: any alloyed material will have differing elastic properties from the surrounding Cu

and Ni, complicating stress analysis and the abrupt, planar nature of the interface between

the individual layers may degrade. If the 1 micron layer thickness multilayers were to be

heated in order to enhance their overall suitability it is necessary to ensure that little or no

interdiffusion occurs.

The questions concerning interdiffusion that need to be answered include:

• At what temperature & annealing time would interdiffusion become significant?

• Does the multilayered structure affect the annealing kinetics for the individual

layers?

4.1.5 Cu-Ni interdiffusionr.

Interdiffusion in Cu-Ni bilayers & multilayers has been studied by Venos (1988), Roll

(1982), Landergren (1956) & Mehl (1961). Both the Venos and the Roll studies utilise

Auger electron depth profiling in order to measure concentration profiles of annealed

multilayers. Venos separated grain boundary and lattice diffusion effects to obtain the

following values (T4.2) for activation energy and Do for fine wavelength multilayers (<

100 nm) over the temperature range 250 °C to 400 °C.

T4.2: Cu-Ni interdiffusion coefficients between 250°C to 400°C (Venos 1988)

Diffusional Mechanism

Lattice

[ Grain Boundary

Activation Energy (eV)

1.1

0.3

DQ (cmV)

1.4x10"'°

2.3 xlO"13

Actual D values may be calculated from the data presented in T4.2 using E4.1:

Further diffusion measurements by Venos (1989) confirmed diffusion values obtained for

grain boundary diffusion by studying bilayer diffusion. The activation energy results from
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the experimentation carried out by Roll are similar, yet do not account for both lattice and

grain boundary diffusion. The results from Roll and Venos are compared in T4.3.

T4.3: Comparison of inter diffusion values between Venos (1988) and Roll (1982)

Roll, General Interdiffusion

Venos, Grain Boundary Dif.

Venos, Lattice Diffusion

D@525K(cmV)

<lxlO~18

3xlO~16

3.9 xlO"21

D @ 7 2 5 K ( c m V )

>2xlO"16

1.9 xlO"15

3.2 xlO"18

Both Roll and Venos assume a sinusoidal composition variation whose amplitude changes

with a time; such an assumption is reasonable for SBT multilayers of layer thickness < 50

nm but is less reasonable for coarser layer thickness DBT multilayers whose original

profile can never be approximated by a sine function. None of the studies have accounted

for an interdiffusional variation with composition, yet it clearly exists: Cu diffusion into Ni

is slower than Ni diffusion into Cu. Landergren (1956) & Mehl (1961) measured

interdiffusion data for a variety of compositions in the Cu-Ni system. Measurements were

carried out at temperatures greater than 600°C because interdiffusion at lower temperatures

is slow and therefore requires unreasonably high spatial resolution for useful composition

profile measurements. The results were used to create a simple model that was capable of

simulating interdiffusion within the 1 micron layer thickness multilayer:

4.1.6 A new interdiffusion model.

Landergren (1956) & Mehl (1961) suggest that at = 600°C the interdiffusion coefficient,

D, varies in the following fashion (E4.2):

(E4.2) \ogD = mC(x,t)

Lower temperature data may be attained by linearly extrapolating data from higher

temperature data using a plot of logD vs T'1 (fig 4.1.6.a). The following fit (E4.3) was

calculated (E4.3):

(E4.3) logD = 2.9187(?)-* 0776 C(x,t) 0.1317-14.567

(D in the above equation is given in cm2s1)
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E4.3 does not account for any microstructural effects, it is a lattice interdiffusion

coefficient. The Ni layers within the 1 micron layer thickness multilayers consist of fine

(20 nm) grains that have a large grain boundary area density. E4.3, therefore, gives a lower

bound estimate of the interdiffusion that may occur. The use of E4.3 is justified given the

large Cu layer grain size and the possibility of rapid recrystallization and grain growth in

the Ni layers at elevated temperatures.

The diffusion model is based upon Fick's 2nd law of diffusion (E4.4):

(E4.4)
dC(x,x) = df-dC(x,x)

dx dx

C(JC,T) represents the fractional Cu content within the multilayer as a function of position

and time. The fractional Ni composition profile may be readily calculated using the

conservation of mass (E4.5):

(E4.5) = \-CCu(x,x)=l-C(x,T)

Obtaining a mathematical solution to C(x,x) is difficult. However, it is possible to

compute a solution by considering finite elements of thickness dx and associated interfacial

fluxes as a function of time. An initial composition profile C(.x,0) is pictured in (S4.1):

Cu Ni Cu Ni Cu

C(x,0)

S4.1: The multilayer may be treated as series of finite elements of varying composition.

For each time interval dt a flux of Cu, J, crosses the boundary between elements n and

n+l (E4.6):

(E4.6)
\)dx,x)-C(ndx,x)

dx
D(C)
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Fig 4.1.6.a: Interdiffusion coefficient values for the Cu-Ni system as a function of

temperature and Cu content, extrapolated from data presented by Balakir (1984). The

interdiffusion co-efficient is seen to vary significantly with composition.
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Fig 4.1.6.b: Results of the bulk lattice diffusion model (§4.1.6). It is clear that

interdiffusion occurs during 48 hours of annealing at temperatures above 300 °C. The

abrupt composition change at the edge of the Ni layer compared to the Cu-rich layer is due

to the variation in interdiffusion coefficient as a function of Cu content.
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where C = 0.5[c((n + l)<ix,x) + C(ncix,x)]

The composition change within an element n after each time iteration of length dt is (E4.7):

(E4.7) AC(ndx,x) = -
d

and therefore C(ndx,x + dx) = C(ndx,x) + AC(ndx,x)

Greater accuracy is achieved by using thinner elements and shorter time increments.

Computing time limits the size of the elements. Each of the 4 layers considered in the

simulation were divided into 20 elements. If dx and/or dx are too large then nonsensical

results occur (i.e. C(x,x)>l); such errors are easily avoided by ensuring that no single flux

results in a fractional composition change greater than ~ 0.25 between elements per

iteration, i.e. mathematically (E4.8):

(E4.8) dx = ̂ ssL or i £ L which ever is smaller
4 4D

The results from simulated annealing for 48 hours at a variety of temperatures are given in

fig 4.1.6.b. The data suggests that in the absence of grain boundaries and/or stresses

interdiffusion becomes significant at temperatures in excess of 300°C. It is interesting to

note the form of the diffused profile at 400°C; the Cu rich layers are seen to broaden and

have a variation in concentration approaching the 'interface' with the Ni. The Ni layers

have a distinct edge. The asymmetry of the interface profile may be attributed to the

calculated variation in the interdiffusion coefficient with composition. The rapid increase

as the Cu concentration increases results in Ni atoms which have diffused a small distance

into a Cu rich region being diffused at a greater and greater rate into the central bulk of the

Cu rich layer.

The diffusion simulations suggest that the 1 micron layer thickness multilayer may be

annealed at 300°C for 48 hours without serious multilayer degradation.

4.1.7 Diffusion induced grain-boundary migration.

DIGM was first reported in 1938 (Rhines) and subsequently by den Broeder (1972). The

process is defined as being the movement of a boundary between two phases with an

associated diffusive flux of solute along the migrating boundary. When describing a dual

phase system within which DIGM is known to occur the first named phase is considered
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the solvent, the second the solute. DIGM commonly occurs in dual phase systems annealed

between 0.3 to 0.5 Tm of the solvent phase where lattice diffusion is essentially 'frozen out'.

DIGM may occur at higher temperatures, though DIGM processes are not easily

differentiated from parallel bulk diffusion phenomena (King 1987). Various systems have

exhibited DIGM, the most relevant being Cu-Ni (Grovenor 1982, den Broeder 1983,

Nakahara 1983) and Ni-Cu (den Broeder 1983, Mittemeijer 1980). A more comprehensive

review is given by King (1987). Common DIGM observations include:

• Boundary migration geometries.

DIGM is often characterized by the occurrence of 'bulging' boundaries along the parent

boundary line (see S4.2). Cahn (1979) reported that the smallest 'bulge' perturbations are ~

50 nm in diameter. The variation of DIGM rate along differing boundaries leads to faceting

of the emerging 'bulge'. Boundaries with high CSL meshing are thought to have a slower

DIGM rate compared to high angle boundaries (Fu Sen Chen 1986).

B

S4.2: Early stages of DIGM. An interphase 'bulge' (C) forms by GB movement coupled

with diffusion of solute (A) into solvent (B), ultimately producing a faceted, alloyed region.

• Dislocation arrays.

A network of dislocations are often observed at the original position of the boundary

(Hillert 1978).

• Volume change.

The Cu-Zn system exhibits a good example of typical volume changes that may occur

when a new alloyed phase is formed. When Zn vapour is passed over a polished Cu surface

DIGM occurs producing an alloyed phase which stands proud from the polished surface

suggesting that the alloyed phase has undergone a volume expansion. It has also been noted

that severe buckling of TEM foils containing DIGM occurs (King 1987); the buckling may

be attributed to the lack of three dimensional constraint within a thin foil. DIGM is faster
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within thin films than within bulk materials suggesting that DIGM is affected by stress

(Shewmon 1983).

• Time dependence.

It has been noted by Garke (1986) that a short incubation period is required before the

onset of DIGM.

• Composition profile.

EDX of DIGM areas suggests that there is a sharp increase in solute concentration at the

position of the original boundary, which tails off to an almost uniform composition within

the new alloyed region (Ballufi 1982).

• Grain size dependence.

The average DIGM distances in Cu scales with the original grain size if all other conditions

are held constant (Garke 1984).

4.2 Characterization of annealed Cu-Ni multilayers.

4.2.1 X-ray scans of annealed multilayers

In the light of the interdiffusion calculations (§4.1.2) it was decided to anneal multilayer

samples at temperatures of 200°C, 300°C & 400°C for 48 hours. The following 1 micron

multilayer samples were annealed in order to compare differences due to substrate material

and as-received stress state:

200 layers upon an aluminium substrate (A 124-76)

• 200 layers upon a steel substrate (A 124-91)

• 100 layers upon a steel substrate (CMA4)

• 200 layers removed from aluminium substrate (A 124-76)

• 200 layers removed from steel substrate (A 124-76)

• 200 layers removed from copper substrate (A124-4)

Four small sections of approximate size 10x8 mm were cut from neighbouring regions of

the as-received samples. The samples were annealed in an inert atmosphere of argon at the
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Stripped Cu 311 reflections:

200 layers on aluminium

Stripped Ni 200 reflections:

200 layers on aluminium

200 layers off aluminium 200 layers off aluminium

C/3

<U

200 layers off Cu

51.5 29 52

200 layers off Cu

52.5

51.5 29 52 52.5

300°C 1 400°C

Fig 4.2.1.a: Stripped Cu 311 & Ni 200 X-ray scans from the annealed multilayers. Note

the 'double peak' profile of the copper reflections from the samples annealed at 300QC. The

Ni 200 peak is seen to sharpen with increasing annealing temperature.
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Stripped Cu311 reflections:

200 layers on steel

C/3

o

c/5

Stripped Ni 200 reflections:

200 layers on steel

to

200 layers off steel

51.5 29 52

200 layers off steel

52.5

100 Layers on steel 100 layers on steel

51.5 29 52

300°CKey:

Fig 4.2.1.b: Stripped Cu 311 & Ni 200 X-ray scans from the annealed multilayers. Note

the 'double peak' phenomenon seen in the Cu 311 reflection from the 200 layer samples

annealed at 300°C is not seen in the scan of the 100 sample. The Ni 200 peak is seen to

sharpen considerably with increasing temperature.
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specified temperatures with one sample being retained as an as-received comparison. Initial

characterisation was achieved using specular X-ray diffraction of the major reflections,

111, 200, 220 & 311. Upon heating to 400°C the '200 layers on Al1 sample delaminated

(presumably due to the thermal mismatch stresses generated during heating, see §4.2.6).

X-ray specular scans of the Ni 200 and Cu 311 reflections are presented in figs 4.2.1 .a & b.

The Ni 200 reflection was chosen because the Ni deposit is highly 200 textured. The Cu

311 reflection was chosen because the higher diffracting angle (89° 20) leads to better

feature resolution, c.f. lower angle reflections (see §2.5.1). Three important observations

stand out from the data presented in fig 4.2.1 .a & b:

• The FWHM of the Ni 200 reflection is seen to decrease with increasing annealing

temperature.

• The Cu 311 profiles from samples annealed at 300°C have two maxima. (The

profiles have already been stripped of their Ka2 component).

• The position and form of the Cu 311 peak recorded from samples annealed at 400°C

is seen to vary from sample to sample.

All the observations are discussed in detail within the following sections (4.2.2 to 4.2.6):

4.2.2 X-ray analysis of microstructural changes within Ni during annealing.

The FWHM of an X-ray peak profile is related to the size of the diffracting crystallites and

their defect content (§2.2). A reduction in FWHM may be attributed to either a reduction in

the average defect content or an increase in the average grain size. The Ni 200 scans were

fitted using Lorentzian functions and their FWHMs plotted as a function of temperature.

The results are presented in fig 4.2.2.a. A distinct reduction in FWHM is seen for samples

annealed at temperatures at or above 300°C. If it is assumed that there is no instrumental or

dislocation broadening contributing to the measured FWHM, it may be related to a

crystallite size using E2.11; the calculated crystallite size is a lower bound estimate. The

average calculated as-deposited crystallite diameter lies between 10 and 15 A, considerably

smaller than that observed using TEM (20 to 50 nm, see §3.7.3). Since TEM suggests that

dislocations do exist it seems reasonable to conclude that both dislocation and crystallite

broadening is occurring. Annealing at 200°C is found to slightly reduce the Ni 200 FWHM

for most samples except for the massive reduction observed for the '100 layers on steel'

sample. Small FWHM reductions may be attributed to a lowering of crystallite defect

density. Samples annealed at higher temperatures are seen to have very small FWHMs, ~

0.2° 29; such FWHM values are close to that associated with instrumental broadening and

so care must be taken when interpreting such data. (Cullity 1959).
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Fig 4.2.2.a: Variation in the FWHM of Ni 200 X-ray peak profiles as a function of

annealing temperature for 48 hours. All samples (except the 100 layers on Fe) are seen to

have sharpened profiles after annealing at 300°C and above. The 100 layers on Fe sample

has a greater as-received Ni 200 width possibly reflecting the greater defect content in the

as-deposited structure. The greater defect content may be responsible for the observed

lower sharpening temperature.
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It is likely that recrystallization and grain growth are occurring. TEM was used to establish

the microstructural changes within the Ni layers of the 1 micron layer thickness

multilayers. Edge-on TEM of the Ni layers from a sample annealed at 300°C reveals two

distinct Ni layer forms, type 'A' and 'B' : type 'A' (fig 4.2.2.b) grains are ~ 30 - 100 nm in

diameter with a lower defect concentration compared to the as-received microstructure.

The interface between type 'A' Ni and Cu was found to be rough (fig 4.2.2.c). Roughening

may be attributed to faster diffusion along the Ni grain boundaries at such low annealing

temperatures (S4.3):

S4.3: Retained fine Ni grains at 300"C lead to a roughened interface due to GB diffusion.

The type 'B' microstructure contains recrystallized Ni grains which are large, span an entire

layer (fig 4.2.2.d) and often contain pores (fig 4.2.2.e). Type 'B ' comprises ~ 70% of the

Ni layer microstructure. The interfaces between the Cu and type 'B' grains are essentially

planar. The evidence suggests that recrystallization occurs before, or at a faster rate than,

diffusion along the Ni grain boundaries. In the regions where type 'B ' microstructure is

seen the ratio of Cu layer thickness to Ni layer thickness,/, is = 0.54 suggesting little or no

movement of the interface has occurred (originally t was 0.55). The Cu layers within the

samples annealed below 300°C do not appear to have altered in any way. At or above

300°C, however, the microstructure changes considerably. Such changes, discussed in

§4.2.3, do not appear to affect the Ni microstructure and thus may be considered

independent of annealing processes within the Ni phase.

No significant angular movement of the Ni peak profile was observed for samples heated

below 400°C suggesting near pure Ni composition in the Ni layers.

The lower Ni 200 sharpening temperature of the '100 layers on steel sample' may be

attributed to a greater as-received defect content characterized by the broader as-deposited

peak width (fig 4.2.2.a). The increased defect density may promote recrystallization at the

lower observed temperature of 200°C.
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Fi<^ 4 .2 .2 .b: Bright field illustrating type 'A' Ni layer microstructure observed within the

300 C annealed 1 micron layer thicknesss multilayer. The Ni grains do not appear to have

recrvstallized. Diffusion alone era in boundaries is seen to result in a roughened interlace.
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r o u n h e n e t l i n t e r l a c e c l e a r l y .
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Kiji 4.2.2.d: The type 'B' Ni microstructure within the annealed 1 micron layer thickness

multilayer contains rccrystallized grains. The interface with the surrounding copper is

Hatter than that characteristic of type 'A'. Both types co-exist within the same sample.

Kiy 4.2.2.c: Pores are often seen within the recrystalli/.ed Ni grains, as illustrated In the

above Iresnel pair.
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4.2.3 Origins of the annealed Cu double peak profile - an overview.

Cu peaks with two maxima are seen for most of the samples annealed at 300°C for 48

hours (figs 4.2.1.a &b). The lower angle maximum is at the position corresponding to pure

Cu, the other is displaced towards a higher angle. It would seem that the Cu microstructure

has become heterogeneous; possible explanations for such an observation include:

(1) The Cu grains are inhomogeneously strained.

(2) A new intermediate phase of specific composition has formed.

(3) Diffusion has occurred resulting in regions of alloyed and pure Cu. The alloyed

regions are essentially uniform in composition.

Explanation (1) is considered to be unlikely. The peak shift observed in the '300°C on

steel' sample is = 0.53° 20 corresponding to 0.46% elastic strain or 500 MPa in the Cu

layers, considerably greater than the yield strength of Cu.

Explanation (2) would be surprising given the complete solid solution that exists between

Cu and Ni. No other record of an intermetallic phase exists.

Explanation (3) is plausible if DIGM occurs and is considered further.

(The Ni rich Cu regions are termed 'alloyed regions/grains' in the following work.)

The second maximum of the Cu 311 X-ray profiles (figs 4.2.1.a &b) suggests that the

alloyed crystallites must have a composition distribution about a common value. The

amount of bulk lattice diffusion required to produce the observed alloying is greater than

predicted by diffusion simulations (§4.1.6). By simulating a diffraction profile from the

results of §4.1.6 and comparing with the observed data it may be seen that even 400°C

interdiffusion results cannot readily explain the profile observed (fig 4.2.3.a). Further

investigation requires more detailed microstructural information.

4.2.4 Characterization of alloyed Cu regions using TEM EDX.

Composition profiles on a microstructural scale were characterized using TEM. X-ray data

(§4.2.2) suggests that the Ni layers are essentially pure, however, EDX suggests that the

layers contain 12 at. % Cu (fig 4.2.4.a). The large interaction zone coupled with the

proximity of the neighbouring layers is clearly affecting the EDX data. Comparative EDX

measurements, however, are of use. The contribution from neighbouring layers may be

kept constant by ensuring that the electron beam is kept at the same distance from each
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Fig 4.2.3.a: Simulated X-ray profiles (top) calculated using the results from the

interdiffusion model are compared to actual experimental data (bottom). In reality the Cu

peak is seen to 'double', consisting of a pure and alloyed peak components. The alloyed

peak is centred around a particular composition of Cu-Ni alloy.
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Fig 4.2.4.1): Conventional TEM EDX along a Cu layer indicates that compositional variations exist. The recorded c

absolute (see fig 4.2.4.a), they may be only interpreted in comparison to neighbouring Cu grains.
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interface for each measurement. If the surrounding layers do not have a large thickness

variation then any recorded composition variation is real. TEM EDX studies suggest a

variation in composition along a single Cu layer exists (fig 4.2.4.b). The localised areas

within the Cu layer may be divided into two different composition types: areas of ~ 24 at.

% Ni and areas of ~ 12 at. % Ni. It is conceivable that the 12 at. % Ni variety correspond to

the first maximum of the Cu 311 peak observed. X-ray results suggest that the first

maximum corresponds to diffraction from pure copper; given the large electron interaction

zone the 88 at. % Cu measurement is likely to correspond to pure Cu.

4.2.5 Characterization of alloyed areas within annealed Cu layers using loss imaging.

The spatial resolution of composition variation using TEM loss imaging is greater than that

for TEM EDX. The distribution of Ni atoms within a Cu layer was characterized using loss

imaging on a Joel 4000FX electron microscope with Gatan imaging filter. Alloyed

grains/areas are clearly seen by filtered imaging using the Ni edge (fig 4.2.5.a). An abrupt

composition change is seen at the edges of the alloyed zones, not the smooth variation

characteristic of lattice diffusion. A filtered bright field image taken of the same area is

given in fig 4.2.5.b. The edge of the diffused zone is seen to coincide with a grain

boundary. The intensity within the alloyed areas is essentially uniform, suggesting a

uniform composition. Conventional TEM of the same area (2000FX) is given in fig 4.2.5.c

& 4.2.5.d. The boundary is seen to correspond with that seen using loss imaging. The new

alloyed grain did not have an obvious crystallographic relation with the neighbouring grain

as demonstrated by Kikuchi patterns (fig 4.2.5.e & f) taken at positions 'X' and 'Y' on fig

4.2.5.c. The lack of orientation relation provides concrete evidence that simple bulk lattice

diffusion has not occurred.

The type 'B' microstructure, defined in §4.2.1 may also be seen using loss imaging. Figs

4.2.5.g & h show Cu-rich grains intruding into the Ni layering.

The grain geometries (angles of boundaries, etc.) of some of the grains within the annealed

Cu layer structure are unlike those seen in the as-deposited multilayer, suggesting that

some form of grain renovation has occurred. Given the low defect content of the as-

deposited Cu it seems unlikely that recrystallization (in the classical sense) occurs, it is

more likely that DIGM is occurring. DIGM may alloy a high proportion of the Cu

microstructure because of the high Cu-Ni interface area density. TEM suggests that a high

proportion of the Cu grains are alloyed and have a near uniform composition corresponding

with the observed second X-ray Cu 311 maximum. Ma (1995) also observed near uniform

composition within alloyed regions resulting from DIGM in the Cu-Ni system.
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Fig 4.2.5.a: Ni loss image of the 300°C annealed multilayers. White indicates a strong Ni

presence. Ni content is seen to vary along the Cu central layer. The alloyed Cu / pure Cu

interface is seen to be distinct. The alloyed region has a uniform composition.

Fig 4.2.5.b: An energy loss bright field of the area shown in fig 4.2.5.a. The edge of the

alloyed zone is seen to correspond to a boundary in the microstructure. Grains within the

alloyed areas are seen to have more 'curved' boundaries than those in the pure Cu.



Fiji 4.2.5.C-: Bright Held of the same region as that in fig 4.2.5.b taken using convemu.nal

TEM. The distinct boundary observed in fig 4.2.3.e is seen more clearly. The labelled

grains correspond to figs 4.2.5.C & f.

I'i« 4.2.5.(1: Dark Held of the grain at the edge of the alloyed /one. The boundarx is

clea.K disunct and may contain interlace dislocations. The parent C'u gram is not seen lo

be excited suggesting a lack of onenlational registry.



A',

Fij» 4.2.5.e: C B E D pattern taken from the grain labelled 'X' in fig 4.2.5.C which was at the

edge of the alloyed region. The grain is seen to be oriented just off the [ 1 10] /one .

hij" 4.2.5.1": C'BIiD pallem from the parent unalloyed Cu gram mio which gram ' Y is

'jrowing, h is clear that the main 'Y' is ol an entirely different orientation lo 'X
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Cu grains extend into Ni

f

Fig 4.2.5.g: Ni loss image of type 'B' Ni morphology. White corresponds to high Ni

intensity. Cu grains extend into the Ni layering producing a roughened interface. The Cu

grains produce the darker areas within the Ni layering.

Fig 4.2.5.h: Filtered energy loss bright field taken from the same region as that pictured in

fig 4.2.5.i illustrating the accompanying microstructure to the Ni loss image.
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4.2.6 Characterization of alloyed Cu regions using X-ray.

The alloyed Cu grains are seen to have near uniform composition. X-ray peak profile

fitting may be used to characterize the exact composition and approximate volume fraction

of the alloyed Cu. If it is assumed that both the diffraction maxima within the Cu profile

are Lorenztian in form one may fit the Cu profile using (E4.9):

(E4.9)
D2

+ 1
- i

B'
(D'f

+ 1

- i

Fitted Cu 311 X-ray peak profiles are presented in fig 4.2.6.a. The double Lorentzian

appears to fit the data remarkably well. The percentage of alloyed Cu may be calculated

from the integrated intensities of the first and second peaks comprising the 'double

Lorentzian' form, however the results are only an approximation since the texture of the

alloyed grains may be different to the original as-deposited microstructure. The average

composition of the alloyed regions may be calculated from the angular separation of the Ni

and Cu 311 (alloyed) peaks assuming both a Vegard's law behaviour (§2.2.2) and no

interdiffusion within the Ni grains. The results are presented in (T4.4):

The diffused component of the copper microstructures appears to have a uniform

composition between 14 to 18.5 at. % Ni. The percentage of diffused material varies

considerably with sample.

T4.4: Results ofCu 311 peak fitting for all the samples annealed at 3 00° C for 48 hours.

Sample

200 layers on steel

200 layers off steel

200 layers on Al.

200 layers off Al

200 layers off Cu

100 layers on steel

%Cu311 Diffused

59.3

60.2

56.0

34.6

28.4

<2

A29 At % Ni of 2nd peak

0.527 ±0.002 | 17.4 + 0.4

0.5598 + 0.002 18.5 ±0.4

0.4472 ±0.002 | 14.8 ±0.4

0.5156 ±0.002 | 17.0 ±0.4

0.4227 ± 0.002 13.95 ± 0.4

N/A I N/A

Various Cu X-ray reflections from the '300°C on steel' sample are fitted and presented in

fig 4.2.6.b. The results from the fitting parameters are given in T4.5:
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Fig 4.2.6.a: Stripped Cu 311 X-ray peak profiles from all the samples annealed at 300°C.

The profiles are fitted with (dashed) double lorentzian functions. The quality of fit is

excellent. The fitting parameters were used to calculate the fraction and average

composition of the alloyed material.
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Cu 111 scan Cu 200 scan
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Cu 220 scan
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Fig 4.2.6.b: Fitted X-ray scans of differing reflections from the '200 layers on steel1

sample heated to 300°C. Theoretically, interdiffusion should not be crystallographically

dependent, however it is clear from the above scans that the degree of interdiffusion varies

with orientation. Crystals oriented with 220 parallel to the growth direction are seen to

interdiffuse more than most other orientations.
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T4.5: Peak fitting results from various reflections from the 300°C!200 layers on steel.

Cu Reflection

111

200

220

311

% of Cu Diffused

52

70

77

60

A20

0.204 ± 0.002

0.251 ±0.002

0.414 ±0.002

0.520 ± 0.002

at. % Ni of Diffused

17 + 2

17.8 + 0.8

18.2 + 0.6

17.4 + 0.4

The percentage of alloyed Cu material clearly varies with reflection. The composition of

the diffused Cu does not vary with reflection chosen (though small variations are of a

similar sign to the changes in the % interdiffused).

It would appear that alloyed regions formed by DIGM have a uniform composition

irrespective of crystallographic orientation. The variation in percentage alloyed with

reflection may be attributed to texture changes, corresponding with the lack of orientation

relation between the alloyed and parent grains studied in §4.2.5.

The alloyed regions may potentially complicate X-ray stress analysis for the reasons

outlined in §4.1.4. Microstructural evidence from §4.2.2 suggests that the changes within

the Ni microstructure are independent of the DIGM effect. It may be possible to anneal the

multilayers for a shorter time in order to give the desired sharpening of the Ni reflections

with negligible alloyed Cu formation.

4.2.7 In-situ hot X-ray analysis of Cu-Ni Multilayers.

In situ annealing studies were carried out using hot-stage XRD in order to see how the

microstructure develops over time, in particular whether Ni peak sharpening may be

achieved without Cu phase alloying. 'Hot X-ray' studies were carried out at Ris0 National

Laboratories using a Stoe powder diffractometer. A schematic of the heating stage is given

in S4.4.

X-Rays A: Filament ribbon

B: Metallic supports

C: Thermocouple

D: Sample

S4.4: Cross-sectional view of the Stoe XRD heating stage.
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The filament consists of a platinum strip element held between two metal supports. The

temperature of the filament was controlled by a thermocouple attached to the lower side of

the filament. Sadly, due to thermal expansion effects, the precision of specimen height

positioning was not sufficient to guarantee accurate stress measurements. The filament is

surrounded by a water-cooled casing with a polymeric window capable of enclosing the

filament within a chosen gaseous atmosphere, in this case nitrogen. The intensity of

detected X-rays was severely reduced by the polymeric window, making measurement of

low intensity reflections (e.g. those at high angles) difficult..

A '200 layers off steel' sample was electropolished to remove oxide then placed on the

filament. The sample was heated to 300°C (as indicated by the controlling thermometer) for

35 hours. The Cu 111 and Ni 111 peaks were scanned repeatedly. Both the 111 reflections

were chosen due to their high signal to noise ratio. The X-ray data was fitted with single

and double Lorentzian functions to measure the variation of the FWHM of the Ni peak

profile and the emergence of the alloyed Cu phase. The results are given in fig 4.2.7.a & b.

The Ni peak FWHM falls dramatically within the first few hours of annealing then

stabilises at a constant value. The appearance of the alloyed Cu phase is far slower than the

sharpening of the Ni peak and appears to follow a parabolic growth rate. Ni

recrystallization may be occurring, but without direct TEM evidence it is not possible to

say for certain. The parabolic growth rate may be attributed to the impingement of growing

alloyed regions.

The final percentage of alloyed Cu is considerably lower than in the previous 300°C

annealing experiments carried out at Cambridge using an identical sample; concern was

raised about the thermal contact between the filament and the sample especially since

previous experiments had left a thin powder-like residue 'welded' onto the filament

surface. A thermocouple was used to compare the displayed temperature and that at the top

surface of the sample. A temperature difference of-15°C at 300°C was noted and therefore

the experiment was repeated with the filament controller set at 315°C. The results are

shown in fig 4.2.7.c & d. The results suggest that the 15°C increase dramatically increased

the rate of both defect reduction / recrystallization in the Ni phase and the rate of alloying.

The Ni 111 peak FWHM is seen to fall to a constant value after only an hour of annealing.

The final percentage of Cu that had interdiffused was nearer the 60% measured in §4.2.5.

It is clear that the extent of Cu layer alloying and speed of recrystallization / defect

reduction within the Ni are highly temperature sensitive. It is plausible that the varying

extent of interdiffusion observed for samples annealed upon differing substrates may be a
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Fig 4.2.7.a: In-situ X-ray measurement of the FWHM of the Ni 111 peak during

annealing at 285°C. The FWHM may be related to the size and defect content of the

diffracting crystallites. A great change in the Ni microstructure is seen gradually over 10

hours.
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Fig 4.2.7.b: 'Double Lorentzian1 peak fitting results from the Cu 111 peak profile as a

function of time during annealing at 285°C. Here we see a steady growth in the fraction of

alloyed Cu (P2) with time. This process is occuring at a differing rate to the Ni

microstructural changes.
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Fig 4.2.7.C: In-situ X-ray measurement of the FWHM of the Ni 111 peak during annealing

at 300°C. The Ni peak sharpens at a much faster rate compared to the 285°C anneal which

took 10 hours to sharpen to a constant value (fig 4.2.7.a).
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Fig 4.2.7.d: 'Double Lorentzian' peak fitting of the Cu 111 peak profile as a function of

time during annealing at 300°C. Alloyed phase (P2) growth is clearly faster than at 285°C

(fig 4.2.7.b). The final total fraction of alloyed material ~ 0.5 that observed at 300°C

previously, a considerable difference given the small variation in temperature.
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consequence of furnace temperature variations. The three samples '200 layers on steel',

'200 layers on Al' & '200 layers off steel' annealed together within the same furnace had

all interdiffused to the same extent, unlike the other three samples which were heated

independently. Furnace temperatures were checked with a thermocouple and found to be

correct within ± 7° of the actual temperature; such accuracy would appear to be insufficient

for any quantitative conclusions to be drawn about the effect of heating upon differing

substrates.

The hot X-ray results suggest that annealing at 300°C for a short period (< 1 hour) is

sufficient to sharpen the Ni reflection without substantial DIGM occurring.

4.2.8 Characterization of multilayers annealed at 400°C.

While it is clear from sections §4.2.2 to §4.2.7 that samples heated above 300°C are of little

use for mechanical testing, the results are of interest with regard to the DIGM process. X-

ray scans (fig 4.2.1.a & b) suggest that the Cu layers within multilayers heated to 400°C are

fully alloyed, except for the '100 layers on steel' sample. The Cu peak has only one

maximum which is considerably displaced from the expected strain-free pure copper

position.

TEM of the annealed microstructure reveals a seemingly equiaxed grain structure (fig

4.2.8.a). Boundaries relating to the original morphology exist though their planarity is very

poor . X-ray suggests that the multilayer is not homogenously alloyed, TEM confirms such

an observation; composition variation gives rise to periodic differential thinning of the

sample as illustrated in fig 4.2.8.b.

X-ray specular scans of the copper 311 reflections are given in fig 4.2.8.c. The form of the

peak profiles is essentially Lorentzian, however asymmetry is present in all but the '200

layers off steel' sample. The average composition of the alloyed regions was measured by

fitting appropriate Lorentzian functions to the Cu & Ni 311 profiles and measuring their

angular displacement. The accuracy of the Lorentzian fit is not as high as that for the 300°C

samples. The overall composition accuracy is hard to quantify but is definitely better than

5%. The results are given in table 4.6:
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l<"iy 4.2.8.a: Bright field taken from the '100 layers on steel' sample annealed at 400 ( ' fur

4cS hours . The interface between the a l loyed Cu and Ni is hard to d iscern . The

microslructure appears to be almost equiaxed.

Kij« 4.2.8.1): L-'vidence of compositional variation for the 400 C sample is in the form o!

periodic differential ion beam thinning. The Ni rich regions are seen to jut oui into the

central hole.
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Fig 4.2.8.c: Cu 311 stripped scans from the six samples annealed at 400°C for 48 hours.

The dotted traces are the corresponding as-received samples for comparison. The position

and form of the peak profiles vary from sample to sample.
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T4.6: Results ofCu 311 peak fitting for all the samples annealed at 400° C for 48 hours.

Sample

200 layers on steel

200 layers off steel

200 layers on Al.

200 layers off Al

200 layers off Cu

100 layers on steel

Cu311FWHM°26

0.747

0.720

0.701

0.676

0.422

0.471

Cu 311-Ni 311 A29°

1.785

1.817

1.890

1.866

2.264

2.264

At % Ni

41 ± 4

40 + 4

37 ±4
38 ±4
25 ±4
25 ± 4

The results suggest that the samples may be grouped into two categories, those which have

developed an alloyed phase of composition ~ 40 At % Ni and those which have not. The

most likely explanation for the difference is the presence of cobalt within the Ni layer of

both the '200 layers off Cu' and '100 layers on steel' samples. Cobalt is insoluble within

Cu at the temperatures studied (Nishizawa 1990) and may therefore either alter the

thermodynamic driving force for DIGM or hinder the kinetics in some manner. The exact

hindering mechanism is considered beyond the scope of this study.

4.3 Measurement of residual stresses within annealed Cu-Ni multilayers.

4.3.1 Room temperature X-ray residual stress measurements.

X-ray residual stress measurements were carried out on all the annealed samples listed in

§4.2. All measurements were carried out at room temperature after annealing. Since

interdiffusion is known to have occurred it was deemed necessary to use the sin2W

technique to establish the residual stresses present (see §2.4.2). Double Lorentzian and

Lorentzian functions were used to fit the Cu 331 profiles from the 300°C and 400°C

samples respectively. The error associated with approximating the 400°C sample profiles to

a Lorentzian form was often high. The results from all the specimens are presented in fig

4.3.1.a. The data suggests that the magnitude of the as-received tensile stress observed in

the Ni layers falls with increasing annealing temperature. The accuracy of the data is

questionable since the results show significant scatter. The error bars are calculated from

the error in gradient for each individual d vs sin2 W linear fit. As before (§3.9.3), the off

substrate stress data for the individual layers does not always balance, however better

balance is seen after annealing. The change in Cu stress state & peak profile are low (apart

from interdiffusion) which suggests the as-deposited Ni phase measurements are in error.

Annealing is seen to increase the grain size and lower the defect content of the Ni. The
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Annealing temperature (°C) —B»-

Pure Copper • Cu (Alloyed) Nickel

Fig 4.3.1.a: Room temperature X-ray measurements of the residual stress present after

annealing at the various temperatures for all the samples. Note the change of Y-axis scale

for samples annealed upon their substrates.
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lowering of the defect content is likely to be the crucial factor. The exact mechanism by

which the X-ray stress measurements are in error is unclear.

A greater understanding of stress formation and relaxation may be gained from the stress

values at temperature rather than those at room temperature. Two methods of establishing

the at temperature residual stress state were used: firstly, if there is little stress relaxation

during cooling then the 'at temperature' stresses may be calculated by adding generated

thermal mismatch stresses to the room temperature values. The second method is simply to

measure the stresses using X-rays during annealing using the hot X-ray stage at the Ris0

Laboratories.

4.3.2 Pre & post-annealing stresses at elevated temperatures.

The calculation of induced thermal stresses upon heating is relatively straightforward. Cu,

Ni, Al & steel all have differing coefficients of thermal expansion (T4.7). Thermal

mismatch stresses develop when a specimen containing more than one phase is heated.

T4.7: Coefficients of thermal expansion for relevant materials.

Material

Copper

Nickel

C.T.E. (K1)

16.6xlO"6

13.3X10"6

Material

Aluminium

Steel

C.T.E. (K1)

23.9x10 6

11.7x106 j

Cu has a larger coefficient of the thermal expansion than Ni, thus, a system containing both

Cu and Ni will result in a state of tension in the Cu phase and a state of compression in the

Ni when heated, as depicted in S4.5:

As-received

multilayer

J

J
Layer expansion on heating

if not fixed together

• Copper
• Nickel

Stress state of individual

layers on heating

S4.5: Multilayer thermal expansion off substrate.
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The scenario depicted in S4.5 may be simulated using the slab model. The slab model

assumes that the interfaces are 'glued' together resulting in both phases being strained

equally to give E4.10. A force balance gives E4.11.

(E4.10)

(E4.ll) • V ~

Expressions for the stresses in both phases due to a temperature change of AT may be

obtained by combining E4.9 and E4.10:

(E4.12)
_ECuAT(am-aCu) _ENiAT(aCu-am)

—— ana OM; —
Ni

where A

/ in this case is = 0.55 (§4.2.2). Predicted thermal mismatch stresses based upon E4.12 are

presented in T4.8.

T4.8: Changes in residual stress state with temperature for layers off substrate.

AT

+ 177

+ 277

+ 377

Aor,, (MPa)

-56

-87

-119

AoNj (MPa)

+68

+106

+144

The slab model may also be used to simulate the effect of heating upon a multilayer

constrained by a substrate. Given that the substrates are ~ 8 times thicker than the deposited

multilayers, the multilayer are assumed to be totally constrained to the dimensions of the

substrate as depicted in S4.6:
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As-received

multilayer

Copper

• Nickel

PI Steel

Layer expansion on heating Stress state of individual

if not fixed together layers on heating

S4.6: Creation of thermal residual stresses for a multilayer on a thick substrate.

The assumed constraint leads to an upper bound estimate of the thermal stresses evolved.

In reality the thickness and stiffness of the multilayer may be sufficient to marginally

constrain the substrate, reducing the magnitude of the thermal stresses formed. The stresses

evolved during heating of a multilayer upon a substrate are predicted, using the slab model,

tobeE4.13&T4.9:

( E 4 ,3 , aa,*cM<*»-"c.) andCTM =
 £ « A T ( ^ - g « )

T4.9: Slab model predictions for thermal residual stresses within a substrated multilayer.

AT

(K)

+ 177

+277

+377

Steel Substrate

Aaril (MPa)

-146

_____^30_

-313

AoNi (MPa)

-82

-129

-175

Aluminium substrate

Aori, (MPa)

+214

+335

+457

AoNi (MPa)

+513

+803

+ 1093

The stresses predicted are very large indeed. By annealing multilayers upon different

substrates it is possible to vary the stress state at the elevated temperatures in order to

investigate whether the stress state influences any of the annealing processes that occur. It

is perhaps interesting to note from T4.9 that the stresses created by heating the '200 layers

on aluminium' sample to 400"C are very high. In reality plastic deformation would occur

followed by failure. The '200 layers on Al' debonded upon heating to 400°C.

Using the data presented in T4.8 & 9 coupled with the room temperature measurements

presented in fig 4.3.1.a, the initial and final stress state of the 48 hour annealing process

may be calculated. The difference between the two data sets may be attributed solely to
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Fig 4.3.2.a: At temperature stress values. Slab model predictions for the stress state of

initially stress free multilayer systems at temperature (**) were added to actual

measurements at room temperature and compared. Stress relaxation was occuring.
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stress relaxation at temperature. The results are presented in fig 4.3.2.a. The Cu results for

300°C and 400°C anneals are only approximations since the exact stiffness and coefficient

of thermal expansion for the alloyed phase is unknown. It is clear that the Ni stress state

relaxes considerably, with most samples having stress free Ni layers after annealing for 48

hours at 300°C and above. Stress relief is also seen in the Cu, however, the effect is very

small for the '100 layers on steel' and '200 layers on Al' samples.

4.3.3 In-situ hot X-ray stress measurements.

In-situ annealing experiments can be used to measure the rate of change of the stress state.

Measurements performed on the Ris0 hot stage, however, are hampered by the poor height

alignment. Eucentricity is a necessary condition for the sin2 W technique. When heated, the

filament and sample positions are adjusted by thermal expansion effects. It was decided to

heat the sample for a short time then cool to room temperature where stress measurements

could be made with a higher degree of certainty; another practical reason for adopting the

heat and cool method is the necessary measurement time. It took exactly 1 hour to measure

sufficient data to evaluate the stresses present in both phases. Given the speed of peak

sharpening observed in the Ni phase (1 hour, see fig 4.2.7.c) it seemed foolish to measure

stresses during heating. Other technical problems arose: the Ris0 diffractometer arm

movement mechanism does not permit high W angle measurement and therefore the Cu &

Ni 311 reflections had to be used for stress analysis. Using lower angle reflections results

in a loss of stress measurement accuracy (§2.5.1). The polymeric window to the chamber

attenuates the incident beam resulting in poorly defined peaks that cannot be fitted without

considerable error. To further compound experimental difficulty, the specimen bent upon

heating. The final data collected (T4.10) must be treated with caution and in particular the

stress values should no be regarded as absolute. Changes in stress state are likely to be real

but not of the magnitude measured.

T4.10: Hot stage X-ray stress results (using Kroner elastic constants)

Time

(hours)

0

1.0

3.0

9.3

15.0

, dd, , xlC
3(sin2 W)

-2.4 ± 0.5

-2.2 ± 0.5

-2.5 ± 0.3

-2.2 ± 0.3

-2.3 ± 0.4

Cu

Stress (MPa)

-173 ±36

-159 ±36

-180 ±22

-159 ±22

-166 ±29

dd

a(sin2 V) X

3.0 ±3.0

-2.5 ± 0.8

-2.7 ±1.0

-2.3 ±0.4

-2.7 ± 0.4

Ni

"3
Stress (MPa)

424 ± 424

-353 ±113

-382±141

-325 ± 57

-382 ±57
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It may tentatively concluded from T4.10 that at 300°C most of the stress within the Ni

phase are relieved during the first hour of annealing. If all stresses are relieved within the

first hour of annealing and DIGM occurs slowly over a period of = 10 hours (fig 4.2.7.d)

(at 300°C) then it would seem that DIGM is not related to the stress state. The poor quality

of the hot-X-ray data may be hiding subtle stress changes during the latter stages of

annealing since a migration of Ni atoms into Cu layers and the associated vacancy

accumulation in the Ni may result in an increasing tensile stress within the Cu phase due to

the smaller lattice parameter of Ni.

4.4 Conclusions.

The conclusions from chapter 4 may be categorized into two sections: conclusions relevant

to mechanical testing (§4.4.2) and conclusions relating to the observed DIGM phenomenon

(§4.4.1). The volume fraction of Cu alloyed by the DIGM process within the annealed

multilayers is exceptionally high. Never before has DIGM been analysed using TEM loss

imaging, X-ray stress or X-ray profile analysis, let alone all three. The quality and buckle

free nature of the edge-on multilayer TEM cross sections has provided an excellent

opportunity to study the effects of the DIGM process in the TEM.

4.4.1 Cu-Ni multilayer DIGM.

Conclusions regarding DIGM within annealed 1 micron layer thickness Cu-Ni multilayers

include:

• DIGM occurs within the Cu layers of 1 micron layer thickness Cu-Ni multilayers at

temperatures of 285°C and above. 285 °C corresponds to 0.4 Tm of copper, agreeing

with previous observations of DIGM being between 0.3 and 0.5 Tm. (§4.2.7).

• An abrupt composition change occurs upon crossing the boundary between the

alloyed and unalloyed material (§4.2.5).

• The alloyed regions resulting from DIGM are found to have a uniform composition

characterized by uniform intensity in Ni edge loss imaging (§4.2.5) and a single

independent symmetrical X-ray peak profile (§4.2.8).

The composition of the alloyed region was measured using Cu 311 X-ray profile

peak fitting and found to vary considerably with annealing temperature. Annealing

at 300°C and 400°C for 48 hours results in alloy compositions of 15 and 40 at. %

respectively in the samples with no Co present within the Ni layers (§4.2.6 &

§4.2.9).
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• The presence of 6 at. % Co in the Ni phase retards DIGM resulting in there being

less alloyed phase of a lower Ni composition, e.g. 25 at. % Ni as opposed to 40 at.

% Ni after annealing at 400°C for 48 hours (§4.2.8).

• Hot X-ray residual stress measurements suggest that DIGM does not significantly

alter the stress state of the Cu layers (§4.3.3).

4.4.2 Specimen optimization for mechanical testing.

• Considerable defect reduction occurs in the '100 layers on steel' sample after

annealing at 200°C for 48 hours; all the other samples required annealing at 300°C

(§4.2.2).

• The rate of defect reduction is heavily temperature dependent. Sharpening of the Ni

200 peak (which reflects a defect reduction) is considerably slower at 285 °C

compared to 300°C (§4.2.7).

• TEM suggests that Ni recrystallization occurs during annealing at or above 300°C

(§4.2.2). Recrystallized grains may be appearing within the first hour of annealing

at 300°C (§4.2.7).

• At 300°C the recrystallized grains constitute ~ 70 % of the total Ni microstructure;

the remainder being defect free grains of diameter 70-100 nm (§4.2.2).

• The interface between the recrystallized Ni grains and the surrounding copper was

found to be planar; the multilayer morphology remained intact (§4.2.2)

• Recrystallized grains were found to contain large pores up to 80 nm in diameter

(§4.2.2).

• Partial stress relief at elevated temperatures may be achieved by annealing

multilayers for 48 hours at 200°C (§4.3.2).

• Full stress relief of samples annealed off their substrates occurs after < 48 hours at

temperatures at or above 300°C (§4.3.2 & §4.3.3)

• Samples can never be fully stress-free at room temperature after annealing due to

thermal mismatch between Cu and Ni (§4.3.1).

• No porosity was observed at the interfaces of any of the annealed multilayers.

It was concluded that a heat-treatment of 1 hour or less at 300°C is likely to produce a

multilayer sample with superior plasticity compared to the as-received structure whilst still

maintaining the multilayer morphology.
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CHAPTER FIVE: MECHANICAL TESTING OF Cu-Ni MULTILAYERS

5.0 Aims

Within this chapter the deformation behaviour of the 1 micron layer thickness Cu-Ni

multilayer was investigated. Two experiments were performed: Firstly, a multilayer was

deformed in tension, unloaded, then reloaded in the same direction. Secondly, a large

multilayer sheet was deformed in tension, sectioned, then deformed at 90° to the original

direction. X-ray residual stress analysis, TEM and finite element modelling were used to

help gain a better understanding of the mechanisms underlying the deformation behaviour.

The mechanical response of a multilayered material to two stage tensile deformation with a

90° change in strain path was characterized, and explained, for the first time.

5.1 Mechanical testing of multilayers.

5.1.1 Mechanical behaviour of metallic composite materials.

Deformation behaviour is characterized by a true stress vs. strain graph. True stress, oT, is

related to the applied force (F) and the cross-sectional area in the following manner:

) r

A)

Engineering strain, en, is defined as the change in length divided by the original length:

(E5.2) En=Lzk

Deformation of a single cubic crystal may be split into three distinct regions (S5.1):

A B C
—.— ^ e

55.7: A stress vs. strain curve for a single FCC metal crystal (Honeycombe 1984).
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During region (A) only one slip system operates. During stage (B) other slip systems

become active; dislocations interact, producing locks which impede further deformation

and increase the yield stress. The crystal is work hardening. Eventually, dislocation

movement becomes very difficult (region (C)) and the specimen fails.

For a textureless polycrystalline material the orientation of the grains is such that some

may plastically flow before others. The yield point is no longer distinct (S5.2):

S5.2: Schematic illustrating the stress vs. strain curve for a cubic polycrystalline metal.

Common definitions for the yield stress of a polycrystalline material include the 0.2%

proof stress and the derivative based yield stress. The former is simply the stress required

to strain the specimen by 0.2%, the latter is the point at which E5.3 is true (Prangnell

1994).

(E5.3) = 0

Deformation within a continuously reinforced composite is more complex; each phase

must be strained by an equal amount, however, the stresses within each phase may be

different. Consider the following diagram (S5.3):

o
Reinforcement

y < reinforcement,

S5.3: Simplification of stress partitioning during loading of a composite material.

104



Chapter Five: Mechanical Testing ofCu-Ni Multilayers

When a composite is loaded the stiffer phase carries more of the applied load. The

composite material is seen to be both stiffer and stronger than the softer phase.

Residual stresses are formed if one phase yields more than the other(s) (S5.4):

residualf reinforcement)

o

Reinforcement

resitlualf matrix FT — — — — — —

S5.4: Residual stresses may form during unloading from the plastic regime.

The sign and magnitude of the residual stresses depend upon the properties of the

constituent materials. If the residual stresses are large, the softer phase may plastically

deform during unloading (S5.5):

Reinforcement

a residual! reinforcement )- • ^yt — — j —

residuali matrix i. ,

Composite

Matrix

S5.5: Residual stresses may be sufficient to cause plastic deformation during unloading.

Reverse plastic flow is characterized by an inward curvature of the stress vs. strain plot

(Woolley 1953, Caceres 1996) and is often quantified by e r, the difference between the

actual final strain and that resulting from elastic unloading. The likelihood of reverse

plastic flow is increased by the 'Bauschinger effect' (Bauschinger 1881). Bauschinger

noted that the compressive yield stress of steel is lowered by a tensile prestrain. The

Bauschinger effect has been observed in many pure metals, notably Cu (e.g. Pedersen

1981, Scholtes 1986) and Al (e.g. Hasegawa 1975), however, the Bauschinger effect is
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most clearly seen in true composite materials, for example: spheroidised steel (Wilson

1986), Al-SiC (Withers 1989), Al-Cu (Wilson 1965) and Cu-SiO2 (Atkinson 1974).

5.7.2 Effects of changes in strain path during mechanical testing.

The effects of changes in strain path are of considerable importance to the sheet forming

industry. It is common to roll sheets in one direction (stage I), then at right angles to the

original deformation direction (stage II). Considerable changes in mechanical behaviour

are seen during stage (II) in comparison to continued forward deformation (Polakowski

1961); changes have been observed for various metals:

Fe Hutchinson (1976), Laukonis (1978), Rao (1983), Wagoner (1983),

Zandrahimi (1989), Wilson (1996)

Al Hutchinson (1976), Laukonis (1978), Zandrahimi (1989), Wilson (1990),

Lloyd (1979)

Al-Cu Wilson (1990), Hutchinson (1976)

Cu Hutchinson (1976), Zandrahimi (1989)

a-Brass Hutchinson (1976), Zandrahimi (1989)

Ferritic and non-ferritic metals exhibit different behaviours (Ghosh 1973), ferritic samples

are characterized by an increase in yield strength followed by a decrease in the work

hardening rate during stage (II), whereas non-ferritic samples (Cu, brass) show a decreased

yield stress followed by an increased work hardening rate. Aluminium behaves in a similar

manner to Cu, however, the magnitude of the effect is considerably smaller. Both ferritic

and non-ferritic samples tend towards the unidirectional loading curve with increasing

applied strain (S5.6):

Ferritic (90° Prestrain by zpre)

Non-ferritic (90° Prestrain bye

No change in strain path.

Cumulative

pre

S5.6: Different behaviours outlined by Ghosh (1973) for a 90° change in strain path.
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Hutchinson (1976) measured a lower yield stress and a lower work hardening rate for Cu

and brass, in direct contradiction to the work of Ghosh (1973). Zandrahimi (1989)

illustrated the effect of prestrain upon stage (II) deformation by plotting the differential of

the individual stress / strain curves (S5.7). It was noted that the dip below the curve ('A')

corresponding to monotonic tensile testing becomes greater with increasing prestrain.

Prestrain D > C > B > A

Cumulative
prestram(B) C t C

S5.7: The effect of prestrain is clearly illustrated by dolde curves (Zandrahimi 1989).

It seems likely that a Bauschinger-like effect is occurring after a 90° change in strain path.

It must be noted that there is a clear difference between a 90° change in strain path and

strain reversal. The Bauschinger effect is seen during strain reversal and is related to the

fact that the same slip systems are activated during both loading stages; a 90° change in

strain path activates different slip systems. The precise dislocation mechanisms underlying

the 90° change in strain path are unresolved, however, TEM of Fe (Rao 1983) and Al

(Hasegawa 1975) suggests that dislocation cell structures created during tensile

prestraining are 'dissolved' by subsequent deformation in the 90° direction and are re-

established during further deformation.

Strain path changes often promote failure, i.e. at lower cumulative strains (Laukonis 1978,

Wagoner 1983). The change in strain path is thought to increase the likelihood of localised

plastic flow, which is characterized by modulations in the stress vs. strain graph

(Polakowski 1961, 1963). Localised flow occurs more readily in fine grained alloys (Lloyd

1979).

Wilson (1996) used X-ray diffraction to measure the evolution of residual stresses resulting

from changes in strain path within an 'IF' steel. It was concluded that residual stresses do

not wholly account for the differences in yield stress during stage (II) loading.
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5.1.3 Mechanical behaviour ofCu-Ni multilayers.

As mentioned in §1.0.1, Koehler (1970) suggested that a multilayered material should have

enhanced strength compared to the constituent phases due to the difficulty of dislocation

generation and motion. Anderson (1995) calculated the stresses required to shear Cu-Ni

interfaces in an attempt to predict a Hall-Petch relation. No enhanced strength was

predicted for coarse (> 50 nm layer thickness) multilayers, however, research has indicated

that enhancement does occur for coarser wavelengths:

Tench (1984) studied the mechanical properties of SBT Cu-Ni multilayers. A peak yield

strength was observed for multilayers of Cu layer thickness 0.4 microns, coinciding with

the transition between epitaxial and non-epitaxial growth. The Ni layers were nine times

thicker than the Cu layers because equal layer thickness multilayers were 'highly stressed'

and 'tended to spall off the parent substrate'. The lack of microstructural analysis is

somewhat alarming given that the pre-test 'stress relieving anneal' of 1 hour / 343°C is

sufficient to cause interdiffusion (see chapter 4).

Bunshah (1980) tested coarse (0.1 to 50 micron wavelengths) electron beam evaporated

multilayers of equal layer thickness. The yield stress was found to vary with wavelength in

a Hall-Petch like manner. Ogden (1982) reported a rapid increase in yield strength for Cu-

Ni multilayers of wavelength 0.2 to 2 microns. The multilayers were fabricated using the

dual bath technique and had equal layer thicknesses.

Most research has suggested that Cu-Ni multilayers of any wavelength have a higher yield

stress than either of the constituent phases; Nielsen (1996), however, found that the

hardness of Cu-Ni multilayers of wavelengths 10 nm to 10 microns is the same or less than

the Ni phase. The multilayers used in this study are closely related to those tested by

Nielsen (all made at IPU).

Multilayers of similar wavelengths to those suggested by Koehler (1970) show enhanced

wear resistance (Ruff 1989, 1991). Stiffness enhancements have also been reported

(Tsakalakos 1983, Baral 1985), though the results have yet to be conclusively repeated

(Tench 1991).

A summary of the observed yield and ultimate tensile stresses is given in T5.1:
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T5.1: Summary ofCu-Ni multilayer mechanical testing results.

Layer thickness

(nm)

3

7.5

20

100*

100*

Cu-Ni ratio

50-50

10-90

10-90

50-50

10-90

(MPa)

-

848

786

-

UTS

(MPa)

1040

1116

1850

1420

1397

Author

Baral(1985)

Tench (1991)

Menezes(1990)

Bunshah(1980)

Tench (1984)

* Denotes the lowest wavelength measured

Previous research rarely includes microstructural analysis of the deformed multilayers,

with the exception of Lashmore (1992). In most cases the microstructure of the tested

sample is unknown; this chapter attempts to address such shortcomings. The effects of

changes in strain path direction are also investigated for the first time for multilayered

materials.

5.2 Mechanical testing of annealed Cu-Ni multilayers.

5.2.1 Pre-test annealing treatment.

It was concluded from chapter four that an annealing treatment of less than two hours at

300°C is sufficient to remove any as-deposited residual stresses and to aid stress

measurement. Interdiffusion occurs at a slower rate than stress relief at 300°C.

Sections from A124-91 (see §3.4.1) were removed from their substrates and annealed for 5,

30, 60 and 120 minutes at 300°C. The Cu 311 and Ni 200 X-ray reflections from each

individual sample were fitted with Lorentzian and double Lorentzian functions in a similar

manner to that described in §4.2.6. The stripped X-ray scans are given in fig 5.2.1.a & b

and the fitting results given in T5.2.

The width of the Ni 200 peak is seen to fall dramatically during the first 30 minutes of

annealing suggesting a reduction in defect density or an increase in grain size. X-ray stress

measurements from the pre- and post-annealed samples are given in T5.3:
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Anneal time @ 300°C
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Fig 5.2.l.a: Stripped Ni 200 X-ray scans from various samples from A124-91 annealed

for varying times at 300°C. Considerable peak sharpening occurs after only 5 minutes.

I
C

Anneal time @ 300 C
As-received
5 mins
30 mins
60 mins
120 mins

89.5 90 90.5 91

Fig 5.2.l.b: Stripped Cu 311 X-ray scans from the same samples as fig 5.2.l.a. The

proportion of the alloyed phase (characterized by the second peak) increases with

annealing time. A considerable fraction of alloyed phase exists after only 30 minutes of

annealing.
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T5.2: X-ray peak fitting of annealed specimens.

Annealing time at 300°C

(mins)

0

5

30

60

120

Ni 200 FWHM

(°29)

0.53 ± 0.06

0.174 ±0.007

0.167 ±0.003

0.162 ±0.005

0.160 ±0.004

%Cu alloyed (Cu 311)

0

= 0

4±1
10 ± 1

17 ±1

T5.3: X-ray stress measurements before and after annealing at 300°C.

Specimen state

(A 124-91)

As-deposited

5 mins anneal at 300°C

30 mins anneal at 300°C

Predicted (T4.8) 300°C

Cu stress state

(MPa)

-53 ±6
52.0 ±0.8

89 ±3

87

Ni stress state

(MPa)

221 ± 10

-67 ± 12

-98 ±10

-106

A dramatic change in residual stress state is seen after annealing times as short as 5

minutes. The Cu residual stress state becomes tensile and the Ni compressive, the

magnitude of the post-anneal residual stresses increases with increasing annealing time.

The stresses measured after a 30 minute anneal agree with those predicted in §4.3.2 for a

sample which has undergone complete stress relief at 300°C.

The results suggest that a heat treatment of 5 minutes at 300°C is sufficient to relieve some

of the stresses resulting from deposition whilst reducing the width of the Ni reflections,

thereby aiding X-ray stress measurement of the Ni phase without significant DIGM within

the Cu.

5.2.2 Monotonic tensile testing ofCu-Ni multilayers.

A Cu-Ni multilayer was loaded in tension, unloaded then reloaded in the same direction.

It is common practice to repeat mechanical tests in order to reduce the effects of specimen

property scatter. Since material was in short supply it was decided to carry out two stage

tensile testing using the following method: a strain gauge was attached to the centre of a 37
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mm by 8 mm multilayer specimen and steel tabs were glued to the ends of the specimen to

avoid failure within the self-tightening grips. After the first stage of deformation a section

of the sample was removed to create a region of reduced cross sectional area, as depicted in

fig 5.2.2.a; further deformation was concentrated within the narrow region. It is possible to

create many areas that have been deformed by differing amounts on one sample using such

a method (fig 5.2.2.b). The dimensions of the reduced specimen are given in fig 5.2.2.C.

The multilayer tested had been cut from the stage (I) test specimen to be described in

§5.2.4, more precisely, from the region between the grips and the 0.25% strained region;

the specimen may therefore have a slight 90° prestrain.

The multilayer failed during deformation after the first width reduction. The specimen

broke along a clean diagonal line originating at the point of width reduction. The

mechanical test results are given in fig 5.2.2.d. from which the following measurements

were made (T5.4):

T5.4: Data concerning monotonic tensile testing.

Load case

Prestrain

Second stage

Overall

0.2 % oy

(MPa)

-300

= 420

N/A

omttt*
MPa

971 ± 5

971 ±5
971 ±5

%

0.66

0.13

0.79

%

0.18 + 0.01

0.24 ±0.01

N/A

In both cases, a significant reverse plastic flow was observed. The amount of reverse flow

increased with increasing applied strain. The initial yield strength compares unfavourably

with the results of Bunshah (1980) (oy = 500 MPa), however, the ultimate tensile strength

is higher than the 620 MPa reported for 10-90 electrodeposited 1 micron layer thickness

Cu-Ni multilayers (Tench 1984). The yield stress increases with increasing plastic

deformation.

The stiffness was measured to be 152 + 5 GPa. The individual stiffnesses of the constituent

phases are unknown, however, bulk stiffness values for Cu and Ni are (Ruff 1991) ECu ~

117 GPa and ENl = 207 GPa. The bulk values were used to estimate the apparent stiffness

of the multilayer for comparison with experimental data; consider the following loading

example (S5.8):
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(a) (b)

A L

(c)

Fig 5.2.2.a: Sections were removed by means of spark erosion using a copper 'mallet'.

Tensile Test 1

Tensile Test 2

Tensile Test 3

3
h
in

W)

aoc

Fig 5.2.2.b: Repeated tensile testing followed by width reduction by means of spark

erosion resulted in one sample being differentially strained. The above sample has 4

distinct areas that may be analysed by X-ray & TEM.

Tab

;
I

i

Dimensions in mm,

i

Q

scale 4:1

Strain Gauge

1 I J '
r

i »

1 4
>

i

6

i

Tab 12

Fig 5.2.2.c: Scale drawing of a sample after 2 width reductions. It was important to ensure

the final section's area was large enough to accomodate a strain gauge, as pictured.
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0 0.005 0.01
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0.015 0.02

Fig 5.2.2.d: Two stage monotonic tensile testing loading curves. The yield stress of the

second stage is clearly higher than the first stage, as expected. The sample failed in a

ductile manner during the second loading.
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55.8: Geometry of loading for the equations E5.4 to E5.7:

The loading geometry necessitates equal strains for both phases in the ' 1 ' and '2 '

directions: (for these equations oxy is the stress in the 'y' principal direction in the V

phase)

(E5.4) =— K -vaaa2) = — (a,, -vhoh2)

(E5.5) = — (au2 - vuoa]) = — (oh2 - vhoh

Stress balances yield the following equations (E5.6):

(E5.6) ftt°al

An expression for the stiffness of the multilayer was found by combining E5.4 —> E5.6:

(E5.7) ''multilayer
P-QR
l-v,R

where R = , P = faEa + fhEh and Q = vJaEa + vJbEh

The calculated stiffness was 158 GPa, which is not inconsistent with experimental data.

5.2.3 X-ray residual stress measurement of monotonically deformed multilayers.

Work highlighted in §5.2.9 suggested that the Ni phase was heterogeneous, consisting of

coarse (0.4 to 0.7 micron) grains surrounded by fine (10 to 50 nm) grains. The Ni (coarse)

phase comprises 40 % of the total Ni phase and is capable of being in a different stress state
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to the surrounding Ni (fine) grains. The results from stress measurements in the direction of

straining using the method outlined in §5.2.9 are given in T5.5:

T5.5: o, | residual stresses after monotonic deformation as measured using X-rays (MPa).

Phase

Cu

Ni coarse

Ni fine

Total

/

0.540

0.184

0.276

1.0

e n = 0 %

52.0 + 0.8

-68 ± 10

-69 ±7
-3 ±3

ê  = 0.66 %

-17±5

-187 ±60

175 ±68

5 ±21

en =0.79%

-95 ±21

-200 + 40

279±115

11 ±35

Since the multilayers are in equilibrium after deformation, the stresses within the three

phases must balance; this is seen to be true within experimental error (a,, total = 0). The

Cu and Ni (coarse) phase residual stresses are seen to become more compressive with

increasing plastic strain, counterbalanced by a increasing tensile residual stress in the Ni

(fine) phase. The values of/would appear to be correct.

Post-straining compressive residual stress suggest plastic flow has occurred. Consider S5.9:

Ni (coarse) Ni (fine)

Glue

55.9: Creation of residual stresses due to differences in plastic strain during loading.

(The darker the shading the greater the plastic strain).

In S5.9 the Cu & Ni (coarse) phases have undergone significant plastic flow resulting in a

permanent increase in length. Since all the phases within the multilayer are 'glued'

together, the differences in length result in compressive stresses in the phases which have

undergone greater plastic deformation. The X-ray results therefore suggest that plastic

deformation has occurred in the Ni (coarse) and Cu phases. The fact that the Ni (coarse)

residual stress is greater than the Cu residual stress does not necessarily indicate greater

plastic flow in the Ni (coarse) phase; during unloading an inward curvature is seen in the

mechanical testing data (fig 5.2.2.d) which suggests reverse plastic flow is occurring within

the multilayer. It is conceivable that reverse plastic flow in the Cu reduces the Cu

compressive stress state and alters the residual stresses within the other phases (S5.10).
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The greater inward curvature with increasing plastic deformation is consistent with the

greater residual stresses observed.

(f ... \

Cu yield

Elastic unloading X-ray data correlates with Cu yielding

S5.10: Plastic reverse flow in the Cu reduces the residual compressive stress in the Cu and

increases the magnitude of the Ni (coarse) residual compressive stress.

The yield stresses of Cu & Ni are expected to increase with increasing forward plastic

strain, due to dislocation locking and entanglement. The work hardening rate is also

expected to increase with increasing plastic deformation, as observed. Residual stresses, in

this particular case, also act to increase the yield stress of the Cu and Ni (coarse) phases in

the direction of straining, since, upon further loading, the compressive residual stresses in

the Cu and Ni (coarse) phases must be overcome before yielding can occur, as shown

schematically in S5.11:

o J 1

1/

Ni

Prestrain

-•"Ni(C)

Multilayer

Cu

o ,i. Ni (P

:A/

/i

y
-f/

After

N i ( C ) ^ . . - '

s' Multilayer

^——"—S^ Cu

prestrain

S5.ll: Cu and Ni (coarse) compressive residual stresses raise the multilayer yield stress.

Reverse plastic flow and the effects of residual stresses on the yield stress are considered

more thoroughly in §5.2.13. In summary, however, the increased yield stress, work

hardening rate and reverse plastic flow are all consistent with the residual stresses

observed. The multilayer is behaving in a conventional manner.
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5.2.4 Two stage mechanical testing with a 90° change in strain path: stage (I).

A 70 mm by 37 mm 1 micron layer thickness multilayer (A 124-91) was prepared using

spark erosion for two stage tensile testing with a 90° change in strain path. Mild steel tabs

were attached to the sample to avoid failure within the grips. Strain gauges were attached at

two locations (fig 5.2.4.a). The sample was prestrained (stage I) until brittle failure

occurred across an area below the central strain gauge. The larger of the two pieces was

sectioned to give three 37 mm x 8 mm specimens for further straining (stage II) at 90° to

the initial prestrain.

The results from stage (I) of the change in strain path experiment are given in fig 5.2.4.b.

The sample failed in a brittle fashion after an applied strain of 1.25%. The ultimate tensile

strength was « 830 MPa, the 0.2% proof stress » 360 MPa and the stiffness « 154 ± 2 GPa.

No clear yield point is seen. The loading curves from the constrained (by grips) and

unconstrained regions are coincident with a final plastic strain of 0.25% in the constrained

region and 0.46% in the unconstrained region, corresponding to considerable reverse

plastic flow (e r =0.18 and 0.19 respectively). Repeat tests were not possible due to a lack

of multilayer material.

5.2.5 Stage (II) mechanical testing.

The three 37 mm x 8 mm multilayers mentioned previously (§5.2.4) were strained at 90° to

the original stage (I) prestrain. Each sample was unloaded after an applied strain of 1% in

order to compare the extent of the reverse plastic flow. The results are given in fig 5.2.5.a

& T5.6:

T5.6: Results from stage (II) mechanical testing.

Prestrain

e, (%)
0

0.25

0.46

0.2 % oy

(MPa)

287 + 5

279 ±5

287 ± 5

MPa

846 + 8

814±8

786 ±8

%

0.25 ±0.01

0.34 ±0.01

0.43 ±0.01

%

0.19 ±0.01

0.12 ±0.01

0.06 ±0.01

*@ Ep=0.1%

Fig 5.2.5.a clearly shows a reduction in the work hardening rate with increasing stage (I)

prestrain. There is no clear change in yield stress. The unloading curves are best compared

by taking the point of maximum stress as a new origin and plotting the release of stress as a
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47

SO

S4

SI

• S2

Stage (I) pre-strain

f 22

SO •

SI •

S2

37Fractured here

Constraint by grips • Strain gauges

(Dimensions in mm)

Stage (II) 90° strain

Fig 5.2.4.a: Schematics illustrating the dimensions and geometry of the specimen used for

the 90° strain path change experiment. 3 sections were cut from the original stage (I)

sample and pulled in the direction shown. After stage (I) the remaining multilayer (S4)

was used for monotonic tensile testing (§5.2.2).

1000

800

600

K 400

200

0
-0.002 0 0.002 0.004 0.006 0.008 0.01 0.012 0.014

Strain

Fig 5.2.4.b: Mechanical testing results from the stage (I) prestrain. The sample fractured at

a strain of- 1.25% to leave overall plastic strains of 0.25% in SI and 0.46% in S2. The

loading curves of SI and S2 are coincident, as expected.
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0% Plastic prestrain
0.25% Plastic prestrain
0.46% Plastic prestrain
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7
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0.005 0.01 0.015
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Fig 5.2.5.a: Loading curves for the 3 prestrained samples loaded in tension 90° to the

original tensile axis (stage II). Stage (I) prestrain does not affect the yield stress but it does

effect the work hardening rate of the multilayers.
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D
T3 400
o

& 200

0

0

0 % prestrain
0.25 % prestrain
0.46 % prestrain

0.002 0.004 0.006 0.008

Release of Strain During Unloading
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Fig 5.2.5.b: Unloading data taken from 5.2.5.a replotted with the point of unloading as the

origin and the strain released as the jc-axis. The curvature of the unloading data is clear and

follows a trend. Increasing prestrain leads to less curvature, resulting in a smaller Er
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function of reverse strain (fig 5.2.4.b). Increased prestraining is seen to reduce reverse

plastic flow during unloading, resulting in greater final plastic strains. Stage (II)

deformation with a 90° change in strain path is seen to be very different to the behaviour of

the multilayer when strained in the same direction twice.

5.2.6 TEM of the '0% 10.25%' deformed Cu-Ni multilayer.

In the following sections 'x % / y %' refers to x % plastic strain in during stage (I) and y %

plastic strain in stage (II). The orientation of all edge-on samples was as follows: (S5.12):

(3) (4) (5)

90° Strain

u

Edge-on samples viewed down prestrain axis.

r

S5.I2: Orientation of TEM samples with respect to the straining directions.

An edge-on sample, that has not been tilted, is oriented such that the foil normal is parallel

to the prestrain direction. Care was taken to ensure the stage (II) loading direction was

within the plane of the foil (S5.13):

90° strain axis

in plane of foil
Prestrain axis parallel

to foil normal

S5.I3: The edge-on samples were oriented such that stage (II) deformation was in the

plane of the foil.

An anomalous grain size distribution was observed in the Ni phase (fig 5.2.6.b). Large (0.4

micron) recrystallized grains reside amongst fine (10-100 nm) grains. The large grains

comprise ~ 40 % of the Ni phase.

TEM results suggest that both the Cu and Ni phase have deformed. Fig 5.2.6.a shows a

typical Cu grain with stray dislocations lying at the centre of the layers. There is little
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Fij» 5.2.6.a: Typical Cu grains from the 0% / 0.25% strained sample. Stray dislocations lie

at the centre of the grains. The dislocation density does not appear to be greater at the

Cu-Ni interface. No dislocation arrays were seen.

Fiji 5.2.6.b: Typical Ni micros true lure within the 0% / 0.25% strained sample. The Ni has

deformed: stray dislocations are visible within the coarse grain. Dislocations are harder to

imaize in the fine "rained Ni.
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Fij» 5.2.6.c: Bright field of a region within the 0% / 0.25% strained sample where a

recryslalli/ed grain has reached the Cu-Ni interface. Dislocations within the C'u grain are

centred on the shared interface, (see below)

l;ij» 5.2.6.d: Dark Held of the C'u grain imaged in fig 5.2.o.c. Dislocations arc clearly seen

to originate from the boundary shared with the coarse Ni grain. The remnant dislocations

suggest that greater deformation occurs in Cu adjacent to 'dcforniablc' coarse Ni grains.
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increase in dislocation density at the Cu-Ni interface. Dislocations are visible within coarse

Ni grains (fig 5.2.6.b) and are arranged in a similar fashion to those in the 'typical' Cu

grains. Given the small grain size it was very difficult to ascertain the existence of

dislocations within the fine grained Ni.

Greater deformation is seen in regions where a coarse Ni grain lies on a Cu-Ni interface, as

shown in figs 5.2.6.C & d. Dislocations surround the coarse Ni grain and extend into the

centre of the Cu layer. Greater deformation occurs within Cu regions encompassing coarse

Ni grains.

5.2.7 TEM of '0.25% I 0.34%' deformed Cu-Ni multilayer.

Two distinct types of dislocated region were seen in the sample which had undergone

plastic strains of 0.25% during stage (I) and 0.34% in stage (II). A large proportion of the

specimen has a low dislocation density (fig 5.2.7.a). Bands of highly localised deformation

exist (fig 5.2.7.b), coinciding with recrystallized Ni regions. The sample was tilted to check

that the deformation was localised in such a manner.

The areas of low dislocation density contain stray dislocations within both the Ni and the

Cu (fig 5.2.7.c); few ordered arrays are visible, however, higher magnification images of

Cu grains within a shear band reveal two distinct arrays may have originated from the two

stages of deformation; g.b. analysis was carried out in order to test such an assumption.

A grain oriented such that « [101] was parallel to the prestrain direction (fig 5.2.7.e) was

chosen for g.b. analysis. The orientation of the two tensile axes was measured using

Kikuchi bands to be [7 111] for stage (I) and [III 4 7l] for stage (II).

The likelihood of slip system activation was assessed by comparing Schmidt factors, the

product of the cosines of the angles between the tensile axis and the Burgers vectors and

the slip plane normal and the Burger's vector. The higher the Schmidt factor, the more

likely a slip system will operate. T5.7 lists the four most likely slip systems for the two

stages of deformation:

117



Cluiplcr f-ivc: W< < L1 i 'I ( ii \ I Mii'Uhn i r\

T.A.2 -*

Fij» 5.2.7.a: Low magnification bright field parallel to the prestrain axis of the 0.25% /

0.349r strained sample showing an area of relatively low dislocation content. Areas such

as these form the majority of the sample.

- " ' ~K. ' •> .̂  V^V---

T.A.2

Fi j i 5.2.7.1): Low magnification bright Held parallel lo the prestrain axis of the 0.25' i i

0.34' / strained sample showing an area of relatively high dislocation content. The

dislocations form shear bands running thorugh the layering. Arrays are seen within both

C*u (A) and Ni (B) "rains.
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T.A.2

Fiji! 5.2.7.c: higher magnification bright field of a typical twinned grain within an area of

low dislocation content. A few stray dislocations are visible. No organised arrays are seen.
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T5.7: Four most likely active slip systems for the two tensile axes, \l 1 11 ] & [l 11 4 71 ]

Stage (I) Tensile axis =

b

[ 9 i ! ] _

[1101

S.P.

(I l l)

(in)

(in)

[7 111]
|Schmidt F.|

0.4870

0.4536

0.3247

0.2722

Stage (II) Tensile axis =

b

[Iio]

[oin

S.P.

( I l l )

(111)

(111)

(111)

111471]

|Schmidt F.j

0.4809

0.4675

0.3136

0.2928

The two primary slip systems are therefore:

Prestrain (stage I) b , =—[Oil] L , = [ 2 1 l ] S.P., =

90° strain (Stage II) b n = - [ l l 0 ] L,, =[112] S.P.n = ( l l l )

In the above descriptions, a is the lattice parameter of Cu, b the Burgers vector, L the

dislocation line vector and S.P. the slip plane. Fig 5.2.7.d illustrates the approximate crystal

orientation on a [101] stereogram.

TEM (figs 5.2.7.e-h) suggests that the trace of one dislocation array is parallel to the Ml lj

twin boundary and therefore the slip plane is likely to be (ll lj; neither of the two primary

slip systems use the (II l) slip plane, however, the stage (II) secondary slip system does:

Secondary slip (stage II): b l l (2) = |[110] L I I (2 )=[ll2] S.P.I1(2) = (Ill)

The trace of the other dislocation array is consistent with the primary stage (II) slip system

(see fig 5.2.7.d). It would appear that there is little evidence for the primary stage (I) slip

system being activated. If arrays belong to the primary and secondary stage (II) slip

systems then g.b. analysis of reflections within the [101] zone would yield the following

results (T5.8).

Figs 5.2.7.e to h contain dark field images using the reflections listed in T5.8. The

intensities of the dislocations vary as predicted. The two sets of dislocation arrays are a

result of the activation of two slip systems during the second stage of straining. The

absence of stage (I) dislocation arrays in stage (II) samples correlates with TEM of stage (I)

samples (§5.2.6).
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S.P.

11

010

Fig 5.2.7.d: Stereogram showing the orientation of the tensile axes, Burgers vectors and

slip planes of the predicted primary stage (I), primary stage (II) & secondary stage (II) slip

systems. The traces of the dislocation lines are added for comparison with figs 5.2.7.e-h.

Dislocations from the primary stage (I) slip system are not seen. g.b. analysis using the

reflections in the [101] zone confirm the operating slip systems. The positions A-D

correspond to the tilts required to image using the different reflections.

A: fig 5.2.7.e B: fig 5.2.7.f C: fig5.2.7.g D: fig5.2.7.h
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Fiji 5.2.7.e: g=020 dark field (top left) taken with the prestrain tensile axis vertically into

the page. Both dislocation sets are visible. The Kikuchi pattern (middle right) shows the

tensile axis to be just above the 020 band and to the right of the 101 /.one axis as shown

schematically (bottom right).
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Fi^ 5.2.7.f: g=I 11 dark field (top left) taken with the prestrain tensile axis slightly offset

I rum vertically into the page. Dislocation set 1 is not visible, confirming the burners vector

(assuming they are edge dislocat ions) . The Kikuchi pattern (middle right) shows the

crystal has been rotated onto the 1 1 I band as shown schematically (bottom ri»hi).
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Fi{» 5.2.7.j>: g=l 1 I dark field (top left) taken with the prestrain tensile axis slightly offset

from vertically into the page. Dislocation set 2 is not visible, confirming the Burgers

vector (assuming they are edge dislocations). The Kikuchi pattern (middle right) shows

that the crystal has been tilled onto the 1 1 I band as shown schematically (bottom right).
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Fij» 5.2.7.h: g=131 dark field (top left) taken with the prestrain tensile axis slightly offset

from vertically into the page. Both sets of dislocations are visible, however, set 1 is very

weak, as expected from j>.b analysis. The Kikuchi pattern (middle right) shows the crystal

lias been tilted between the I 11 & 020 bands as shown schematically (bottom right).
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T5.8: g.b analysis for the reflections used to image figs 5.2.5.e to h.

Reflection

020

111

111

131

1

0

l

l

Contrast

Strong

Invisible

Strong

Weak (large g)

lR.b.,1
1

1

0

2 J

Contrast

Strong

strong

Invisible

strong

The observed localised deformation is in agreement with the increased likelihood of

localised plastic flow upon change in strain path noted for steel and Al (Laukonis 1978,

Wagoner 1983) for much larger strains ( > 20 %). The multilayer structure clearly

promotes the formation of shear bands at lower strains.

5.2.8 TEM of '0.46% I 0.43%' deformed Cu-Ni multilayer.

Edge-on TEM parallel to the prestrain axis suggests that the microstructure of the '0.46% /

0.43%' sample is similar to the '0.25% / 0.34%' sample, with a higher dislocation content.

The microstructure was found to have a heterogeneous distribution of dislocations;

deformation is highly localised within shear bands (fig 5.2.8.b) that reside amongst regions

of low dislocation content (fig 5.2.8.a) that do not contain array-like dislocation structures.

A slight increase in dislocation density at the Cu-Ni interfaces is seen within the Cu phase

(figs 5.2.8.C & d), but not in the Ni phase, presumably due to the difficulty of dislocation

motion into a stiffer medium.

Dislocations within highly deformed areas were found to be concentrated in bands within

which both the Ni (fig 5.2.8.g) and Cu (fig 5.2.8.e) grains were found to have two distinct

dislocation arrays, similar to those observed in §5.2.7. Figs 5.2.8.f & h illustrate how the

shear bands span across neighbouring layers.

5.2.9 X-ray residual stress measurement of deformed multilayers.

X-ray stress measurements of the stage (I) sample were made parallel to the straining

direction. The Ni peak profiles were slightly asymmetrical for all V tilts (fig 5.2.9.a). The

profiles were fitted with Lorentzian functions and the sin2 V stress results given in T5.9.
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TA

Fig 5.2.8.a: Low magnification bright field parallel to the prestrain axis of the 0.46% /

0.43% strained sample showing an area of relatively low dislocation content. Areas such

as these form the majority of the sample.

Fig 5.2.8.b: Low magnification bright field parallel to the prestrain axis ol' the 0.46% /

0.43% strained sample showing an area of relatively high dislocation content. The

dislocations form shear bands running through the layering. The width of the shear bands

is greater than in the 0.25% / 0.34% strained sample.
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Fig 5.2.8.c: Bright field of a typical Cu grain within an area of low dislocation content. A

few stray dislocations are visible and are particularly concentrated around the Cu to Ni

interface within the Cu layer.

Fig 5.2.8.d: Dark field of a similar grain to that imaged in fig 5.2.7.C. The weak beam

condition clearly shows greater dislocation activity at the Cu-Ni interface.
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T.A.2

Fig 5.2.8.e: Dark field of a typical Cu grain within a shear band. As seen in the 0.25'.? /

0.34% strained sample the Cu grains frequently have two clear sets of dislocation arrays

intersecting.

l<'ij» 5.2.8.1": Bright field of the same area as that pictured in fig 5.2.7.e: the neighbouring

Ni grains are seen to be heavily defective as well. The shear bands tend to form in areas of

hitih Ni recrvslalli/.ation.
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Kij» 5.2.8.}>: Dark field of a typical Ni grain within a shear band. Like the Cu grains the

recrystallized Ni grains have two clear sets of dislocation arrays intersecting.

T.A.2

l'"ijj 5 .2 .8 .h: Uright field of the s ame area as that p ic tured in tig :v2.7.g". the n e i g h h o u n i u

C "11 t r a i n s are seen to be heavi lv defect ive as wel l , tormiiiii a shear band of d i s loca t ions .
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T5.9: o,, X-ray residual stresses measurements (MPa) of stage (I) deformed samples.

Phase

Cu

Ni

Total oM

Volume fraction

0.54

0.46

-

oM(eB=0%)

52 ±0.8

-68 ± 10

-3

o,,(eo=0.25%)

-47 ±4
-113 + 14

-77

Oj,(En=0.46%)

-99 ±6
-200 ± 20

-145

Both the Cu and Ni residual stresses become more compressive with increasing

deformation. X-ray stress measurements suggest that a stress balance does not exist after

deformation; this would suggest that the stresses and therefore the peak profile fitting were

incorrect.

TEM results suggest that the Ni microstructure has an anomalous grain size distribution

due to recrystallization. After macroscopic yielding, increased dislocation densities were

observed within the recrystallized grains while little evidence of significant deformation

was observed in the fine grained Ni. The Ni phase appears to deform heterogeneously. The

Ni X-ray peak profiles may be comprised of two components, a broad component

originating from the fine grained Ni and a sharper component from the recrystallized

grains.

A double Lorentzian function was fitted to the Ni peak profiles; a typical fit is given in fig

3.2.9.b. The fitting values suggest that the peak profile contained two components. The

FWHM of the broader component was ~ 4° 29, corresponding to the width of the as-

received Ni reflections (see §3.9.2). The FWHM of the sharper component was ~ 1° 20 ,

corresponding to a crystallite size of > 40 nm. The individual components would appear to

correspond to the recrystallized (coarse) and the fine grained Ni regions. This is further

corroborated by calculating the proportions of each phase using the integrated intensities of

the individual components. The Ni (coarse) phase was found to comprise 40% of all the Ni,

correlating with TEM evidence. It is conceivable that the compressive stresses (T5.8)

previously measured within the Ni phase are real, but only exist in the coarse grained Ni,

because the sharper Ni (coarse) component has a greater influence over the position of

maximum intensity within such a two-component peak profile.

X-ray stress measurements were re-analysed using a double Lorentzian fit. The results are

given schematically in fig 5.2.9.C and are considered in the next two sections:
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7500
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6500

^ 6000

a
5500
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4500

4000
153 154 155 156 157 158

'26

Fig 5.2.9.a: Psi=16° Ni 420 X-ray reflection recorded from the stage (I) deformed by

0.46%. The same had been tilted in the direction of straining. A Lorentzian fit is

superimposed to highlight the asymmetry of the peak. A definite shoulder exists.

4500

4000

Ni (coarse)
Ni (fine)
Measured peak profile

153 154 155 156 157 158

3 29

Fig 5.2.9.b: The peak profile shown in fig 4.2.8.a was fitted accurately using a double

Lorentzian profile. The peak consists of a narrow peak and a broad peak, corresponding to

fine grained and recrystallized Ni respectively. The integrated intensities suggested that

the recrystallized Ni constituted 40 % of the total Ni microstructure.
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STAGE (I)

0% t
0.25% f

0.46% f

®Ni(coarst) "Ni(fine)

STAGE (II)

o NHciir.te) °Ni(fine)

44 -52

52 -68 -69

* 2.

-41 -141

r~S»- -120 r-»^

396

n -78

-99 -227 396

-17 0.25%

? 0.34%

-55

56
r d

-99

? 0.43% »—^»»- j

166

-147

r-*»-U.4 rH*" -15 r-^°

26 -124 186

-40 56

24 -207

Fig 5.2.9.c: Summary of the X-ray results from the 90° strain path change mechanical

testing, assuming a heterogeneous Ni microstructure. The errors associated with each

reading are given in the text. The results are examined in detail with sections §5.2.10 and

§5.2.11.
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5.2.10 Residual stress measurements of stage (I) deformed Cu-Ni multilayers.

Residual stresses in the direction of straining for the stage (I) samples are given in T5.10.

Direction ' 1' corresponds to the direction of stage (I) straining.

T5.10: Comparison of o u residual stresses after stage (I) deformation (MPa).

Phase

Cu

Ni coarse

Ni fine

Total

/

0.540

0.184

0.276

-

e p = 0 %

er = 0 %

52.0 ± 0.8

-68 ±10

-69 ± 7

-3 ±3

ep = 0.25 %

er =0.18%

-47 ± 4

-141 ±40

396 ± 60

58+ 18

£ p = 0.46 %

er = 0.24 %

-99 ± 6

-227 ±60

396 ± 80

14 ±24

Unlike the single Lorentzian fit, the double Lorentzian fit gives a better stress balance. The

trends observed in the residual stress states of the individual phases are similar to those

seen during monotonic tensile testing (§5.2.3), however, the magnitude of the stresses is

greater, despite less plastic flow. As mentioned previously (§5.2.2), because of a lack of

multilayer material the specimen used for two stage monotonic tensile testing was taken

from the region between the grips and the '0.25 %' stage (I) sample after stage (I)

deformation. It was hoped that there was no plastic strain within such a region, however, as

shall be seen later, the lower residual stresses and the reduced reverse plastic flow are

characteristic of a slight prestrain.

Given that residual stresses are known to influence the behaviour of subsequent

deformation it is sensible to measure the residual stresses in the '2' direction in order to

correlate them with the stage (II) mechanical testing data. X-ray o22 residual stress

measurements of stage (I) deformed samples are given in T5.11.

T5.ll: X-ray o22 residual stress measurements of the stage (I) deformed samples (MPa).

Phase

Cu

Ni coarse

Ni fine

Total stress

Stage ( D j J u ^

e B = 0

52.0 ± 0.8
_-6^±J0

-69 ±7
-3

Stage (I) o22 residual stresses (§5.2.4)

£ D = 0 ! eD=0.25

44 ± 1 | 2 ± 4

-52 ±10 -126 ±20

-17 ±60 1
10

ep =0.46

-9.0 ± 0.5

-72 ± 70

-
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The errors associated with some of the readings were too high to be presented. o n as-

deposited stresses are included for comparison with the equivalent a22 stresses; the

measurements should agree within experimental error, however, the difference highlights

the slight underestimation of the experimental errors presented in T5.11. Despite the poor

precision of some of the Ni readings, it is clear that the a22 residual stresses vary in a

similar manner to the o u residual stresses; the changes are not so large.

The yield stresses of the constituent phases during further deformation, no matter which

direction, will be related to previous work hardening and the pre-test residual stress state.

The Tresca yield criterion states that yielding occurs when the difference between the

largest and smallest principal stress reaches a critical value and may therefore be used to

predict the effects of residual stresses upon yielding. During deformation, the greatest

principal stress is likely to be in the direction of straining. Taking stage (I) deformation as

an example, if it is assumed that both o3 and o2 vary little during subsequent loading

(§5.2.13) then the effect of initial residual stresses upon the yield stress of a particular

phase may be assessed using the quantity Q (E5.8):

(E5.8) Q - a, - amin, where amin is the smaller of a2 and a3.

If Q > 0 then yielding is promoted by the residual stresses. If Q < 0 then yielding is

delayed. Q values for further deformation in the ' 1 ' & '2 ' directions based upon X-ray

stress measurements are given in T5.12:

T5.12: Q values as a function of prestrain (MPa).

Phase

Cu

Ni (coarse)

Ni (fine)

Q values for further ' 1' deformation

0%

Prestrain

52

-16

-52

0.25 %

Prestrain

-47

-15

-

0.46 %

Prestrain

-90

-155

-

Q values for further '2 ' deformation

0%

Prestrain

44

16

52

0.25 %

Prestrain

49

15

-

0.46 %

Prestrain

90

155

-

T5.12 suggests that residual stresses promote stage (II) yielding. Stage (II) tensile testing

suggests that the yield stress in the '2 ' direction does not vary with increasing stage (I)

prestrain. Work hardening is likely to increase the yield stress in the '2 ' direction whereas

residual stresses act to lower it. The two competing effects are likely to result in only a
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small change in the yield stress, as observed. T5.12 also suggests that yield stress during

further deformation in the ' 1' direction will be greater, as observed in §2.3.2.

Q values predict that yielding of the Ni (coarse) phase during stage (II) deformation will be

at a similar or lower strain than that in the Cu phase. Such promotion of Ni (coarse)

yielding may help homogenise plastic strain within the multilayer and therefore reduce

residual stress formation (S5.14):

Ni (coarse) Ni (fine)

Cu
Glue

S5.14: Equal deformation in the Cu and Ni (coarse) creates smaller residual stresses.

It is therefore expected that the residual stress changes during stage (II) deformation will be

smaller than those during stage (I).

5.2.11 Measurement of residual stresses in stage (II) deformed samples.

Residual stresses within the stage (II) samples were measured using X-ray diffraction. The

results for the direction of straining are given in T5.13:

T5.13: o22 residual stresses after stage (II) deformation.

Phase

Ni coarse

Ni fine

Total

'0.25 %/0%'

____JL±i
-126 + 20

-

-

'0.25 %/0.34 %'

__O4± 1_

-15 ± 16

-

-

'0.46% /0 %'

-72 ± 70
-

-

'0.46%/0.43%'

24 ± 3

-40+ 10

56 ±20

21

The error in the Ni (fine) stress measurements was very high for most of the samples. From

what little data is available it is clear that residual stress changes in the direction of

straining during stage (II) deformation are surprisingly small and may be attributed to both

the promotion of equal plastic strain by stage (I) residual stresses (§5.2.10) and to localised

plastic flow. Shear bands exist within stage (II) samples (§5.2.7). Localised plastic flow

does not create any residual stresses. No shear bands were seen in the stage (I) samples,

hence the significant residual stresses observed. X-ray stress measurements of changes in

a, | residual stress during stage (II) deformation are given in T5.14:
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T5.14: on residual stress changes during stage (II) straining.

Phase

e.
Cu

Ni coarse

Ni fine

Total

a,, residual stresses (MPa)

0.25 % / 0 %

-47 ± 4

-141 ±40

396 ± 60

58 + 20

0.25 % 10.34 %

26 ± 2

-124±120

186 ±40

42 ±25

oM residual stresses (MPa)

0.46 % / 0 %

-99 ± 6

-227 ±60

396 ± 80

14 ±25

0.46 % / 0.43 %

24 ± 3

-207±100

_

-

The a, | residual stresses change more than the equivalent o22 stresses. It is possible that

the observed changes are a result of reverse plastic flow during unloading.

Significant reverse plastic flow occurs during unloading in stage (I) and to a lesser extent

stage (II). The stresses within the individual phases during loading and unloading are

unknown; X-ray stress measurements can only measure the final residual stress state. It was

therefore decided to model deformation within stage (I) & (II) samples in order to

understand residual stress generation in both ' 1 ' and '2' directions and also to investigate

the effects of reverse plastic flow.

5.2.12 Modelling of the deformation behaviour ofCu-Ni multilayers.

In order to model the mechanical behaviour of the multilayers a knowledge of the

individual performance of the constituent phases is required. Mechanical testing data is not

available, however, Nielsen (1996) carried out micro-hardness measurements upon both as-

deposited and annealed Cu and Ni, electrodeposited using the same conditions as those

used during deposition of the 1 micron wavelength thickness multilayer. Nielsen's results

were used to calculate an approximate yield stress for the Cu, Ni (coarse) and Ni (fine)

phases by assuming HV ~ 3ay (e.g. Poole 1996); the results are given in T5.15:

T5.15: Hardness & yield stress of platings used in this dissertation (Nielsen 1996).

Sample

Electrodeposited Cu

Electrodeposited Ni [«Ni (fine)]

Annealed Ni (=400°C / 1 hr) [«Ni (coarse)]

Vickers Hardness

(GPa)

0.95

3.80

-2 .4

Yield Stress

MPa

- 320 MPa

= 1260 MPa

- 800 MPa
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It is clear that the yield stress of the Ni is incredibly high, presumably due to the very fine

grain size. Hardness measurements are affected by residual stresses. A tensile residual

stress lowers the resistance to indentation and therefore the Ni (fine) phase may have an

even higher yield stress than measured.

It must be noted that the micro-hardness measurements may not be truly representative of

the Ni within the multilayers. Single phase plating studies (§3.6.2) suggest that the

microstructure of thick (greater than 1 micron) deposits vary with thickness. During the

latter stages of deposition the deposit becomes highly textured with a larger grain size and

will therefore have differing mechanical properties to the initial fine grained deposit.

As mentioned in the stiffness calculation (§5.2.4), the multilayer geometry imposes a

number of constraints on elastic (and plastic) loading. The effects of both the constraint and

the difference in Poisson ratio of the constituent phases leads to a complex loading problem

that is best handled using finite element modelling.

Finite element modelling using 'ABAQUS' requires information about the mechanical

properties of the constituent phases; no such data was available and therefore the data was

estimated to be E5.9 (with the data of Nielsen (1996) in mind). The curves are plotted in fig

5.2.12.a.

(E5.9) aCu(MPa) = (l. 17 xl0 5 )e-( l .20xl0 7 )e 2+(4.5 x l

a) = (2 .07xl0 5 )e - ( lx l0 5 )e 2 - (3x l0 s )e 1

a) = (Z07 x 10s )e - (9 x 106)e2 - (8 x 107)e3

In actual fact, 'ABAQUS' requires the yield stress as a function of plastic strain for each

phase; such data was calculated using E5.9 and is presented in fig 5.2.12.b.

A mesh was created (S5.15) with the following constraints (T5.16):
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a,

t/5

£
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500

0

Cu
— — Ni (coarse)

Ni (fine)

0

I L _ . l . I i _ .

0.005 0.01
True Strain

0.015

Fig 5.2.12.a: TEM evidence suggested a heterogeneous Ni microstructure. Estimated

loading curves for the individual components of the multilayer are given above. It was

assumed that the Ni (fine) phase has a far higher yield stres than the Ni (coarse) phase.
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2000
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Ni (coarse)
Ni (fine)

i i i i l

0.005 0.01

Plastic Strain

0.015

Fig 5.2.12.b: FEM requires the variation in yield stress of the individual phases. The

above data was calculated from the data in fig 5.2.12.a and extended to higher strains.
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• Copper

• Ni(Fine)

H Ni (Coarse)

(90° load direction)

0.540

0.276
0.184

(Prestrain load direction)

Surfaces / Nodes (referring to S5.9)

Origin (node at back, bottom)

Face 1 (back)

Face 1 (front)

Face 2 (back)

Face 2 (front)

Constraint

Fixed in space

All nodes fixed in 1 direction

All nodes have same position along 1 axis.

All nodes fixed in 2 direction

All nodes have same position along 2 axis.

S5.I5 & T5.16: Finite element model of the Cu-Ni multilayer and constraints used.

The model assumes equal strain in the Ni (fine) and Ni (coarse) phases. In reality the Ni

(coarse) phase lies within the Ni (fine) in the following manner (S5.16):

S5.16: Illustration ofNi (coarse) dispersion within the Ni (fine) micro structure.

Plastic deformation of such a structure is likely to create inhomogeneous strains which are

not considered, the model becomes more inaccurate with increasing plastic strain in the Ni

phase.

The effects of the thermal residual stresses were included by cooling the model by 150°C

before deformation to create stresses of similar magnitude to those measured using X-ray.
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Stress was applied to the model in the T direction, unloaded, then loaded again in the '2 '

direction and unloaded in such a manner as to ensure the applied strains were the same as

those during mechanical testing (T5.17):

T5.17: Applied strains.

Model run

1

2

3

Applied prestrain (%)

0

1

1.25

Applied 90° strain (%)

1

1

1

5.2.13 Modelling of stage (I) loading.

The experimental loading data for Stage (I) is compared with the model predictions in fig

5.2.13.a. The model mimics the experimental data well for low strains but becomes more

wayward at higher strains. The model is slightly harder than the actual multilayer,

reflecting inaccuracies in the estimated deformation properties of the constituent phases.

The model is also highly inaccurate during unloading; no reverse plastic flow is seen.

The distribution of stresses within the constituent phases in the o n and a22 directions is

given in fig 5.2.13.b & c. Yielding predictions in §5.2.10 assume no a22 variations during

loading; although slightly incorrect, the magnitude of the variations are small and the

therefore the assumption is reasonably valid.

Model residual stresses are compared to X-ray data for stage (I) deformed samples in

T5.18:

T5.18: Model and X-ray a,, residual stresses of stage (I) deformed samples.

Phase

Cu

Ni (coarse)

Ni (fine)

Total

X-ray stress measurements (MPa)

er=0%

52.0 ±0.8

-68 ±10

-69 ±7

-3

eD=0.25%

-47 ± 4

-141 ±40

396 ± 60

58

ew -1.25%

e,,=0.46%

: 9 9 ± 6

-227 ± 60

396 ± 80

14

Model residual stress (MPa)

Er=0%

51

-60

-60

0

En=0.39%

-220

-74

479

0

e ^ - 1 . 2 5 %

en=0.63%

-248

641

0
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1 0 0 0 I • i • -r-

800
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200

0

~! 1 r—i T ~ T — — i — i r~

0

Experimental

FEM Model

0.005 0.01
True Strain

0.015

Fig 5.2.13.a: The model multilayer loading curve is seen to correlate reasonably well with

the experimental data during loading, however, the results disagree during unloading; the

model does not predict any reverse plastic flow.
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Fig 5.2.13.b: Model oM stress redistribution amongst the 3 phases. The Ni (fine) phase is

seen to take most of the load. No compressive deformation is seen in the copper phase

during unloading.
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Fig 5.2.13.c: Model o22 stress evolution during loading in the '1' direction. The Cu phase

is relatively unchanged whereas the Ni phases diverge considerably.
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Clear differences exist between model and X-ray data. Since residual stress are caused by

phases plastically flowing by differing amounts, it is likely that the differences are caused

by the absence of reverse plastic flow in the model. The model uses a yield criterion that is

independent of strain path, and therefore the compressive yield stress of any phase during

unloading will be of the same magnitude as the tensile yield strength at the point of greatest

applied load. In reality, the compressive yield stress following tensile deformation is likely

to be lower (the Bauschinger effect, see §5.1.1). The fact that the Cu residual stress state is

smaller than that predicted suggests that in reality the Cu has flowed during unloading. If

reverse plastic flow is occurring in the Cu, it would appear that the compressive yield stress

of Cu may be as low as -50 MPa.

Model and X-ray a22 residual stress are compared in T5.19:

T5.19: X-ray and model a22 residual stresses during stage (I) deformation.

Phase

Cu

Ni (coarse)

Ni (fine)

Total

X-ray stress measurements (MPa)

en=0%

44 ± 1

-52 ± 10

-17±60

10

£,,=0.25%

2±4

-126 ±20
-

-

en=0.46%

-9.0 ± 0.5

-72 ± 70
-

-

Model

En=0%

51

-60

-60

0

residual stress (MPa)

en=0.39%

32

49

-95

0

e w - 1 . 2 5 %

£,,=0.63%

19

76

-88

0

The differences between the sets of data are small for the Cu and large for the Ni (coarse).

Simple arguments cannot readily explain the observed changes, however, they are likely to

be due to reverse plastic flow in the Cu; Such a theory may be substantiated by calculating

the differences between the X-ray measurements and the model predictions and correlating

with the amount of reverse plastic flow (T5.20). If a correlation exists, the two effects are

likely to be related.

The differences listed in T5.20 are seen to approximately agree within experimental error

(except for the Ni (fine)), correlating with the amount of reverse flow, which does not

change significantly for each loading case.
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T5.20: Differences between X-ray and model data for stage (I).

Phase

Applied strain

Cu

Ni (coarse)

Ni(fine)

Cu

Ni (coarse)

Ni (fine)

Stress

Aon

Ao,,
A°u...
Ao2 2

Aa M

Ao77

1 %

-173 + 4

67 ±40

83 ±60

30 ±4

175 + 20

-

1.25 %

-149 ± 6

99 ±60

245 ± 80

28 ±1

148 + 70

-

Given that most of the plastic deformation during an applied model strain of 1 % is within

the Cu the situation is similar to that during unloading. The plastic strain predicted by the

model resulting from an applied strain of 1 % was 0.39 %. The plastic strain during

unloading was -0.18 %. The residual stresses formed during reverse plastic flow may be

approximated to (-0.18/0.39) times the model residual stress changes. The results of such a

calculation are given in T5.21.

The stress differences do not agree very well. It is possible that Ni (coarse) plastic flow

during the 1 % model applied strain is greater than that during unloading, thereby changing

the stress state.

It would seem that the reverse plastic flow in the Cu can explain most of the differences

between the model and the measured residual stress state.

T5.21: Prediction for 0.38 % compressive deformation based on stage (I) model (MPa).

Phase

Cu

Ni (coarse)

Ni (fine)

Cu

Ni (coarse)

Ni (fine)

Stress

oH

a,,

__au

0

a,,

(0.18^

U.39jX °mM

-125

-6

248

-9

50

-16

" Mudel u XRD

-173±4

67 ±40

83 ±60

30 ±4

175 ±20
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Fig 5.2.13.d: Model predictions for stage (II) loading curves as a function of stage (I)

prestrain. The model predicts an increased yield stress and work hardening rate with

increasing prestrain.
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Given the fact that residual stresses within the model after stage (I) deformation differ

markedly from those measured using X-ray diffraction it is not sensible to extend the

comparison of the model with the experimental results of stage (II) residual stresses,

however, for completeness, the model predicts a higher yield stress and greater work-

hardening during stage (I) (fig 5.2.13.d), contrary to the mechanical testing results.

The accuracy of the model during stage (I) loading is reasonable which suggests the

estimated mechanical properties of the constituent phases are approximately correct; if so,

the multilayer has a lower yield stress than the Ni (fine) phase. More importantly, the yield

stress of the Ni 'composite' phase is similar or greater than the multilayer, in direct

contradiction to the research listed in T5.1, and therefore there is no yield stress

enhancement arising from the multilayer geometry.

The importance of TEM is highlighted. Without TEM neither the localised plastic flow or

the bimodal grain size distribution of the Ni would have been observed and consequently

most of the analysis presented within this chapter could not have been performed; the

disregard for microstructural information within most of the previous multilayer

deformation studies is therefore alarming.

To summarize, residual stresses and localised plastic flow can account for most of the

observed changes in mechanical properties in Cu-Ni multilayers after a 90° change in strain

path.

5.3 Conclusions.

As-deposited 1 micron layer thickness multilayers were annealed for 5 minutes at 300°C in

order to relieve deposition stress and increase the average Ni grain size. The Ni phase

microstructure contained 40% recrystallized grains of approximate diameter 0.4-0.7

microns. A small residual compressive stress was measured in the Ni phase

counterbalanced by a small residual copper stress.

After monotonic tensile deformation the following conclusions were made:

• The failure strain of the annealed multilayers was low, < 2.5 %.

As expected, when a multilayer is strained in one direction, unloaded, then strained

in the same direction the yield stress & work hardening rate of the multilayer

increase.
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• When unloaded from monotonic tensile testing, reverse plastic flow occurs, even

after relatively small applied strains (1%). Reverse plastic flow increases with

increasing applied strain.

• X-ray & TEM suggest that the anomalous Ni grain size distribution leads to a

plastically heterogeneous layer structure. The Ni (fine) phase has a higher yield

stress than the areas containing large recrystallized Ni grains.

• Residual stresses within deformed Cu-Ni multilayer may be measured using the X-

ray sin2 W method if a heterogeneous Ni microstructure is assumed.

• X-ray stress measurements suggest that increased deformation leads to greater

residual compressive stress in the Ni (coarse) and Cu phases, counterbalanced by a

large Ni (fine) residual tensile stress. The observed compressive stresses correlate

with both delayed yielding upon further loading and with reverse plastic flow in the

Cu phase during unloading. The compressive yield stress of the copper after a 1 %

tensile strain may be as low as 50 MPa.

There is little evidence of increased dislocation density at the Cu-Ni interfaces,

however, greater dislocation densities are seen in, and surrounding, recrystallized Ni

grains.

• The reasonably accurate prediction of the multilayer deformation behaviour during

initial tensile testing suggests that the yield stress data calculated from Nielsen's

work is approximately correct. The multilayer has a lower yield strength than a

larger proportion of the Ni phase; no enhancement due to the multilayer geometry

was observed.

Two stage tensile testing of multilayers with a 90° change in strain path was carried out and

the following conclusions made:

• The greater the stage (I) prestrain, the lower the work hardening rate during stage

(II); such behaviour is exactly opposite to that seen during two stage monotonic

tensile testing.

• Despite considerable plastic deformation during prestraining, the yield stress during

stage (II) is no different to the initial yield stress during stage (I). Such a

phenomenon is readily explained by residual stress formation during stage (I)

deformation.

• Localised plastic flow occurs during stage (II) deformation. Intersecting dislocation

arrays are seen within the heavily deformed regions and may be attributed solely to

stage (II) loading. The multilayer geometry may be promoting localised

deformation since it is rarely seen after a such a small strain (2%) in most metals.
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The amount of reverse plastic flow occurring during stage (II) increases with

increasing stage (I) deformation. The effect may be attributed to both localised

plastic flow and homogenisation of plastic strains within the Cu and Ni (coarse)

phases caused by stage (I) residual stresses.

X-ray stress measurements of stage (I) and stage (II) deformed samples suggest that

little residual stress variation occurs during stage (II). Possible explanations include

increased localised deformation and / or residual stresses from stage (I) loading

promoting more homogenous deformation in both the Ni (coarse) and Cu phases.

Studies of multilayer deformation behaviour must include detailed microstructural

characterization. Without TEM evidence neither the heterogeneous Ni

microstructure or the localised deformation behaviour would have been observed.

Such evidence was crucial to the understanding of the mechanical behaviour.

For the first time, anomalies in mechanical behaviour during two stage deformation

with a change in strain path have been successfully correlated with residual stress

formation and microstructural observations.
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6. CONCLUSIONS.

Referring to the initial aims of this thesis, the following conclusions may be drawn:

• Characterization of the microstructure, quality and uniformity of as-deposited Cu-

Ni multilayers as a function of deposition wavelength.

A range of Cu-Ni multilayer wavelengths were investigated using TEM, X-ray and optical

methods. The dual bath technique was found to be capable of producing coarse wavelength

multilayers (layer thickness > 0.4 microns) of considerable total thickness (> 100 microns)

with non-porous, planar, non-epitaxial interfaces. Below a layer thickness of 90 nm the

individual layers deposit epitaxially with a strong 220 texture parallel to the growth

direction. The epitaxial nature of the finer layers leads to greater amplification of Cu

deposition anisotropy resulting in wavy, faceted layers. The DBT is not suited to very fine

(< 40 nm layer thickness) Cu-Ni multilayer deposition. The most influential deposition

parameter is the current density at the cathode. The epitaxial change occurs at a current

density of = 0.9 A/dm 2 . Preferential deposition at the edge of substrates leads to a

variation in layer thickness across a single specimen which can give rise to a fundamental

change in microstructure.

• Measurement of residual stresses within as-deposited, interdiffused and deformed

Cu-Ni multilayers using X-rays.

X-ray residual stress measurements were made of the as-deposited Cu and Ni phases of the

1 and 10 micron layer thickness multilayers, off substrate, for the first time. The

multilayers were found to deposit in a state of plane stress. The strong texture seen in the

finer wavelength multilayers made stress measurement impossible. The fine (< 30 nm)

defective grains that comprise the Ni layers of the coarser multilayers produced a broad X-

ray diffraction peak that proved troublesome for the sin2^ technique. By heating the

multilayers off substrate for 5 minutes at 300°C it was possible to reduce the defect content

and increase the grain size of the Ni layer microstructure, making stress measurement

easier and more accurate. Stress measurements of both interdiffused and deformed Cu-Ni

multilayers were made. Stress measurements proved crucial to the understanding of the

deformation processes.
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• Assessment of the stability of the multilayer structure at elevated temperature.

A number of competing processes occur within 1 micron layer thickness layer at elevated

temperatures. At 300°C there is both Ni layer recrystallization and diffusion induced grain

boundary motion within the Cu layers; the multilayer morphology, however, remains

intact. Above 300°C the morphology is destroyed, resulting in equiaxed grains of varying

composition. DIGM at 300°C produces regions of alloyed Cu-Ni of uniform composition.

The exact composition of the alloyed regions is dependent upon both the annealing

temperature and composition of the Ni phase (any Co present retards DIGM). Since the

multilayers studied have such a high inter-phase interface density the fraction of the total

Cu alloyed is sufficient to be quantified using X-ray diffraction. X-ray has never previously

been used for such a task. TEM loss imaging confirmed the existence of alloyed regions of

uniform composition within the annealed Cu layer microstructure. As-deposited residual

stresses are relieved within 10 minutes of annealing at 300°C, whereas DIGM occurs over

35 hours. The driving force for DIGM is unlikely to be stress relief.

• Investigation of Cu-Ni multilayer mechanical behaviour.

The total thickness and in plane dimensions of the 1 micron layer thickness multilayer

samples were sufficient to mechanically test using standard testing machinery (in this case

a 50 kN screw loading rig). The UTS was « 900 MPa and the failure strain = 0.025. By

assuming a heterogeneous Ni microstructure consisting of coarse (> 100 nm) grains

residing in fine (< 40 nm) grains it was possible to measure the evolution of residual

stresses with increasing plastic deformation. The X-ray stress measurements of each phase

balanced within experimental error for most of the readings. Increased deformation was

seen in the Cu regions surrounding recrystallized Ni grains. During unloading the highly

tensile stresses within the Ni (fine) phase drive the Ni (coarse) and Cu phases into

compression. The compressive stresses are sufficient to plastically deform the Cu (and

possibly the Ni (coarse)) phases during unloading. No localised deformation occurred

during monotonic tensile deformation.

The effects of a 90° change in strain path were also investigated. The work hardening rate

during stage (II) deformation was found to decrease with increasing 90° prestrain (stage

(I)), the yield stress varied little. Both the work hardening and yield stress observations are

different to those seen for two stage testing with no change in strain path. Localised plastic

flow was seen within the stage (II) samples. Residual stresses created during stage (I)

deformation coupled with localised deformation account for the observed deformation

behaviour. The creation of stage (I) residual stresses was modelled using FEM and
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compared to the X-ray results. The stresses correlate with reverse plastic flow in the Cu,

suggesting that the compressive yield stress of the Cu may be as low as 50 MPa during

unloading.

• Overall conclusions

FEM modelling of deformation, coupled with data from Nielsen (1996), suggests yield

stresses of = 300 MPa for the Cu phase, « 800 MPa for the Ni (coarse) and » 1300 MPa for

the Ni (fine) phases during monotonic tensile testing. The multilayer (o y ~ 400 MPa) does

not have an enhanced yield stress in comparison to the constituent Ni layers. In fact, 1

micron layer thickness Cu-Ni multilayers do not appear to have any obvious mechanical or

thermal advantage over an equivalent single Ni plating.

The importance of detailed microstructural knowledge has been highlighted; for example,

the observations of the heterogeneity of the Ni microstructure and the microstructure of the

Cu after annealing were all crucial in understanding the macroscopic properties of the

multilayer.

The 1 micron layer thickness multilayer, after a brief anneal, becomes a relatively ideal

system for study of multilayer deformation. In particular, sin2^ X-ray stress analysis was

used successfully upon interdiffused and deformed structures. Stress analysis has been

achieved on a composite that has undergone deformation with a change in strain path for

the first time.
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7. FURTHER WORK.

Listed below are a number of research areas leading on from the work in this thesis:

(1) Two way straining of the 50 or 100 nm layer thickness multilayers.

It would be interesting to compare the behaviour of the finer epitaxial multilayers with the

coarse 1 micron layer thickness multilayer. Sadly the sample (A 124-77) provided to carry

out such a study within this dissertation had defective Ni-Cu interfaces (see §3.8.2). X-ray

stress measurements may be achieved by careful consideration of the texture. It would be

very interesting to compare the different dislocation mechanisms with the X-ray stress data

given that the fine wavelength multilayer is nearer the wavelength specified by Koehler

(1970)

(2) Bauschinger mechanical testing of Cu-Ni multilayers

It was originally planned to carry out standard Bauschinger mechanical testing on the Cu-

Ni multilayers. Consider S7.1; by plating a Cu-Ni multilayer onto a hollowed square Al

tube (a), sectioning along the dotted line then welding together as pictured in (b) and then

finally removing the Al by immersing in hot NaOH, it would be possible to create a cross

cross-section multilayer specimen capable of both compressive and tensile deformation.

i

(a) (b)

57.7: Proposed fabrication method for multilayer Bauschinger specimen (see text).

Through knowledge of the changes in yield stress during strain path reversal it would be

possible to gauge the residual stresses created during initial loading.
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(3) Neutron diffraction stress measurements

Neutron diffraction measurements could be carried out on the Bauschinger mechanical test

specimens and also, with great care, the samples deformed in chapter 5. Neutrons have a

low interaction with matter and therefore require reasonably thick (0.5 mm) multilayer

specimens for diffraction studies. Neutron diffraction is often carried out in transmission

rather than reflection and therefore direct in-plane strain measurement is possible. The

comparison between neutron and X-ray strain measurements would be very interesting.

(4) Synchrotron stress measurements

Recent advances in synchrotron diffractometers have enabled stress measurement of very

small volumes. Such a technique would be capable of measuring individual layer stress

states within the 1 micron layer thickness multilayer. Synchrotron experiments may help

characterize the as-deposited residual stress state within the multilayers, particularly the as-

deposited bending moment. Direct evidence of the applicability of the sin2^ technique to

deformed multilayers could also be achieved if the data suggests that the surface region is

in a similar stress state to the bulk.

(5) Enhanced DIGM data using focused ion beam thinning & loss imaging.

Loss imaging is complicated by specimen thickness variation. Using focused ion beam

thinning it would be possible to mill a section of constant thickness of area = 30 microns

square; such a sample would be ideal for more detailed interpretation of the diffused

microstructure seen in chapter 4.

Further work regarding specific areas within this dissertation include:

(1) Further investigation into the cause of the erroneous stress measurements of the as-

deposited Ni layers of the 1 micron layer thickness multilayer.

(2) A more thorough investigation into the dislocation mechanisms that occur during

deformation of the 1 micron layer thickness multilayers.

(3) Tensile deformation of all wavelengths in order to compare with previous literature.
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APPENDIX A

Listed below is the Microsoft Basic program I wrote to calculate the direction and

magnitude of the principal stresses of a phase given 6 independent strain measurements.

The method is outlined in §2.4.1.

REM Take 6 strain readings, (of varying § & V) & E2.33 to get 6 simultaneous equations

REM Using Matrices & Cramer's rule the strain tensor is deduced

REM The associated stress tensor is then calculated. & the principal stresses determined

REM The direction and magnitude of the principal stress are then deduced.

REM Enter number of readings:

nor=6

REM Format: Phi, psi, strain:

D A T A 0,30,0.00014

D A T A 0,50,0.00028

D A T A 45,30,0.000109

D A T A 45,50,0.00031

D A T A 90,30,0.000036

D A T A 90,50,0.000217

REM Eisotropic, visotropic

DATA 109000000000,0.343

dtr=.017453292#: REM degrees to radians

no=6

DIM e$(6),ps(3),ssp(3,3),s$(6),ee(6),cc(6,6),ss(6),eee(nor),m(no,no),ma(nor,no+1)

e$(l)="ell":e$(2)=Me22":e$(3)="e33"

e$(4)="el2":e$(5)="el3":e$(6)="e23"

REM Note above is incorrect for Nye but is corrected later.

REM Below is OK for Nye convention

s$( 1 )="s 11 ":s$(2)="s22M:s$(3)="s33"

s$(4)="s23M:s$(5)="sl3":s$(6)="sl2"

REM calculate strain measured in terms of strain tensor

FORi=l TO nor

READ phi,psi,e

psi=psi*dtr:phi=phi*dtr
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ma(i, 1 )=(COS(phi)A2)*(SIN(psi)A2)
ma(i,2)=(SIN(phi)A2)*(SIN(psi)A2)

ma(i,3)=(COS(psi)A2)

ma(i,4)=(SIN(2*phi))*(SIN(psi)A2)

ma(i,5)=(COS(phi))*(SIN(2*psi))

ma(i,6)=(SIN(phi))*(SIN(2*psi))

ma(i,7)=e

NEXTi

DIM am(no,no),ae(nor,nor),at(no,nor),ai(no,no),aa(no,nor)

REM Method of least squares fit

FOR i=l TO nor

FORj=l TO no

NEXTj,i

REM multiply at and ma to get am

FORi=lTOno

FORj=l TO no

FORk=l TO nor

am(i,j)=am(i,j)+at(i,k)*ma(k,j)

NEXT k,j,i

REM We now have to inverse matrix am.

REM Need to calculate the determinant of am.

PRINT "Thinking very hard"

FORn=l TO 6

r(n)=n

NEXTn

det=0:mul=0

FORd=l TO 6

dr=r(d)

FOR n=d TO 5

r(n)=r(n+l)

NEXTn

GOSUB determine

139



Appendix A

F0Rn=5T0dSTEP- l

r(n+l)=r(n)

NEXTn

r(d)=dr

NEXTd

adet=det

CLS

PRINT "Determinant =";adet

PRINT "calculate inverse of 6x6 At.A matrix"

FORii=l TO 6

FORjj=lTO6

LOCATE 3,1

FORi=lTO6

FORj=l TOjj-1

m(i,j)=am(i,j)

NEXTj

FORj=jj+l TO 6

NEXTj

NEXTi

FORi=ii-l TO 1 STEP-1

FORj=l TO 5

NEXTj,i

FORn=l TO 5

r(n)=n

NEXTn

det=0:mul=0:mul(l)=l

GOSUB determine

PRINT "row ";ii;" column ";jj;"of ai=";

ai(iJ,ii)=(l/adet)*det*((-l*l)A(ii+jj)):PRINTai(jj,ii)
NEXTjj,ii

REM now we have inverse, ai

REM now do equation z=(AtA)A-l.AtM

REM multiply at and ma to get am

FOR i=l TO no
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FORj=l TO nor

FORk=lTOno

aa(i,j)=aa(ij)+ai(i,k)*at(k,j)

NEXT k j , i

FORi=lTOno

FORj=lTOnor

ee(i)=ee(i)+aa(i,j)*ma(j,7)

NEXTj.i

REM now calculate error in ee(n)

REM (ma.aa-I)M

FOR i=l TO nor

FORj=l TO nor

FORk=l TO no

ae(i,j)=ae(i,j)+ma(i,k)*aa(k,j)

NEXT kj,i

FORi=l TO nor

ae(i,i)=ae(i,i)-l

NEXTi

FORi=lTOnor

FORj=l TO nor

eee(i)=eee(i)+ae(ij)*ma(j,7)

NEXTj,i

CLS

PRINT "CLASSIFIED RESULTS"

FORn=l TO 6

PRINT e$(n);" is equal to ";ee(n)

NEXTn

PRINT

PRINT "From data which was found to be:"

FOR n=l TO nor

PRINT "Measurement ";n;" equal to ";ma(n,7);M + ";eee(n)

NEXTn

PRINT

PRINT "press return to continue"

INPUT a$

GOTO finish

REM Calculates determinant of a 5x5 matrix m.ij
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determine:

F 0 R c = l T 0 5

cr=r(c)

mul(2)=m(2,r(c))*((-1 * 1 )A( 1 +c))

FOR n=c TO 5

r(n)=r(n+l)

NEXTn

FOR a=l TO 4

ar=r(a)

mul(3)=m(3,r(a))*((-1 * 1 )A( 1 +a))

FOR n=a TO 5

r(n)=r(n+l)

NEXTn

FORb=lTO5

br=r(b)

mul(4)=m(4,r(b))*((-1 * 1 )A( 1 +b))

FOR n=b TO 5

r(n)=r(n+l)

NEXTn

det=det+mul( 1 )*mul(2)*mul(3)*mul(4)*(m(no-1 ,r( 1 ))*m(no,r(2))-m(no 1 ,r(2))*.

FORn=5TObSTEP-l

r(n+l)=r(n)

NEXTn

r(b)=br

NEXTb

FORn=5TOaSTEP-l

r(n+l)=r(n)

NEXTn

r(a)=ar

NEXT a

FORn=5TOcSTEP-l
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r(n+l)=r(n)

NEXTn

r(c)=cr

NEXTc

RETURN

prinstress:

LOCATE 5+y,l

PRINT "s";y;" is equal to ";x*.000001-l;M MPa"

ps(y)=x-l 000000! :y=y-l

RETURN

state:

FORn=l TO 4

PRINT r(n);"";

NEXTn

PRINT

RETURN

finish:

REM Convert strains into stresses, assuming isotropic elasticity

READ Eiso,viso

ERASE r

REM Correct error: need to convert to Nye notation

REM el2 and e23 are in wrong positions

x=ee(4)

ee(4)=ee(6)

ee(6)=x

FOR n= 4 TO 6

ee(n)=2*ee(n)

NEXTn

REM Nye notation ready

REM calculate stiffness tensor components

FORn=l TO 3

cc(n,n)=eiso*( 1 -viso)/(( 1 +viso)*( 1 -2* viso))

cc(3+n,3+n)=eiso/(2*( 1 +viso))

NEXTn

l=(viso*eiso)/(( 1 +viso)*( 1 -2*viso))
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cc(l,2)=l

cc(l,3)=l

cc(2,3)=l

REM Now cc(mn) is set up

REM We now just need to calculate ss(mn)

FORi=l TO 6

FORj=lTO6

ss(i)=ss(i)+(cc(i,j)*ee(j))

NEXTj

PRINT s$(i);"= M;ss(i)

NEXTi

CLS

PRINT "Calculating secular equation"

a=-l

b=ss(l)+ss(2)+ss(3)

c=ss(5)A2+ss(4)A2+ss(6)A2

c=c-(ss(l)*ss(2)+ss(2)*ss(3)+ss(3)*ss(l))

d=ss(l)*ss(2)*ss(3)+2*(ss(6)*ss(4)*ss(5))

d=d-ss( 1 )*(ss(4)A2)-ss(3)*(ss(6)A2)-ss(2)*(ss(5)A2)

PRINT a;"*XA3 + ";b;"*XA2 + ";c;"*X + ";d

REM Solution to cubic are found by systematically searching for intercepts with y=0 axis

PRINT "Now scanning MPa"

PRINT "for principal stresses"

y=3

botrange=SQR(ss( 1 )A2+ss(2)A2+ss(3)A2+ss(4)A2+ss(5)A2+ss(6)A2)

botrange=-1 *INT(botrange*.000001)

x=(botrange-l)* 1000000!

fold=-xA3+b*xA2+c*x+d

n=botrange

loopl:

x=n*1000000!

f=-xA3+b*xA2+c*x+d+.O0001

LOCATE 5,l:PRINTn

IF f/fold<0 THEN GOSUB prinstress

fold=f

n=n+l

IF y<>0 THEN GOTO loopl
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REM Principal stresses are determined to ±1 MPa

REM determine smallest difference

dsp=ABS(ps(l)-ps(2))

IF ABS(ps(2)-ps(3))<dsp THEN dsp=ABS(ps(2)-ps(3))

IF ABS(ps(l)-ps(3))<dsp THEN dsp=ABS(ps(l)-ps(3))

dsp=dsp*.000001

REM used when deciding how many iterations (later)

LOCATE 9,1

FORn=l TO 3

ssp(n,n)=ss(n)

NEXTn

DIM lam(3,3)
FORn=l TO 6

REMss(n)=ss(n)*.000001

NEXTn

DIM h(3):DIM g(3):DIM r(3,3)

REM Converting ss to a 3-D matrix ssp

ssp( 1,3)=ss(5): ssp(3,1 )=ss(5)

ssp(2,3)=ss(4):ssp(3,2)=ss(4)

ssp( 1,2)=ss(6): ssp(2,1 )=ss(6)

REM Take any direction g(i), major axis found using iteration technique (Nye 1972)

g(l)=RND:g(2)=RND:g(3)=RND

PRINT "Calculating major principal direction"

FORn=lTO3

F 0 R m = l T 0 3

r(n,m)=ssp(n,m)

NEXT m,n

GOSUB maximise

FORn=l TO 3

lam(n,l)=g(n)

PRINT g(n);:NEXT n

PRINT
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REM To find smallest p.s. direction find inverse of ssp(ij) then use same procedure

REM used to find major axis

det=ssp( 1,1 )*(ssp(2,2)*ssp(3,3)-ssp(2,3)*ssp(3,2))

det=det-ssp(l,2)*(ssp(2,l)*ssp(3,3)-ssp(2,3)*ssp(3,l))

det=det+ssp( 1,3)*(ssp(2,1 )*ssp(3,2)-ssp(2,2)*ssp(3,1))

IF det=0 THEN PRINT "insolvable":END

r( 1,1 )=( l/det)*(ssp(2,2)*ssp(3,3)-ssp(2,3)*ssp(3,2))

r(l,2H-l/det)*(ssp(2,l)*ssp(3,3)-ssp(2,3)*ssp(3,l))

r(l,3)=(l/det)*(ssp(2,l)*ssp(3,2)-ssp(2,2)*ssp(3,l))

r(2,1 )=(- l/det)*(ssp( 1,2)*ssp(3,3)-ssp( 1,3)*ssp(3,2))

r(2,2)=( l/det)*(ssp( 1,1 )*ssp(3,3)-ssp( 1,3)*ssp(3,1))

r(2,3)=(- l/det)*(ssp( 1,1 )*ssp(3,2)-ssp( 1,2)*ssp(3,1))

r(3,1 )=( 1 /det)*(ssp( 1,2)*ssp(2,3)-ssp( 1,3)*ssp(2,2))

r(3,2)=(- l/det)*(ssp( 1,1 )*ssp(2,3)-ssp( 1,3)*ssp(2,1))

r(3,3)=( l/det)*(ssp( 1,1 )*ssp(2,2)-ssp( 1,2)*ssp(2,1))

REM Now transpose

j=r( 1,2):r( 1,2)=r(2,1 ):r(2,1 )=j

j=r(l,3):r(l,3)=r(3,l):r(3,l)=j

j=r(2,3):r(2,3)=r(3,2):r(3,2)=j

REM r(ij) is the inverse of ssp

g( 1 )=RND:g(2)=RND:g(3)=RND

PRINT "finding principal axis of smallest magnitude"

GOSUB maximise

FORn=l TO 3

lam(n,3)=g(n)

PRINT g(n);:NEXT n

PRINT

PRINT "calculating direction perpendicular to both"

REM simple cross-product

lam( 1,2)=-1 *(lam(2,1 )*lam(3,3)-lam(3,1 )*lam(2,3))

lam(2,2)=-1 *(lam(3,1 )*lam( 1,3)-lam( 1,1 )*lam(3,3))

lam(3,2)=-1 *(lam( 1,1 )*lam(2,3)-lara(2,1 )*lam( 1,3))

FORn=l TO 3

PRINT lam(n,2);

NEXTn

PRINT
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PRINT "Task completed"

here6:GOTO here6

REM Take ssp and multiply by a random column direction

REM The result will be closer to the major axis: keep repeating until direction is closer,

maximise:

FOR u=l TO (200+1000/dsp)

FORn=lTO3

h(n)=r(n, 1 )*g( 1 )+r(n,2)*g(2)+r(n,3)*g(3)

NEXTn

d=h(l)A2+h(2)A2+h(3)A2:d=SQR(d)

FOR n=l T O 3

h(n)=h(n)/d

g(n)=h(n)

NEXTn
NEXTu
RETURN
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