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§ymbols

A minor species of binary (A+B) alloy
I arithmetic mean amplitude
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11(5) mean Fourier amplitude of wavenumber
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ii interdiffusion coefficient
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F(v) Fourier transform of discrete data

F(w) Fourier transform of aperiodic function f(t)
F(m),G(w) Fourier pairs (transforms) of functions f(t), g(t)
G(h) chemical free energy

3/ interdiffusional flux
3% interdiffusional_flux of species A

Jk nucleation rate
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K chemical gradient energy coefficient
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variance
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a,d lattice parameters
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A
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lattice parameter of Y phase

lattice parameter of Y’ phase
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Co initial concentration
0 S spinodal composition

d particle diameter '

e electronic charge

f Helmholtz free energy per unit volue
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r" (82f‘/8c2)

rA'- (82f/802)

f(t),g(t) aperiodic functions

h allowed lattice site
k Boltzman's constant
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m/ne ionic mass-to-charge ratio
m,t size of data sampling unit
r particle radius

t I time

AG“ free energy change

¢ integral free energy

W(h) free energy in concentration wave formulation

q(h) amplification factor, concentration wave formulation

ur fraction of "correctly" occupied lattice sites
3 Fourier wavenumber

Bk frequency with which critical nucleus exceeds critical size
n A percentage lattice misfit
n (phase) hexagonal Ni3Ti

Y f.c.c. matrix -

Y‘ L12-type second phase
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A wavelength

Ac critical wavelength
Am wavelength receiving maximum amplification
u chemical potential
v Poisson's ratio
0 (math.) standard deviation
0 (phase) Laves phase

T incubation time

T data sampling interval
w,v frequency

* ‘ convolution operator
II(t) rectangular sampling function
III(t) infinite impulse train
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PHASE SEPARATION IN SOME MODEL NICKEL—BASE SUPERALLOY§

GENERAL SUMMARY

Many physical properties of high temperature nickel—base
superalloys are dictated.by features of the underlying two—phase Y/Y‘
microstructure. This dissertation examines mechanisms by which Y/Y’
distributions are generated in some model superalloys, each model
being designed to illustrate a particular feature displayed by more

complex commercial materials. The major technique employed in this
study is Atom-Probe Field—Ion Microscopy (APFIM). Subsidiary data are
provided by Transmission Electron Microscopy.

Background summaries of superalloy microstructure and formal
theory of phase transitions are presented in Chapters 1 and 2

respectively. Chapter 3 of the thesis develops an original and

quantitative method of data chain analysis suitable for use in APFIM

studies of continuous (spinodal) decomposition kinetics. Extensions
of the method to studies of other transitions and more general data
analysis are discussed.

This new method of APFIM data analysis is employed in Chapter A

to examine phase separation in rapidly-quenched Ni-1H.1at.%Al alloy.
It is shown that decomposition proceeds continuously at 625°C. The

spinodal reaction is replaced by conventional nucleation as the quench -

rate is lowered.

Studies of Ni-20.0at.%Cr-14.0at.%Al alloy (Chapter5) indicate
that in this material two populations of modulated second phase Y’,
differing in both composition and size, are present. The possibility
that these arise from separate spinodal and conventional nucleation
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changes is discussed.

Chapter 5 also demonstrates that Y{ phase is nucleated

conventionally in Ni—9.1at.%Al—H.4at.%Ti and Ni-8.7at.%Al-2.5at.%Ti
alloys. The initial second phase composition is sensitive to

prequench temperature, which suggests that nucleation is “

heterogeneous, decomposition proceeding via a non-equilibrium phase.

A matrix model of alloy PE16 (Chapter 6) shows conventional

homogeneous nucleation. APFIM studies of elemental partitioning
reveal that adjustment of the titanium/aluminium ratio in the Y’
towards equilibrium apparently follows the rejection from the Y‘

lattice of species (particularly chromium) which partition to the Y

phase. The implications of this observation are examined.

Chapter 7 discusses the general conclusions reached in the thesis
and suggests possible future studies based upon the results. Overall,
data for the model systems examined suggest that under conditions of
high solute supersaturation reaction to Y/Y‘ microstructures may

proceed spinodally (continuously) in commercial alloys.
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GENERAL INTRODUCTIO§

r

Nickel—base superalloys possess high strength, good stability
with respect to creep and excellent corrosion resistance in a service
temperature range of 5500-130O°C. The alloys are essentially high
temperature analogues of the austenitic stainless steels (maximum

service temperature "800oC, Decker and dewitt 1965). In various cast
and wrought forms superalloys are employed for structural and moving

parts in power plant and aeroengines (e.g. Sims 1978) and also in the
manufacture of high—temperature pressure vessels.

The early superalloys (service temperature 6500-75000, Betteridge
and Heslop 1974) exhibited essentially only one solid state
precipitation reaction, that is, the formation of ordered Y‘ phase

(based upon Ni3Al) from supersaturated solid solution. In subsequent

materials alloying additions used to promote an increase in service
temperature encouraged the formation of several other phases, both

desirable (carbides to prevent grain boundary sliding) and deleterious
(brittle Laves phases). Recently yet greater microstructural
stability has been effected by dispersion strengthening using rare
earth oxides, particularly in artifacts produced by powder

metallurgical routes (Gessinger and Bomford 1974; Lewis, Parkin and

Thompson 1977)}

The behaviour of these alloys under given service conditions is
often predicted on the basis of empirical measurements of physical and

mechanical properties since theoretical assessments are extremely
difficult. The understanding and control of microstructure and

behaviour may be improved, however, by knowledge of the phase
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transformations by which the complex structure is generated. The

present dissertation concentrates upon identification of possible
phase transitions by which basic two—phase Y7Y' microstructures of
superalloys may develop.

The complexity of commercial superalloys renders direct analysis
of phase transformation behaviour a non-trivial and difficult problem.
The present study therefore approaches the investigation by

identifying the operative transition mechanisms in a series of model
superalloys of varying complexity, each alloy being designed to
illustrate a particular feature of the Y’ separation reaction.

The first chapter of this thesis considers the general
characteristics of superalloys and discusses the selection of the
model systems nickel—aluminium, nickel—chromium-aluminium, nickel-
aluminium—titanium, and a PE16 matrix model alloy. Chapter 1 also
introduces the mechanisms of phase separation and other transitions
which may occur in the alloys. Formal developments of appropriate
transition theories are presented in Chapter 2 with particular
attention to continuous changes.

Experimentally, studies of precipitation reactions require
microanalysis, in order to assess the extent of separation, and

measurements of particle sizes, in order to follow growth processes. V

In the present work these results were obtained principally by various
forms of Atom—Probe Field-Ion Microscopy (APFIM, e.g. Mueller 197Qa7~

1974; Panitz 1975; Waugh and Southon 1979). Subsidiary data were

produced by Transmission Electron Microscopy (TEM, e.g. Hirsch, Howie,
Nicholson, Pashley and Whelan 1965; Thomas and Goringe 1979).
Operational methods are not pursued in detail in the present study,

.
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with the exception of a brief summary in Appendix A of the less common

technique of APFIM. General reviews of instrumental techniques have
been given by e.g. Mulvey'and Webster 1974, Edington 1979 and some

examples of investigations which have employed general techniques of
microstructural examination are discussed by Ralph 1980.

Once gathered, data must be analysed and presented in a form
suitable for direct comparison with compositional and size changes
predicted by transition theories. For continuous changes, which are v

the major subject of this study, the most appropriate representation
describes composition profiles in terms of the relative contributions
of wavelengths present in the trace. To date no fully quantitative
method of such analysis has been presented for APFIM data. Chapter
3 is therefore devoted to development of an original method of
analysis by a Fourier transform technique. The route is designed to
generate spectral components in a form suitable for comparison with
current theories of continuous phase separation . This method is also
general, however, and may be applied to other data streams.

The results of experimental investigations and analyses of the
model materials are presented and discussed in Chapters 4-6. Specific
transformation mechanisms which are identified include spinodal phase
separation in binary Ni-1U.1at.% Al alloy (analysis of clustering
kinetics, Chapter N) and homogeneous nucleation and growth in PE16

matrix model material (Chapter 6). Observations of alloys of the
ternary systems Ni-Cr-A1 and Ni-A1-Ti (Chapter 5), however, reveal
much more complex behaviour. Also, as factors which exert
considerable influence upon engineering properties of alloys,
segregation and partitioning effects are examined in some detail. In ‘
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particular, the ratio of Ti:Al in the Y‘ phase of the model PE16 was

monitored as a function of ageing time. It was observed that
adjustment of the ra

latter half of the Y

rejection of all but

elements chromium, i

The remaining c

investigation, and r
similar commercial m

proposed on the basi

modelling studies an

in industrial alloys

tio from 1.1i0.o6 to 1.6’Io.05 occurred in the

' heat treatment, apparently subsequent to the

small equilibrium amounts of Y—partitioning

ron and molybdenum. -

hapter, Chapter 7. summarises the findings of the

elates the results to known characteristics of
aterials._ Suggestions for further work are also

s of these results, both in terms of other

d more complex studies of early—stage partitioning
0
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CHAPTER 1

Y/Y‘ MICROSTRUCTURES IN NICKEL-BASE SUPERALLOYS

r

1.1 Introduction

Superalloys, as now developed, comprise a large collection of
phases. The main microstructural features are distributions of an

ordered Y’ phase within a Y matrix. In the commercial alloys
additional distributions of such phases as carbides, oxides and

borides are found. Whilst these latter distributions are of very
considerable consequence in determination of the exact relationships
between microstructure and physical properties in such alloys, this
dissertation is concerned solely with the evolution of Y/Y’
microstructures. Reviews of the evolution of the superalloys, studies
of the effects of each component of the microstructure and summaries
of physical properties may be found in the literature (e.g. Sims 1966;
Kotval 1969; Sabol and Stickler 1969; Davies and Johnston 1970; Sims
and Hagel 1972; Betteridge and Heslop 1979; Kear 1979; Hammond and
Nutting 1977). This dissertation is also limited to examples of
microstructure which are pertinent only to wrought material. The

microstructural effects of other fabrication methods are again
considered in the references (see also e.g. Gessinger and Bomford
1974; and for casting VerSnyder and Shank 1970).

Some topics relevant to the present study of the development of
Y/Y’ microstructures are introduced briefly in the present chapter.
Section 1.2 summarises some pertinent features of Y/Y' distributions
and their development. Specific knowledge of reactions which generate
these distributions and the compositions of the participating phases
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is particularly important in the much wider and industrially
applicable context of the prediction of microstructure. Given the

overall alloy composition various algorithms are used to assess the

possible tendency of the material to the formation of brittle
hexagonal phases such as 0=phase. One predictive method, PHACOMP, is

considered very briefly as part of the summary of'Y' behaviour. Later

in the dissertation (Chapter 6) APFIM analyses of a matrix model of

Nimonic PE16 are presented and the position of the matrix with respect

to 0=phase formation is compared with the predictions of PHACOMP.

The model systems which have been selected to illustrate
particular aspects of transition behaviour to these microstructures

are discussed in Section 1.3. The ideas behind phase transition
theories which are to be tested in the experimental sections of this
thesis are then introduced in Section 1.U. More formal developments

of theoretical treatments are reserved for Chapter 2.

1.2 The Phases

1.2.1 Matrix phase - Y

Partitioning or substitution effects in the Y and Y‘ phases of

superalloys are governed principally by electronic considerations

(Guard and Westbrook 1959, Rawlings and Staton-Bevan 1975). Thus the

face-centred cubic matrix phase is an extended solid solution of the

transition elements cobalt, iron, chromium, molybdenum, tungsten and

vanadium in nickel (e.g. Sims and Hagel 1972, Betteridge and Heslop

197M) with only traces of Y'— formers. The major strengthening

effects of the substituents in the Y phase are solute drag, arising

from dissimilarity in atomic size (primarily molybdenum, tungsten and

_g_
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vanadium), and impedance of cross—slip by lowering of ShULkQf5
jnlf augfwj [$J€E)\_ (cobalt).(see e.g. Guard and Westbrook 1959;
Pelloux and Grant 1960; Stoloff and Davies 1965; Copley and Kear
1967). Other contributions may come from modulus changes and short
range ordering.

A

1.2.2 Y’ phase

The basic equilibrium Y‘ phase is L12 (ordered) Ni3A1, for which
aY'>aY. Major substituents on the aluminium sub-lattice are titanium,
niobium, tantalum and vanadium. Cobalt may substitute on the nickel
sub-lattice and when present in an alloy it is partitioned between
nickel sites in both Y'and Y’ phases. A small tolerance is also
demonstrated by Y‘ towards iron, chromium and molybdenum. These
elements are thought to be distributed between the sub-lattices. A

variety of spatial and chemical factors such as precipitate size,
volume fraction and morphology, lattice and modulus mismatch, anti-
phase domain boundary energy and degree of order determine the
hardening effect of the second phase.

Two basic morphologies of Y’ have been observed. The phase may
occur either as distributions of discrete particles or, at grain

' I91’,boundaries, as cellular colonies (e.g. Barlow and RalphX198O).
Replacement phases with different morphologies have also been found.
In alloys of high titanium content Y‘ phase is only a metastable
product and thus at least partial transformation to equilibrium
hexagonal (needle—1ike) q—phase may occur (Betteridge and Heslop
1974). In materials with high niobium contents b.c.c. Nb3Al~type
phase may replace Ni3Al-type Y’ (e.g. Betteridge and Heslop 197M).
Unless otherwise stated this dissertation is concerned only with study
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of the generation of discrete Y'—ph8S€ particles of Ni3Al-type.

The extent of Y/Y lattice disregistry is adjusted essentially by

variation of the matrix content of chromium and molybdenum which
expand the Y lattice parameter towards or even beyond that of the Y‘.
The exact morphology of discrete particles of Ni3Al—type Y’ phase is
strongly dependant upon this misfit. In alloys of near-zero misfit
the new phase appears as spheres. As mismatch is increased the
morphology tends to become cuboidal (Hagel and Beattie 1959, Oblak and

Kear 1975, and for model systems, e.g. nickel-chromium—aluminium,
Gleiter and Hornbogen 1967a, Chapter 5).

Particle distributions like—wise change with misfit, varying from
random arrangement of zero—mismatch second phase to rafts and rods of
closely allied particles where there is large strain field interaction
(e.g. Ardell, Nicholson and Eshelby 1966; Chellman and Ardell 197B).
A convenient description of these modulated microstructures in terms
of a radial distribution of precipitates upon a postulated cubic
macrolattice has been proposed by Tyapkin and co-workers (Tyapkin,
Travina and Kozlov 1973. 1974, 1975; Tyapkin 1977).

The degree of mismatch also determines the exact rate of (t1/3)
coarsening of Y'(Betteridge and Heslop 197M; Hammond and Nutting
1977). Here, the greater the disregistry, the larger the driving
force to reduce total surface area and the faster the ripening. Some"

studies of the influence of particular elemental species upon Y’
distribution have also been made. For example, enrichment of the
Ti/Al ratio decreases the Y‘ coarsening rate _

@ogen and Grant 1960; Gibbons and Hopkins 1971).
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The presence of Y‘ distributions has a marked effect upon

deformation behaviour of superalloys.A At low temperatures the two

most relevant modes of dislocation propagation are looping (or bowing)

and cutting of particles (e.g. Kelly and Nicholson 1963; Gleiter and

Hornbogen 1967a; Copley and Kear 1967; Decker 1969; Ham 1970; Brown

and Ham 1971; Kear 197M). The operative mechanism is determined

essentially by the magnitude of the interparticle spacing, looping
occurring at large precipitate separation and cutting at small
spacings. Control of deformation mode is therefore possible by

variation of the volume fraction, size and morphology of second phase

(discussed above). Some control may also be exerted by alteration of
mismatch which influences the effective spacing.

Two examples of the many theoretical treatments of hardening by

coherent. ordered precpitates are the work of Gleiter and Hornbogen

1967a (for static systems) and the study of dynamic systems by Copley

and Kear 1967. Details of dissociation reactions and slip of
dislocations in the Y‘ phase are discussed further by Kear et al.
(Kear, Giamei, Silcock and Ham 1968, Kear, Giamei, Leverant and Oblak

1969a, 1969b; Kear, Oblak and Giamei 1970).

Practical investigations of the relative contributions of various
hardening mechanisms have revealed no clearly dominant factor (e.g.
Fleischer 1963; Gleiter and Hornbogen 1965a; Gerold and Haberkorn

1966; Phillips 1967, 1968; Decker and Mihalisin 1969; Parker 1970;

Raynor and Silcock 1970).

1.2.3 Prediction of Y/Yf dominance : PHACQMP

As stated in section 1.1 (above), PHACOMP (Sims 1966; Woodyatt,

-11-
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Sims and Beattie 1966; Mihalisin, Bieber and Grant 1968; and also

Wallace 1975) is one means of assessing which phases are to be

expected in a given alloy., The method assumes that, after carbide

precipitation, all remaining aluminium, niobium and titanium, plus 10%

of the overall chromium content, form Y' phase with nickel. A "mean

electron vacancy number", NV, is then calculated for the remaining

composition (examples of individual electron vacancy numbers are

Cr,Mo-“.66, Fe—2.66). The value of NV is compared with 2.52 which is
found to be the critical value for 0—phase formation - above this
value the brittle phase will form. The result of a calculation of

this type for PE16 alloy is shown as point A in figure 1.1 (after
Betteridge and Heslop 197M). A is close to the 0 field. Point B on

this figure represents the overall composition without consideration

of concentration changes which accompany phase transitions. Point B

clearly does not indicate the true proximity to the d>phase field.

Sims (1966) highlights some disadvantages of this type of phase

assessment. First, it is necessary to assume that no segregation

occurs in the material (this is a particular problem in assessment of
cast alloy). Second, specific reactions have to be assumed. Third,

even with the above approximations, very accurate compositional data

are required for each phase because small changes in alloying content

for a major phase may be highly significant with respect to a minor

phase (e.g. Kriege and Baris 1969; Shimanuki, Masui and Doi 1976).

The present study aims to examine the relative importance of these

-12-



three factors for PE16 (see section 1.1 above).

1.3 Modelling the generation of Y’ phase

1.3.1 General Principles

The overall aim of this dissertation is to identify phase

transition mechanisms by which Y/Y’ distributions may be formed in

superalloys. As commercial alloys are complex, this problem is
approached by examining the Y/Y‘ reaction in a series of increasingly

complex models. No modelling system can hope to simulate all modes

of behaviour. Two important aspects have therefore been selected in

the present study: first, identification of the phase transitions
which determine the initial distribution of second phase and second,

quantification of partitioning of minor alloying elements between Y

and Y' phases. The latter determines lattice mismatch, so affecting
coarsening behaviour, solid solution strengthening and APB energy.

Four superalloy model systems have been chosen to simulate

selected types of microstructure.

1.3.2 Experimental Alloy Systems

1.3.2i Nickel-aluminium

A binary system is particularly useful as the initial model in

studies of phase transitions because data concerning phase separation

and ordering may be compared directly with available quantitative
theories of phase transitions derived essentially for two—component

systems. The nickel—aluminium system meets this requirement and also

embodies basic Y‘ formation.

..‘| 3..



A nominal composition of Ni-1at.%Al was chosen. This
corresponds to a volume fraction of_3O-90%, so modelling alloys of
medium—high volume fraction such as some designed for creep resistance

r
(e.g. Davies and Johnston 1970). The composition is also appropriate
because experimental results may be compared with data for
isostructural Ni-1Hat%Ti which already exist in the literature (e.g.
Laughlin 1976, Watts and Ralph 1977).

1.3.211 Nickel—chromium—aluminium

Y and Y‘ phases in pure binary nickel—aluminium alloys have a

relatively high lattice misfit parameter of 0.56% (e.g. Taylor and

Floyd 1952a). The next stage of modelling phase transition behaviour
is to reduce the mismatch to approximately zero by adding a

Y—partitioning element which expands theY lattice e.g. chromium. Zero
lattice mismatch is the second requirement for creep resistance
(Davies and Johnston 1970). For purposes of comparison with the
behaviour of the first alloy 30-90% volume fraction ofY ' was again
required. It was assumed as a first approximation that this condition
could be met with 14at% of the Y'~former, aluminium. Using tables of
lattice mismatch provided by Davies and Johnston 1970 this set the
nominal experimental alloy composition at Ni-15.5at%Cr-1H.0at%Al.

1.3.2iii Nickel—aluminium—titanium

Most commercial alloys contain both aluminium and titanium
partitioned between Y and Y‘ phases. Thus two alloys of the ternary
nickel-aluminium-titanium system were examined. The first,
Ni-9.1at%Al-H.4at%Ti, was designed to maintain approximately the same
Y1 volume fraction as previous models. Ni—8.7at%Al—2.5at%Ti

_1u_
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represented lower volume fraction systems. Mismatch throughout the

ternary nickel-aluminium-titanium alloys is slightly greater that in

nickel-aluminium system Y/Y' microstructures.

1.3.2iv Commercial alloy; PE16

A close matrix model of alloy PE16, a zero-misfit superalloy,
completes the modelling series. The material illustrates some

features of partitioning of six major alloying elements: nickel,
aluminium, titanium, chromium, iron and molybdenum. The volume

fraction of Y’ is approximately 10% which is characteristic of

weldable superalloys.

1.“ Possible Phase Transitions and their Classification ,

1.4.1 Introduction: a Mechanistic Approach

Figure 1.2 proposes a classification scheme which may be adopted

for studies ofY ' phase generation. This classification is based upon

a similar route proposed by Christian 1975, 1979. The scheme is
mechanistically—based, with initial thermodynamic differentiation
between modes of phase separation. All possible decomposition routes

which have been found in past studies of both superalloys and model

materials are included. '

The proposed classification has the advantage that the

metallurgical "history" of the material may be followed and kinetic,
possibly controlling, factors may be identified. Fully thermodynamic

studies (see e.g. Christian 1975, 1979; White and Geballe 1979) take

no account of kinetic factors and are indeed impracticable for

superalloy studies because sufficient thermodynamic data do not exist.

....’]5_
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Morphological studies e.g. Tyapkin, Travina and Kozlov 1975; Tyapkin

1977 also cannot reflect previous microstructure. For example, an

aligned, modulated y‘ distribution is by no means proof that the
original decomposition was periodic. The modulation indicates only

that particle/matrix strain field interaction has occurred.

The concept of relative thermodynamic stability, central to the

proposed classification scheme, is pursued in the remaining sections

of the present chapter. Chapter 2 develops appropriate kinetic theory

for one class of these reactions - the unstable or continuous changes.

This kinetic theory is suitable for tests of transition behaviour

using experimental data and a new route of analysis of compositional
data for use with current theories is presented in Chapter 3.

1.4.2 The .EqSU= Thermodynamic Stability Criteria

1.H.2i_Qeneral principles

For a non-isostructural phase change each phase retains a

discrete free energy curve and second phase production must proceed

via a reaction intermediate (i.e. must be nucleated). In

isostructural changes, however, a single free energy curve relates the

two phases. Under some conditions, such as large undercoolings below

the transition temperature, the integral free energy curve may take

the form shown in figure 1.3a. Here two points of inflexion have been



generated at positions in the curve corresponding to

32¢ ' ...E1.1_.. Q

8c '

where Q is the integral free energy. Between these inflexions

compositional excursions result in a spontaneous decrease in free

energy and a possible immediate propagation of phase separation,

although not necessarily to the equilibrium phase. Outside the region

of inflexion the reaction is again nucleated i.e. the parent

supersaturated solid solution is metastable.

The compositional changes which characterise these reactions are

described respectively as "small in degree but large in extent" and

"large in degree and small in extent" (Gibbs 1878) and the changes

themselves as "continuous" and "nucleated". The phase fields for

these reactions are shown on the schematic phase diagram in figure

1.3b. This construction has assumed that there is no strain present.

Figure 1.3c shows phase fields for the case where strain is

present in the Y/Y‘ interface. The strain energy effectively
depresses the coherent stability boundary with respect to the

incoherent or equilibrium boundary.

1.H.2ii Detailed studies

Some theories of continuous transitions which are relevant to the

experimental studies presented later in this dissertation (Chapters

4-6) are reviewed in Chapter 2 below. Various metastable changes are

also considered briefly.

Further details of theories of continuous phase transitions and

-17-



general critical phenomena may be found in the literature (e.g. Landau
Lu;-as I973; . Handle. I 9'15)‘and Lifshitz 1969;ZChristian 1975; Domb and Green 1975;ZWhite and

Geballe 1979). In particular the references consider various methods
of differentiating between transitions by definition of a

"mathematical order" of reaction. For the thermodynamic criteria
adopted above this "mathematical order" corresponds to the first
derivative of the integral free energy, ®, which shows a

discontinuity. Thus nucleated reactions have "first order" and(uuQpw%j ai“T;)
spinodal reactions "second order". Other classifications consider
alternative parameters and their behaviour to describe the reaction.
For example Landau and Lifshitz 1969 examine symmetry properties and

elemental distributions. Some applications of this critical theory
to metallurgical studies are discussed by Cook 1976.

Expansions of nucleation theory and studies of other reactions
described in the classification diagram (figure 1.2) are again
contained in the literature e.g. t Christian 1975,
1979.

1.4.3 Microstructures from Continuous Changes

As a result of instability in the parent solid solution phase
separation by spinodal change occurs by continuous development of
composition waves. In contrast, nucleation produces only discrete
regions of second phase (see e.g. Nicholson 1970; Russell 1970).

The exact microstructure which is produced by continuous
reactions is determined by the degree of elastic strain in the
structure. However, in most metallic systems there is usually a small

_1a-



lattice strain which gives rise to a net preferred direction for the

composition wave (see Chapter 2 below). Thus the material shows a

characteristic "striated" structure in the electron microscope (e.g.
Laughlin, Sinclair and Tanner 1980) which reflects the periodic
variation in lattice parameter. The exceptions to striated structure
are glass systems where little, if any, strain is present. Similar
striated appearances are found in continuously ordering systems (see

general references).

As stated above in section 1.U.1, this morphological information
alone may not always be interpreted uniquely in terms of phase

transition behaviour. However, observations of initial microstructure
may often provide valuable supportive evidence in studies of reaction
kinetics.

1- '4-_‘*_E§erws.S.»_<>_1"_£19rit._>l11_\»5>_Ll~<>_§s.Q<'=\v i°£
Spinodal reactions have been identified in systems as diverse in

physical properties as Na2O-SiO2 glasses (Cahn and Charles 1965), Cu-

Ni-Fe magnet materials (e.g. Livak and Thomas 1971) and aluminium-

based systems (e.g. Al-Zn Rundman and Hilliard 1967). Continuous

ordering reactions have been observed for a large number of possible
lattice transitions (Tanner and Leamy 1974 and reviews Cohen 1970;

Khachatufyan 1978; de Fontaine 1979i. Examples of transitions are

Cu3Au (A1-L12), CoPt (A1-L10) and Ni2V (A1-D252hImmm). In many cases,

however, more than one continuous change occurs e.g. nickel-titanium
alloys (Laughlin 1976; Watts and Ralph 1977). Allen and Cahn (1975,

R¢hw~ l977
1976a, 1976bé have devoted considerable attention, both experimental

and theoretical, to the study of the rules which determine the

sequence of possible reactions in b.c.c. iron—aluminium alloys.

-19-
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CHAPTER 2

~

BASES or Pmsgzé TRANSITION ijmzony

2.1 Introduction

This chapter gives a very brief review of the transition routes

which are relevant to the work described in this thesis. Most

attention is given to the examination of continuous behaviour and its
kinetic treatments, since tests of the appropriate equations comprise

part of theizork of the experimental chapters. The essential

characterisqs of other types of conventional behaviour are discussed,

however (and see also general reviews e.g. Wayman 1971;

Meyrick and Powell 1973; Jack and Nutting 1974; Christian 1975, 1979'
K4:9|4.A/AAA. MA C¢L~.a~ ms) ' . ’

2.2 Continuous transitions

2.2.1 General formulation of kinetic theories

Thermodynamic instability has already been discussed in Chapter 1

(above) as the essential characteristic of systems which exhibit
continuous transition behaviour. This criterion is satisfied if
(E1.1) 82¢

""5" <§ O
8c .

where ® is a free energy function containing terms for strain and

chemical gradient energies.

Kinetic descriptions of continuous reactions require the,

incorporation of this necessary and sufficient condition into a

diffusion equation. This problem was solved originally by Hillert
(1961) for a discrete lattice and by Cahn (1951, 1952a)fOF 8

W21-
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F 
continuum. The solution which is considered below is that of Cahn,

upon which much research into spinodal processes has been based.

Order-disorder transitions, which may only be modelled using lattice
theories, are introduced in section 2.2.3 and are discussed as

solution of unified theories of continuous transitions in Section

" 2.2.9.

2.2.2 Spinodal decomposition

2.2.2i The linearized diffusion equation (one-dimensional)

The linearized equation, due originally to Cahn (1961, 1962a),

has been reviewed several times (e.g. Cahn 1968, 1971; Hilliard 1970;

Cahn and Hilliard 1971; de Fontaine 1975a). For a system containing

two atomic species, A and B, the flux of each species is proportional

to the gradient in chemical potential with respect to a fixed

reference plane. The change in chemical potential itself corresponds

to the variation in free energy with composition. ~Therefore, in the

absence of strain or composition gradient effects :

" E21'“ 0000 0

By comparison with Fick's second law and conversion to

interdiffusional flux, this equation may be rewritten as 1

F’ IV“J = ouooE2|2

av A
'

in which D takes the sign of the derivative (32fABc2) and is thus

negative inside the spinodal. Figure 2.1a illustrates this "uphill"
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r_________ _

diffusion for a simple clustering sine wave composition profile. This

may be compared with diffusion down the concentration gradient in fig.2
Figures 2.1b and c depict model profiles for two cases of

nucleation (classical and non-classical respectively) which are

considered in section 2.2. below. '

A composition gradient term (Cahn and Hilliard 1959a) may be

added next to the chemical potential equation :

, 2
(“A_“B) ' fa 2KV CA ....E2.3

giving the flux equation :

g II w 3—J-—Mf vc 2MKVc "MEL"

The time dependent diffusion equation required is then obtained by

taking the divergence of equation E2. to yield :

§E_= Mf"V2c — 2MKV4c + non-linear terms ....E2.5
3t

This equation (E2.5) has a sine—wave solution (Cahn 1961) :

C * Co = eXp( R(3)t )cos§;£_ ....E2.6

Resubstitution of the solution into the diffusion equation then

produces the relationship

-22_
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R(8) = ~MB2( f" + ZKB2) ....E2.7

in which the amplification rate of a selected composition modulation

of wave-number 3 is an experimentally measurable quantity.

The addition of other factors, such as strain energies, to the

flux equation (Cahn 1962a), resulisin the addition of more terms to

the amplification factor equation. Thus for coherent isotropic solids

(Cahn 1961) 2

R(B) = —M82( f" + 2n2Y + 2KB2) E2_8

given that

Y = E/ (1 " “) ....E2.9

The important predictions of i equation, E2.8, are that i) the

plot of R(B) versus B shows a positive maximum at small 6, falling
towards a cut—off at BC as B increases and ii) R(B)/B2 against B2 is
linear and of negative gradient. These criteria are illustrated in

figure 2.2. Experimental tests of this equation, shown in many cases

to be a good approximation for spinodal studies (although incorrect
in some details), are discussed by Hilliard.197O and Ditchek and '

~2u-



Schwartz 1979.

2.2.1ii Extensions of the Cahn theory
I

There are many extensions of the Cahn model (e.g. applications to

ternary systems (Morral and Cahn 1971), continuous cooling (Huston,

Cahn and Hilliard 1966), elastic anisotropy and coarsening (reviews

Hilliard 1970 and Ditchek and Schwartz 1979)). Of‘ particular interest
for the present study is the result of Cahn 1966 that cubic materials
showing some strain field develop compositional modulations in
preferred directions, <100> and <111> for f.c.c. and b.c.c. alloys
respectively. This eventually leads, by stress field interactions,
to the alignment of coarsening microstructures (Cahn 1969) such as are

found in nickel-base alloys (e.g. Tyapkin 1977). Further theoretical
development and specific study of coarsening in terms of the behaviour

of harmonic solutions of the diffusion equation were provided by

extension of the non-linear equation to three dimensions (Cahn 1966

and see also Ditchek and Schwartz 1980). 9

Recent developments of spinodal theory (see Ditchek and Schwartz

1979) have also considered the construction and solution of non-linear
equations. Contributions include the work of Cook 1970 on thermal

fluctuations, the theory of Langer and co—workers which encompasses

thermal fluctuations and other non-linear terms (Langer 1971, 1973,

Langer and Bar-on 1973, Langer, Bar-on and Miller 1975) and studies

by Abraham 1976. An alternative analysis by Binder and co—workers

(Binder and Stauffer 1976, Mirold and Binder 1977) approaches the

spinodal from the metastable region. This method allows the

activation barrier to nucleation (see section 2.3 below for the

probabilistic equation) to decrease to <kT, but not to zero. The

-25-



result correctly models behaviour at the miscibility gap itself.
Computer simulations of spinodal decomposition have been made by

Lebowitz and Kalos 1976.

2.2.3 Order—disorder transitions

2.2.31 Statistical theories

Prior to the development of continuous reaction theory studies of
order—disorder transitions and their kinetics were purely statistical.
A complete examination of all these models, based variously upon

superlattice site occupation (see below) or bond energy summations

(e.g. Clapp and Moss 1968a, 1968b) is beyond the scope of this
dissertation. Details may be obtained from reviews (e.g. Krivoglaz
and Smirnov 1964; Cohen 1970; Moss 1973). ‘

The_Bragg—Wi1liams theory may be taken as a simple examphe. This

theory, in its simplest form, specifies the degree of long range

order, S, as a function of "correct" lattice site occupation:

S = a J’ bar ....E2.1O

However, there exist two immediate draw—baoks to this representation.
Difficulties are experienced in the modelling of off-stoichiometric
alloys and in summation over anti—phase domain boundaries. A more

complex weighted summation must be employed in the latter case (Cohen

1970). An example of kinetic treatment of the Bragg-Williams theory

-25-
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has been provided by Dienes 1955.

2.2.311 Continuous Theories
I

Four major continuous ordering theories, all of which consider

the growth of ordering waves of superlattice dimensions are due to

Ling and Starke 1971, Taunt and Ralph 1974 ("modular ordering"),
Khachaturyan 1978 and de Fontaine 1979 (also Yamauchi and de Fontaine

197M). Recently Kubo and Wayman 1980 have also considered spinodal

decomposition in ordered alloys. The two treatments by Khachaturyan

and de Fontaine, which are essentially parallel developments of the
same "static concentration wave" theory, have both been reviewed

recently by their originators (Khachaturyan 1978, de Fontaine 1979).

For the purpose of brevity the present dissertation considers only the

de Fontaine formulation.

2.2.“ Unified theories of continuous transformation

2.2.ui The Cook,de Fontaine and Hilliard theory .

The first unified theory (Cook, de Fontaine and Hilliard 1969)

amalgamated the instability treatments of Hillert 1961 and Cahn 1961,

1962a to produce a discrete lattice diffusion equation with

appropriate solutions for both ordering and clustering reactions. In

terms of modification of the equations quoted above for the Cahn "

theory, the new ordering solution is generated by replacing 52 by 1

B2 = _2__ (1-cos(Bd)) ....1=:2.11
. d2

Interestingly, further expansion of cos(8d) shows that the error in

...27...
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the continuum theory is of the order of (B2d2/12). which is small for
most clustering phenomena. Figure 2.3 reproduces the amplification
factor versus a/X plots of Cook, de Fontaine and Hilliard for ordering
and clustering systems, demonstrating that many characteristics of the
separate reactions are inverses of one another.

2.2.4ii Fourier Representation

A full unified and reformulated theory, encompassing the work of
Cahn 1961, 1962a, Hillert 1961, and Cook, de Fontaine and Hilliard
1969, the fluctuation studies of Cook 1970 and the microelasticity
considerations of Cook and de Fontaine 1969 was provided by de

Fontaine and Cook 1971. Defining a function V(h) as

‘I/(h) = F(h) + G(h) E2 12

where F and G are the elastic free energy and chemical free energy

respectively and h an allowed lattice site. The total free energy may

then be written in Fourier notation as

F = N Z.’ ‘l’(h)Q(h) ....E2.13t 5 h

where Q(h) is the Fourier transform of the concentration covariance
(harmonic concentration waves). Just as in the Cahn approach, a

diffusion equation for the rate of concentration variation is
1

I
l

-2 8_



constructed, giving a general amplification factor

0"“) = "M B<h)‘1’(h) ....E2.1u
v

with a solution

V(h) = Vo(h) €XP( G(h)t ) _.__E2.15

such that the composition waves V(h) again grow exponentially with
time.

This theory was then developed to produce a lattice wave

description of clustering and ordering in multicomponent systems(de
' Q)?

Fontaine 1972,197%t1975a-c), using a time—averaged concentration in
order to represent the n components. Of particular value to the

present study is a detailed description (de Fontaine 19758) Qf

different modes of ordering in terms of symmetry properties of the
reciprocal lattice (see Landau and Lifshitz 1969). Defining spinodal

clustering and spinodal ordering respectively as long— and short-
wavelength events governed solely by kinetic factors (i.e. equilibrium
vectors are not necessarily produced upon initial decomposition),
these may be differentiated from continuous ordering, in which

I
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equilibrium Structures are always generated.

2.3 Homogeneous Nucleation
¢

2.3.1 General kinetic principles

In contrast to phenomenological treatments of continuous
decomposition, kinetic analyses of nucleation are probabilistic,
calculating expectation values for the rate at which critical nucleus

formation is achieved as a sum of the probabilities of growth and '

decay of all cluster sizes.

2.3.2 Development of the classical theory

Classical theories of nucleation (reviews Russell 1970; Christian
1975) are founded upon expressions of Volmer and Weber 1926 and Becker

and Doering 1935. These expressions calculated the statistical
distribution function of embryos and the nucleation rate for the

steady state. Current theories of solid state nucleation treat the
quasi-steady state in two parts, namely the approach to dynamic

equilibrium and the steady state itself. For the approach to the

steady state Russell 1970 shows that the rate of critical nucleus
formation is given by

_ S __

Jk(t) “ Jk eXp(T/t) ....E2.16

rate
with an incubation time I A profile of nucleationzagainst time,
taken from Russell 1969a, i§ shown in figure 2.4. Present theories
for the steady state regime are based upon the analysis of Turnbull
and Fisher 19M9. This is essentially an expansion of the Becker-
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Doering approach. The net nucleation rate is then given by

5 o
Jk “ Z Pk °k . ....E2.17

where

2 12z = (-1 <>AGno)> / .,..E2.l7a**_' '__§““21kT 8n

~

The above analyses assume that the nucleus and matrix are
completely incoherent and that the nucleus is of uniform and

1’equilibrium composition. These assumptions, and their cojection in
classical analysis, are discussed in reviews by Russell 1970 and

Christian 1975. Also discussed are the effects of surface and elastic
anisotropy (see Eshelby 1957 for study of precipitate shape changes).
Alternative studies of nucleation using statistical mechanics have

been provided by Lothe and Pound 1969. An example of experimental
investigation is the work of Servi and Turnbull 1966 on copper—cobalt
alloys.

2.3.3 Non-classical nucleation

An alternative approach for studies of diffuse-interface
phenomena has been provided by Cahn 1962b. This non-classical method

based upon an earlier study of fluids by Cahn and Hilliard 1959b,

closely resembles continuum studies (see section 2.2.21 above) in that
a free energy function having the properties of a chemical potential
is formulated. Again the function contains terms for gradient energy
(i.e. free energy change with composition) and for strain. Thus the
critical nucleus which is deduced as a fluctuation of the system
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describes most coherent nucleation phenomena with equilibrium
composition strictly only at the centre of the new phase. Composition

profiles for classical and non-classical nucleation models are shown

in figures 2.1b and 2.10 respectively.

2.U Heterogeneous Processes

2.U.1 General heterogeneous nucleation

Heterogeneous reactions (reviews Hornbogen 1965; Nicholson 1970;

Russell 1970; Christian 1975; Aaronson, Lee and Russell 1978),

"catalysed" by access to stored energy at a host defect, are favoured

kinetically with respect to homogeneous nucleation because the

activation barrier is lower. Complete dominance of the faster process

is only limited by the availability of "catalyst" sites.

Examples of studies of the roles of specific defects (considered

individually in the reviews) are the work of Cahn 1956 and Russell

1969a (grain boundaries), Cahn 1957 (dislocations) and Russell 1969b

(vacancy effects). Microstructural aspects of the transformations are

reviewed by Hornbogen 1969 and Nicholson 1970. Specific examples of
general heterogeneous nucleation are grain boundary carbides in steels
(e.g. Edmund; M01, I-I-9|4_¢5¢pw.b¢. I973), dislocation decoration in iron-
nitrogen systems (Hornbogen 1962) and so—called "athermal nucleation"

on pre-existing particles in aluminiumezinc (Lorimer and Nicholson

1969). ' '

2.U.2 Cellular decomposition

Cellular precipitation is a specific case of heterogeneous
activity. The general features of the transformation are i)nucleation
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of particles of one new phase at a grain boundary, the particles
matching a habit plane in one grain and presenting an incoherent

boundary to the second (see Turnbull and Tu 1970 for details), ii)
subsequent growth of two product phases in lamellar fashion by advance

of the incoherent boundary.

The various theories describing both nucleation and growth events

have been reviewed several times. The following reviews and original
references give further details: Turnbull 1955; Cahn 1959; Liu and

7 Tu and
Aaronson 1968; Hillert 1969, 1972;lTurnbull 1969; Turnbull and Tu

1970; Aaronson and Aaron 1972; Fournelle and Clarke 1972; Hornbogen

1972; Tu 1972; Sundquist 1973; Christian 1975; Meyrick 1976, 1979;

Gust 1979; Ecob, Bee and Ralph 1980,

2.5 Growth and coarsening

Particle growth is defined to occur when diffusion fields of
neighbouring particles do not overlap (e.g.Christian 1975).

Coarsening relates to increase in particle size at constant volume

fraction, while a change in volume fraction of second phase coupled

with overlap of diffusion fields impies growth—plus-coarsening.

2.5.1 Interface versus diffusion control

Two modes of growth and coarsening may be distinguished. The

first employs interface control (IC), where the rate—determining step

is the chemical reaction of addition of solute to the new phase and

the second occurs under volume diffusion control (VDC) which is
limited only by solute accessibilty (see reviews by Christian 19752

Hillert 1975; AEFOHSOH 1979). The exact mechanism of IC i.e. random

solute addition or step motion, depends upon the driving force for the
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reaction (Cahn 1960). A step motion (Hillert 1969; Aaronson, Laird
and Kinsman 1970; Aaronson, Lee and Russell 1978; Aaronson 1979;)

represents metastable equilibrium.

VDC, occurring only by random and simultaneous solute addition,
generally operates where there is a compositional change across a

moving boundary, with associated composition gradient and often volume

change effects (e.g. nickel-aluminium alloys, Ardell and Nicholson
1966). Specific details of the effects upon growth of precipitate
morphology, interface structure and strain are discussed by Christian
1975 and Aaronson 1979.

2.5.2 Kinetics ca’ CCOx&HAifEj@

The most generally accepted rate equations for both VDC and IC

are founded upon analyses by Lifshitz and Slyozov 1961 and Wagner 1961

(known collectively as the L-S-w theory, see also Greenwood 1956,

1969; Christian 1975; Kahlweit 1976). Based upon the assumption that
uniform attachment and detachment of solute occurs over the entire
surface, the L-S-W theory predicts the following rate equations:

VDC r3 — r 3 = k t ....E2.180 1

IC r2 — r 2 = k t ....E2.19
. ° 2

These equations have been shown to obtain approximately in many

experimental situations e.g. Ardell 1969, Ardell, Nicholson and

Eshelby 1966.
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Alternative kinetic analyses depending upon step growth rather
than uniform interface advance are presently appearing in the
literature e.g. Shiflet, Aaronson and Courtney 1979.

Summary

This chapter briefly reviews theories of some possible transition
behaviours which may be displayed by supersaturated nicke1—base

alloys. On a general basis, and assuming as a first approximation
that transformations are independent, the observable characteristics
are:

1)Spinoda1: a negative diffusion coefficient.
2)Order—disorder: the appearance of superlattice reflections in
diffraction experiments. '

3)Homogeneous nucleation: an incubation time for appearance of the
second phase. The new phase should be randomly dispersed i.e.
indepen_dently of defects.
4)General heterogeneous precipitation: decoration of defects.
5)Cellular decomposition: coupled nucleation and growth of two phases

in colonies emanating from grain boundaries.
-

6)General coarsening: increase in mean particle size, with
accompanying shape changes and alignment(c»uan4~f' u4§~MwuL ~)wnchju)

I
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CHAPTER 3

QUANTITATIVE ANALYSIS OF ATOM-PROBE DATA FOR STUDIES

OF CONTINUOUS PHASE CHANGES!

A FOURIER TRANSFORM METHOQ

3.1 Introduction to Phase Separation Studies

3.1.1 The Suitability of the Atom-Probe

Spinodal phase separation in metallic systems is characterised by

continuous increase in amplitude of a compositional modulation wave

of periodicity in the range 5—2Onm (e.g. Hilliard 1970). The general
suitability of the atom-probe for studies of these modulations has

already been demonstrated by Watts and Ralph 1977, 1978 . Only semi-
quantitative numerical analyses could be applied by Watts and Ralph

to growth of compositional excursions, however, because data chains
were too short for the accurate spectral analyses required for tests
of the diffusion equation given in Chapter 2 above. This restriction
upon statistical confidence has been removed in the present study by

extension of effective data chain length to 40-6Onm per chain.
Primarilx this ten—fold improvement has been achieved by

implementation of computer—controlled methods of data collection.

As a result of chain extension, methods of analysis to extract
spectral components from data are required. This chapter develops one

such new method based upon Fourier transform filtering.
Instrumentation and experimental requirements for data collection are

not considered in this account since most pertinent factors are

discussed by watts and Ralph 1978. More recent changes in
instrumentation (e.g. fast pulse technology (Waugh 1980) and updating
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of computer controlled data collection) are discussed in Appendix A.

3.1.2 The Nature of Atom-probe Data Chains
r

The data from atom—probe studies appear as a chain of discrete
ion events. These events must be combined to represent the physical
compositional wave as a plot of composition against distance probed
into the specimen. The means by which the data are grouped, and hence

the possible routes of numerical analysis of the composition profile,
depend upon the model of the time series which is used to describe the
process of field evaporation. ’

3.1.21 Markov Process

A specific description of atom-probe data as a Markov Chain was

Suggested by Johnson and Klotz 1971. By definition this requires that
the state of the system Xt is characterised by a knowledge of Xt_1

only and is independent of preceding events (Jenkins and Watts 1968).
In terms of atom probe data this demands that Xt_1 provide information
concerning lattice structure. Johnson and Klotz justified their
approach by considering adjacent atoms in the data chain to be nearest
neighbours in the specimen. Even with a projected probe hole of
single atom diameter, as assumed by Johnson and Klotz, the nearest
neighbour approximation may be invalidated by atomic migration. For
studies of phase changes a probe hole encompassing 50-100 atoms is
required for compositional analysis (Watts and Ralph 1978) and in this
case the nearest neighbour model certainly fails because atoms under
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the probe hole may be expected to evaporate in near—random order.

3.1.2ii Random evaporation process
1

A general discrete time series analysis based upon random

evaporation from material under the probe hole has been suggested by

Watts and Ralph 1978. In their model the data chain, assumed for
simplicity to sample a binary system, is regarded as a series of A

atoms (minor species) spaced by B atoms. Using data for Ni-12at.%Ti
alloy Watts and Ralph justified their method by demonstrating that the
calculated distribution of A (Ti) atoms approximated that predicted
by the binomial theorem. This approach is certainly more realistic
than the Markov treatment and the assumption of random evaporation is
taken as the basis of the present analytical study. Some possible
inadequacies of this assumption are discussed in section 3.6.

3.1.3 Composition Profiles

All methods for conversion of time series of A events into
composition profiles (see section 3.1.3 below) seek to define the
specimen composition at predetermined sampling intervals by expressing
the relative frequency of occurrence of A events in terms of total ion
count i.e. probing distance. Three basic types of composition profile
may be distinguished.

3.1.31 Step profile

The step profile (e.g. Goodman, Brenner and Low 1973) plots the
occurrence of a selected chemical species directly as a function of
total ion count (probing distance) or remaining species. Using small
steps of 1-20 ions through the data chain emphasises abrupt changes
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in composition between adjacent planes and composition excursions of
short periodicities. This technique is suitable for studies of order—-

disorder reactions (e.g. Taunt and Ralph 197M). interface development
and Southon

and various forms of segregation (e.g. Waugh/1977). The method is
illustrated in figure 3.1 which shows part of a step profile for a

<1lO> probing sequence in an Ni3Al single crystal. Adjacent ordered

superlattice planes have compositions of 100%Ni and 50%Ni + 50%Al.

3.1.3ii (Simple Grouping

For longer data strings the chain may be divided into larger sube

units, say 200-1000 ions. Assuming that each unit represents a small

volume of material of constant composition within the sample, this
gives a profile of composition in atom% versus ion count. With

suitable correction in sub-unit size for changes in tip radius i.e;
changes in the number of ions collected per atomic plane (section 3.hJi
below) the plot corresponds to a composition against distance profile.
Figure 3.2 shows such a plot for Ni-14,1at,%A1 alloy aged for

hours at 625°C (probing direction <110>, 200 ions per point).

‘U1

LO

This method sacrifices information contained within each sub-

unit, but it is suitable for studies of long range effects such as

clustering‘phenomena.

3.1.3iii Running means

The running mean is also used for study of long range phenomena.

In its simplest form the method again defines a small chain sub-unit,
t, of 10-20 ions, and composition values as at% are then plotted over

n terms at intervals of t (e.g. Yule and Kendall 1968). Figure 3.3

shows data from an analysis of two-phase Ni-20.0at.%Cr-1U.Oat.%Al
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alloy (Chapter 5) plotted in running mean form.

This simple form, however, still rejects information within sub-

units. A statistical running mean was therefore proposed by Watts and

Ralph 1978. Where U denotes the number of B atoms separating adjacent

A atoms, the nth term of U in the time series is replaced by an

average over 2t+1 values.

The disadvantages of running mean methods are conversion of
composition steps to gradients and loss of high frequency oscillations
in the original composition data.

3.1.4 Methods of Analysis

Once a suitable composition profile has been produced it may be

subjected to some general time—series analysis or trend removal (e.g.
correlation coefficient studies or Fourier transform methods) in order

to follow the development of the component wavelengths.

For studies of continuous changes Fourier transform techniques

are the most appropriate because results may be compared directly with

predictions of transition theories which are expressed as Fourier

solutions (Chapter 2). In addition Fourier analysis of composition
data should produce results which are comparable with diffraction
patterns such as those of TEM or X-ray work. This interrelation of
diffraction studies and modulated microstructure has been clearly
demonstrated by de Fontaine (1966) using an electronic analogue.

0

The present study.is therefore devoted to two topics: i)
construction of a composition profile suitable for Fourier transform

and ii) development of a method of Fourier transformation by which to
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assess as accurately as possible the relative amplitudes of dominant

Fourier components. Possible extensions of the method to study of

other phase changes are discussed in section 3.6.

3.2 Formal Fourier Transform Theory

3.2.1 General Fourier Transform (FT)

The Fourier Transform, F(m), (Champeney 1973; Brigham 197R;

Bracewell 1978) expresses an aperiodic function, f(t). in terms of a

continuous range of frequencies, w t
+®

E(w) =,'(51;3%‘/r f<t> eXp(—iwt) at ....E3.1

In order to assess the overall contributions of specific frequencie$

(wavenumbers) this equation may be rewritten in terms of the

coefficients of the cosine and sine terms which comprise the waveform

Thus: -

4%

A,<w> = %- f<t> cos<wt> at ....E3.2
~02

-Poo

Bn(w) = %. bl“ f(t) sin(wt) dt ...iE3.3
-~®

where An and B" represent the cosine and sine coefficients
respectively.

Two specific functions represented in symbolic notation are

referenced in the present work. These are the rectangular function
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II(t) (a sampling window of unit height and base) and the infinite
impulse train III(t) which corresponds to discrete data sampling at

a fixed interval. Both functions and their Fourier transforms are

illustrated in Appendix C.1

3.2.2 Discrete Fourier Transform (DFT)

3.2.21 Theory

DFT operates where values of a function or transform are

available only at discrete intervals. Experimental data are an .

example of a discrete input stream.

Expressions for DFT are essentially very similar to general FT

solutions, but with integrations replaced by summation over the

appropriate range of variable. For example the DFT itself is:
. N—1

F(v) = -% 2%: f(T) exp(—2nivT/N) __..E3.u
T=0

Beginning with data sampling of a function using the infinite impulse

train III(t) Appendix C.2 illustrates the series of steps which leads

to the Fourieyéransform of experimental data.

' The CONVOLUTION THEOREM (e.g. Bracewell 1978) and its inverse,

the PRODUCT THEOREM, are referenced particularly in the following

text. These theorems state that for two sequences (DFT) (or functions

(FT)) convolved in the data domain the transforms are multiplied in

the transform domain and vice versa. Stated formally the convolution

theorem is:
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1 r

gm * g(t) = F(w) cu») ....E3.5

3.2.211 Calculation

Methods of calculation are summarised in the references. By far

the most popular is an algorithm due to Cooley and Tukey (see e.g.

Bracewell 1978), known as the Fast Fourier Transform (FFT). This is"
somewhat less accurate than other methods, but computation is much

faster. '

In terms of limitations imposed upon input experimental data, all
methods should ideally operate upon an oscillating and noiseless

physical waveform.

3.2.2iii Errors

Major errors in DFT may arise from inappropriate data truncation

or sampling.

Truncation

Experimental data chains must be regarded as sections selected

from a much longer chain using a rectangular data window TT(t). The

result of selection seen in the transform domain (product theorem) is

convolution of the true DFT with a sinc function (sinwx/x). This is

illustrated in figure 3.U. Thus the original DFT becomes smoothed and

some falsification of higher frequencies may arise from "leakage

error" associated with higher terms of the sine function (e.g.

Bracewell 1978). These inherent errors are unavoidable, but may be '

reduced for low wavenumbers by increasing data chain length.
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For the Cooley—Tukey algorithm 2N data values are required.

"Packing" of domains to satisfy this requirement may introduce further

error. If zero values are imposed upon a chain of non—zero—mean data

a step is produced in the input stream and rough structure in the net

transform. Thus packing must employ dummy variables. '

Sampling

Essentially the data sampling interval must be selected such that

the wave of highest frequency is sampled at least twice per wavelength

(critical sampling). Undersampling generally results in loss of fine

detail.. Additionally "aliasing" may occur, high frequencies

"impersonating" lower frequencies (e.g. Bracewell 1978)

For low wavenumbers transforms may also be inaccurate if few

complete long wavelengths are sampled. -

3.3 A Composition Profile for Fourier Transform: Introduction of a New

Analysis Route

Of the three methods described in section 3.1.3 above only simple

grouping is appropriate for Fourier transform. The step profile
cannot be used because it is non-oscillatory, being possessed of a

trend derived from the form of construction. It is also very noisy.

The running mean is undesirable because the transform contains

terms from the smoothing function. In Fourier terminology the

compositional data are convolved with a rectangular sampling function

IT (x), of width (2t+1) terms,in the data domain. Thus the transform

is multiplied (convolution theorem) by sinc(x). This is illustrated '

in figure 3.5. ,In principle the sinc(x) terms may be recovered from
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the net transform.

The following Fourier transform treatment is therefore developed
.-for a composition profile of simple grouping type. The spatial

information which is lost within grouping units may be recovered from

the original data by the alternative methods described in the present

section. i

3.U The Fourier Transform Route.

3.H.1 Construction of the Composition Profile.

3.M.1i Sampling

Two factors must be considered in selection of sampling size.
Small units tend to introduce noise into the profile and cause loss

of significance in the transform. Undersampling leads to aliasing in
the transform (section 3.2 above) and also general loss of accuracy
by reduction in available data values. The optimum solution to

balance these factors retains the maximum number of compositional
values, Cn, while giving acceptably small background variance in the

transform (section 3.".3 below). An approximate optimum solution may

be obtained by trial and error, selecting a unit size for the

composition profile and observing the transform.

The physical significance of each sub-unit, m, should also be

considered. The separation of components in the transform domain is
reciprocally related to the distance between compositional

determinations, Cn, in the sampling domain. Thus if samples contain

some multiple of the number of ions detected per atomic plane, the

Fourier wavenumbers are inversely related to the interplanar spacing.
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u

If it is necessary to suppress composition modulations which arise

from planar stacking sequences, this may be achieved by selection of

a unit size appropriate to'the lattice repeat (or some multiple

thereof). ' '

Several problems are associated with the grouping. First,the ion

count per plane varies as a function of probing voltage and also as ‘

a function of probing direction. The former may be counteracted by

adjustment of unit size on a sliding scale calibrated using an ordered

single crystal (e.g. L12, Ni3Al)- The effect of probing direction is

measurable using the same single crystal and may be estimated from

crystallographic considerations.

Second, where compositional modulations are present, and

particularly in cases of lattice ordering, the exact profile produced

may be extremely sensitive to starting position along the data chain.

Thus it is recommended that a step profile of each data chain be

examined before chain sub—division. For cases where the composition

profile, Cn, is origin—dependent, step analyses will detect plane-to-
plane compositional discontinuities and provide an origin location

(figure 3.1).

For situations where little origin-dependence is seen, minor

effects may be counteracted, if required, by an averaging procedure.

Three composition plots are derived starting at i) an arbitrary origin

O, ii) a distance m/3 from the origin and iii) 2m/3 from the origin,
where m is the sub-unit size. All three are transformed and the

results summed and averaged as detailed below in section 3.U.2iiL

Two examples of optimised traces are shown in figure 3.6.
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Figure 3.6b replots the data used for figure 3.2 in optimized

form for comparative purposes. Figure 3.6a shows data

from another specimen of»the same alloy aged for 5 hours at 625°C.

In all cases the unit size is 150 ions for a tip at 11.6 kV and <111>

probing direction. This choice describes two lattice planes. The

equivalent grouping for <110> would suppress the two-layer lattice
repeat of L12 Ni3Al. Thus <11O> transforms may be compared directly
with <111> data which shows no lattice—related compositional

modulations.

3.H.1ii Truncation.

V The profile thus far oscillates about a positive mean and is of
non-standard length for DFFT. Calculation of the mean and subtraction
of this from each separate data value gives an oscillating series

about zero. Dummy variables of zero may then be used to extend the

reduced profile, CnR, to the required length.

3.M.2 Transform Steps

3.4.21 Initial transform

The stages of Fourier transform are illustrated in figure 3.7.
Once the reduced profile CnR has been transformed, sampling errors are

still present at the low frequency end of the Fourier spectrum because

insufficient long wavelengths are present in the data chain for
accurate analysis. A correction may be applied for this by

subtracting from the original data the effects of the invalid low

frequencies. Thus the significance of terms of interest in spinodal

studies (0.8-20.0nm) is increased.
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Data

Step profile Simple grouping profile, Cn Running mean

Reduced Profile cnR

cR=c -E
1'1 1'1

Initial Transform
1 N
—- Z (A cosinvr) + B sin(nvr))N n=1 n n

New Reduced Profile
R‘ R M , q _

C = C — Z (A ¢0s(nvr) + B sinLnvt)) - Z (A cos(nvr2 + B sininvrl)n n n=N n n n n

Final Transform
N V

1
-I; “:1 (P-1'1 cos (.1'1v1') + B11‘ sin(.nv1'))

Amplitude Spectrum

Alma) = <An<s>= 4 B-n<.s)=>"

Summation

K(s>—-1- §A<>I‘ -N I‘B

23

0-

Variance

V = 1. Q (C _ 732
N ‘ncn=1

If V Stationary

Kinetic Analyses

R(B) vs. 5 and R(B)/B: vs. B’

Figure 3.7 Stages of Fourier Transformation



R R
C = C — 2 (A cos nvr + B sin nvt)n n n n ,

The reduced profile comprises a Fourier series. The contribution
of each Fourier component to this series have been evaluated in terms

of the cosine and sine coefficients. Thus a new Fourier series or
R’ Rreduced profile, Cn , may be derived from Cn by subtraction of

appropriate terms from equation E3.4.

Explicitly:
I m '

IF1 IOQE3I6

5
wfmz

55

cos nut + Bn sin nvr)

If the range of wavelengths 0.8—20.0nm is to be retained then the
number of low frequency terms (n=1,2.....m) rejected in this way

should generally vary between 5 and 20. Other particular frequencies
such as superlattice repeat terms may also be subtracted at this stage

(n=p,q). Subtraction of Fourier terms provides an attractive
alternative to modulation suppression by grouping at early stages

- |since grouping is very susceptible to aliasing. The new profile CnR

may then be transformed in the normal way.

3.U.2ii Amplitude spectrum

The data aILthen represented in the form of a plot of amplitude,
AI(B), against wavenumber, 3, where (Jenkins and Watts 1968)

2 2 1 2 'AI(B) = ( (An(B)) + (Bn(3)) ) / __..E3.7

Q3.u.2iii Summation of transforms

Where more than one data chain is available to characterise the
microstructure of each heat treatment some method of combining
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individual chains to represent the net structure is required. Direct

concatenation of adjacent chains (same specimen) in the data domain

requires knowledge of the distance separating the chains and/or the

change of phase between them. Chains from different specimens cannot

be directly concatenated in this domain. - '

In the transform domain, however, coefficients may be summed

directly, provided that standard procedures are followed throughout "A

for profile construction and transform.

Thus ‘

_ N
31(3) .= 1223(5) ....E3.8

Nn='-'1 »

Similarly
....E3.9

‘MPZ

131(6) =_:? BI<s>

For the averaging procedure mentioned in section 3.4.11,

(representation of single chains), the structure may be considered to

be a summation of the three separate composition series. Fourier

summations given above may then be applied.

3.H.3 Significance

Considering first high Fourier wavenumbers, frequencies greater

than N/2, where N is the number of compositional points, are

meaningless because a minimum of two points (plus an origin) is
required to define a waveform (critical sampling, see section 3.2.2iii
above). In practical terms this region of the spectrum, ( B< N/2),

may also be complicated by superlattice components. Thus for
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clustering studies frequencies in the range N/U and above should be

regarded with caution.
1-

At the low_frequency end the first few Fourier components are

rendered inaccessible by virtue of the numerical exclusion employed

in the transform procedure (section 3.H.2i above).

This, however, leaves a large range of terms which may be

examined. Consider a data chain of 75,000 ions corresponding to 1000 '

8
atomic planes or "200nm probing distance. A range of frequencies B=05m0

to &54wcwrresponds to wavelengths 20.0—0.#nm. This more than covers

the range of modulations found in most metallic spinodal structures.

For these remaining terms the amplitude spectrum may be expected

to show distinct peaks at dominant periodicities. Statistical
significance of the major frequencies may be tested in a variety of '

ways (e.g. Yule and Kendall 1968). Variance was selected for the

present study. As frequency terms are rejected from extremities of

the spectrum the overall variance cannot typify specific central

wavenumber regions. Thus local background variance calculations

should be performed for each region of interest.‘

The variance, V, of data is given by

N. 2 2
v = _i_ 2: (A - A) = o

N n=1 "' ....E3.10

wherez = arithmetic mean amplitude

0 = standard deviation

For a profile showing strongly dominant periodicities superposed upon

..U,9..



r

'9-gexnbyggosafigoxdbuydnoxb

eidmispezpmiqdoomqaqq10;smxogsuvxqxaixnoggem9'5aznbjg

(wu)H19N3'I—3I\VM
1ZV

III

(8_o¢X)(;_\")UBSHONBAVM-
.°"°*.0";

(UL)SUHOH9
O'Ol0'9
II

(UL)SUHOHOS

OO'O

Z0'O

}-

dWV

OO'O

\vZO'O

3001 1



an approximately noiseless background the variance will tend to become

stationary when dominant terms are successively removed from the ’

amplitude data and V recalculated. Two criteria must be defined for

this calculation of background variance: i)the amplitude deviation

which is considered significant and ii) the maximum number of data

values which should be removed. For the first, a departure of 36 from

the current mean may be proposed. The second criterion essentially

defines the acceptable degree of merging between dominant peaks and

background. Studies showed that acceptable resolution is obtained

where less than 20% of the initial data values are rejected before -

stationary variance was achieved

3.4.U Comparison with Kinetic Theory

Kinetic equations for clustering have already been presented in

Chapter 2 above. As a summary the following constructions are

required in testing the character of transformation. 1) A plot of

AI(B) against time, t, for dominant wavenumbers. 2) A plot of the

amplification factor, R(B), (given by the slope of AI(B) versus time)

against B, and 3) Examination of R(B)/B2 versus B2.

3.5 Practical Analyses

Two net Fourier transforms obtained using the method outlined

above are shown in figure 3.8. These are derived from the composition

profiles shown in figures 3.6a and 3.6b. Each contains some dominant

periodicities and several very dominant peaks (e.g. 6 = 2.50 and B = 1.85>¢|0'|

are common, increasing in amplitude as ageing increases. In each

case background variance was found to be acceptable and stationary.

For example, at B=3.50, V=0.001

_.5Q_
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Calculation of these transforms employed routine C06AAF from the

Nottingham Algorithm Group Library of the University of Cambridge

Computing Service (Cooley-Tukey algorithm).

These calculations concerning Ni—1U.1ap,%A1 have been extended

also to tests of the diffusion equation predictions of Chapter 2. The

results of the study, which demonstrated that decomposition is indeed\

continuous, form the basis of Chapter 4.

3.6 Assessment of the Fourier Method and Possible Extensions of

Analysis.

3.6.1 Sources of Errog

Apart from errors involved in transform this method may be

subject to inaccuracy associated with the original time series. For

example:

i) although specimens evaporate in an approximate plane-by-plane

sequence individual events may be recorded from planes not immediately

on the surface; ii) the series can take no account of changes oft

phase in oscillation accorded by antiphase domain boundaries in

ordered structures; iii) similarly, grain boundaries and other

defects are not considered.

‘However, the latter two effects may be detected by parallel

observations of step profiles and overall it is considered that the

time series analysis represents a reasonable approximation to true
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behaviour.

3.6.2 Extensions of the Study
I

In principle the transform may simply be extended to encompass

order-disorder composition modulations by retention of superlattice

modulations and subtraction of all Fourier terms greater in wavelength

than a few lattice periodicities. Similar Fourier techniques may also

be applied to studies of plane stability ratio measurements (Sinclair,

Ralph and Leake 1973) which are one of the more usual ways of studying

order-disorder kinetics e.g. Taunt and Ralph 197“.

For small particle sizes studies of coarsening may also be

envisaged.

In the course of the development of this method of Fourier' .

analysis transforms corresponding to square—wave profiles of particles

generated by conventional nucleation have been studied in addition to

the modulated profiles of continuous phase separation. Since it has

been shown that continuous transformations may be distinguished from

nucleating systems (see Chapter H below), it may be envisaged that

"idealized" transforms may be used for comparison with experimental

composition data and transforms in order to provide a guide to the

possible mode of phase separation. Some studies of this nature have

been made by Biehl 1979; Piller 1979; Biehl and Wagner 1980. ~

It may also be noted that, although developed for use with atom-

probe data, the proposed Fourier transform method may be applied in

.52..



principle to other experimental data chains.

3.7 Summary
1-

This chapter has shown that data chains_taken from atom—probe

analyses are suitable for Fourier analysis. A composition profile

which meets transform requirements has been developed. The chapter

then outlines a sequence of steps in analysis designed to permit

direct comparison of atom probe results with Fourier formulations of

continuous transformation theories. Examples of transform results are

given. Possible extensions of this analysis to transitions other than

phase separation are discussed.

-53-



r

'O§[.I9pU\fQUEUSSUPH181;?)U191!-)Q‘_Ep

9S12L[dUI['l'§U1_II1ID."['€-"[8>[D'§I.I8L['_],;OPUGL[D'_EI—-‘[9}[O'!IU911,1’,{'17BIIIBIJ

'I\'Z%'.L‘<l

OSSZ

.114.

""""0001

99+.k|k.K+1<>I1

7
—-——oovx

x/-awam

\
\

\ 1\
\

I(0OLZSI)

I_--0081
II

/



"'-——'~—w--——q

CHAPTER ll_._..____.i-_-

DECOMPOSITION or SUPERSl\TURATED N;:IL+-I~1%A1 SOLID s0LuTIO_N—

4.1 Constitution

The phase diagram for the nickel—rich end of the binary nickel-

aluminium system is shown in figure 4.1 (after Hansen and Anderko

1958). Two phases, Y and L12, ordered Y‘, are present. Incoherent

solubility data for Y‘ in nickel-aluminium matrix have been provided

by e.g. Taylor and Floyd 1952a and equivalent coherent measurements

by e.g. Rastogi and Ardell 1969.

M.2 Phase Transitions

9.2.1 Phase Separation

Observations supporting both continuous decomposition and

conventional nucleation-plus-growth mechanisms for separation of'Y'

phase have been reported. Evidence for spinodal change at high solute

supersaturation has been presented by Gentry and Fine 1972

(magnetization measurements) and Corey, Rosenblum and Green 1973

(TEM). Earlier observations of X-ray sidebands similar to those of

modulated Cu-Ni—Fe had previously suggested this mechanism (e.g.

Bagariatskii and Tyapkin 1957, 1960; Manenc 1951551959).

Homogeneous nucleation was first suggested by Williams 1959 (TEM,

resistivity, etc.). Direct observations of precipitation by TEM have

subsequently confirmed the nucleation mechanism at low

supersaturabions e,g, Ardell, Nicholson and Eshelby 1966; Phillips

1966; Kirkwood 1970; West and Kirkwood 1976; Hirata and Kirkwood 1977.

FIM work of Faulkner and Ralph 1972 again suggested nucleation. with

-5u_
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respect to morphology it is generally accepted that the precipitating

Y‘ phase adopts cuboidal morphology e.g. Phillips 1966, although

articles of diameterFaulkner and Ralph 1972 have reported spherical p

less than 1Onm.

Some observations of heterogeneous nucleation have also been

reported. Phillips (1966) observed precipitation only at dislocations

and inclusions at considerably raised temperature (SOOOC), Williams .

(1959) presented evidence of cellular reaction at a grain boundary.

H.2.2 The Order-disorder Reaction

The long range order (LRO) transition temperature was measured by ‘

Corey and Lisowsky 1967 as 125000. In later work Pope and Garin 1977

confirmed LRO in the temperature range 25—1000oC and measured a

constant Bragg—Williams parameter of S=0.93 for stoichiometric Ni3Al.

The exact mechanism by which LRO develops has not yet been fully
established, but Corey and Lisowsky 1967, Corey 1970 and Corey,

Rosenblum and Green 1973 have proposed that the reaction is continuous

and thermodynamically of second order. Corey et al 1967. 1973 have

also suggested that, within the miscibilty gap, ordering precedes

phase separation. It may be noted that this sequence of reactions is

consistent with a second order, order-disorder transition, followed

by a first order spinodal transformation.

Among studies of short range order are those by .

Hornbogen and Kreye 1966 ) Corey, Rosenblum and Greene
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1973 and Starke, Gerold and Guy 1975.

H.2.3 Coarsening

Ardeal and Nicholson 1966, Ardell, Nicholson and Eshelby 1966 and

1 I’ 31 ‘

Ardell.A972 (for example) have shown that coarsening of the Y‘ in

nickel-aluminium alloys obeys a VDC, t1/3 law extremely closely, with

no correction for volume fraction. Alignment of Y’ particles (e.g.

see also Tyapkin, Travina and Ugarova 1979) has been discussed in

Chapter 1 above.

H.2.U Summary

Previous work has led to suggestions of both conventional

nucleation and spinodal decomposition in this system. The evidence

suggests that the latter is favoured at high supersaturations, but

considerable controversy still exists in the literature.

The aim of the present study is to produce further experimental

evidence with which the remaining difficulties may be resolved.

U.3 Results

R.3.1 Atom- Probe Microscopy

4.3.11 Quenched alloy

A melt—spun alloy exhibited no apparent inhomogeneities.

Qualititatively, IAP analyses showed uniform distributcions of nickel

and aluminium (figures H.2a‘and H.2b) and QAP traces of composition

versus distance exhibited only small, random fluctuations in

composition (figure H.2c). This result was checked quantitatively by

analysis of QAP traces according to the)(2 test. All )€ values

_5 6..
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obtained from various data chains showed (upon comparison with
contingency tables (e.g. Pugh and Winslow 1966)) a 50-95% probability
that the tested data obeyed a true normal distribution. APFIM

specimens quenched rapidly from solution treatment temperature into
iced brine displayed a few inhomogeneities; decomposition toy /Y’ i

microstructure was by no means general, but some composition

modulations outside 30 from the mean were noted and a very few

scattered well—defined second-phase particles were found. As the

quench rate was reduced still further, however, (slow transfer to

water), precipitation on a scale of "10 nm was observed. This is
illustrated in figure U.3 which presents IAP micrographs taken from

a water—quenched specimen. The Ni2+ (figure 4.3b) and Al2+ (figure
U.3c) images show two phases; one aluminium—rich and one nickel-rich.
Inspection of the corresponding field—ion image (figure U.31) reveals

a pattern of alternating bright and dim rings in the aluminium-rich ,

regions (i.e. an ordered region e.g. Taunt and Ralph 197%). QAP

analyses of these regions showed an aluminium content of 25at.%

(figure u.3d>. V

On the basis of these observations of phase separation only the

rapid brine-quenched alloy was employed for subsequent studies of Y‘
generationl ,

The overall aluminium content of the alloy, determined by

summation over all traces from rapidly quenched material, was

1U.1at.%. This was in good agreement with an independent wet chemical

E’?
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analysis of 1Uat.%Al.

4.3.1ii Aged alloy: qualitative results.

The generation of Y' phase was studied both qualitatively and
quantitatively as a function of ageing at 625°C for periods ranging
from 0.5—1000.0 hours. Two QAP traces from material treated for 5

hours and 50 hours (probing direction <111>) have already been
presented in figure 3.6. Figure U.U shows two further composition
profiles from alloy aged 0.5 hours (a) and 10 hours (b). with probing
direction <110>. All of these traces, and those from other heat
treatments, show separation of an aluminium-rich phase within a
nickel-enriched matrix.

After only 0.5 hours ageing some precipitates had attained a mean
composition of 25at.% aluminium but several others showed lower
contents of 21-23at.% (e.g. figure 0.40). As ageing time increased
fewer particles of content below 25at.% aluminium were noted, with
formation of the approximately stoiohiometric phase apparently
complete after 10 hours. Thereafter the well—defined particles (see
TEM, section 4.3.2 below) apparently coarsened, maintaining a

composition amplitude of 25at.%.

Approximate particle sizes were measured as 10 nm for the first
few hours of ageing (up to 10 hours) followed by increase to "250nm
by 1000 hours. '

#.3.1iii Aged alloy: quantitative studies.

QAP traces were also analysed by the Discrete Fast Fourier
Transform method described in Chapter 3. The growth of dominant
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wavelengths in the resulting Fourier spectra was followed as a

function of ageing time, and used to examine the relationships R(3)

versus B and R(B)/B2 versus_B2 which have characteristic forms for

spinodal changes (see Chapter 2). R(B) is the amplitude factor of

Fourier wavenumber 6. Two sets of analyses were performed for"
separate probing directions <111> and <110>.

H.3.1iii(a) <111> probing direction,

Two examples of final Fourier transforms for <111>-oriented

specimens have already been shown in figure 3.8. ‘Certain dominant

wavenumbers are apparent (e.g. B=2.5x1O+8m_1). The change in A

amplitude with ageing time of Fourier wavenumbers B is shown in figure

4.5. For small B the gradient is positive, changing to negative as

B is increased.

The numerical gradients, R(B), derived by assuming that amplitude

change is linear with time, are shown plotted against B in figure

4.6a. It may be seen that, in the region of small B, R(B) reaches a

positive maximum at B=3x1U+8m_1 or “35nm. The slopes then fall -

towards a cut-off at B=6x1@8r§ 1

The plot of R(B)/B2 against B2 is shown in figure 4.6b. At small

3? values an approximately linear relationship is obeyed, with a

negative slope and positive intercept on the y—axis. As B2 increases

the graph breaks positively from linearity. Using the y—axis
-19‘ 2 -1

‘intercept and the equations of Chapter 2, a value of —Ux1O m s was

obtained for the interdiffusivity, 5: The value of f" was estimated

y
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by extrapolation of data from Hansen and Anderko 1958.

H.3.1 iii(b) <11O> probing direction.

Two <11O> analyses were made. The results of the first,

concerning amplitude changes within only the first 10 hours of ageing,

are shown in figure H.7 (R(B) v. 5 in N.7a and R(B)/(B2) versus B2 in‘

".7b). Although less conclusive, the general trends shown by these. ~

figures resemble those of the <111> analysis, with a negative gradient
2

and positive y—intercept for R(B)/(B2) against B . The reasons for

greater scatter in the <11O> data are discussed in section 5.4.

The second (H0) analysis included data from material aged for

‘Ehours in order to illustrate the effect of inclusion of longer

ageing times. The results (figure ".8) are again similar to those for

the <111> sequence. The major changes effected by the additional data

are broadening of the R(B) against p curve, and increasing deviation
2 2

from linearity of R(B)/(8 ) versus B .

A small and negative value for 5 of -1x1O_18m2s_1 was estimated

from the <110> sequences.

H.3.2 TEM observations.

Microstructural development throughout the ageing sequence was -

also followed by TEM. The observations were similar to those already

reported (see section ".2 above for a summary) with the exception of

microstructures found after short ageing periods of 10 hours or less.

At these early ageing times striated contrast was observed rather than

discrete precipitation. A

D

Figure 4.9a shows the structure of iced—brine quenched material.

? -60-
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No general and gross decomposition is evident, but mottled background

contrast should be noted, particularly on bend contours. The

micrograph also shows an annealing twin and sets of paired
dislocations. ' .

As the alloy was aged, development in contrast of the mottled

background was observed. The resulting regularly striated structure

is illustrated in figures U.9b and H.9c which were taken respectively‘

after 5 hours and 10 hours at 625°C.

After 50 hours heat treatment discrete second phase particles
were resolved (figure 4.9d) as expected from the literature and

superlattice—centred dark-field images could be obtained. In many

cases precipitates appeared to be ogdoadically diced. Alignment along

<100> was noted. As ageing times increased still further the aligned_

microstructure coarsened (see figure H.9e after 150 hours). A mean

particle diameter of "2%hm was attained after 1000 hours. No evidence

of incoherency was found.

Throughout the TEM studies of intragranular regions considerable

care was taken to optimise photographic conditions under which

satellites to main diffraction spots might be recorded in selected

area diffraction work. No such sidebands were recorded, however.

Some studies were also made of grain—boundary regions, and ag

proportion of boundaries was found to exhibit cellular precipitation.
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Figure H.1O shows some cellular colonies formed after 1 hour at 625°C.

H.3.3 X—ray Powder Diffraction.

X—ray diffraction data confirmed the results presented above.

Sidebands corresponding to modulations of wavelength of "8nm were

recorded (Daniel and Lipson 19H3; Tsujimoto, Hashimoto and Saito

1977).

H.H Discussion ____-
H.H.1 AtomrProbe Observations

H.H.1i Composition profiles

Statistically a 50-95% probability of true normal behaviour

indicates likelihood that the data employed were randomly distributed

(e.g. Yule and Kendall 1968, Loveday 1969). Such a result for the r

analysis of composition profiles of melt—spun alloy suggests that

phase separation in the material has been suppressed. The suggestion

is consistent with uniform IAP images.

In other quenched specimens some degree of phase separation is

seen. Two modes are apparently operative: generation of discrete

particles of second phase, and continuous composition modulation. In

each case the net decomposition product contains 25at% aluminium

indicating Y ' formation.

Considering discrete precipitation first, only a few particles

were seen in rapidly (iced—brine) quenched material but the incidence

increased significantly as quench severity was reduced. The

appearance of scattered phase, with a short incubation time inferred
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from the behaviour of the melt—spun alloy, suggests isolated
nucleation during the iced—brine quench. This is consistent with the

observation of an increase in precipitate number with slower quench:

more time is spent at the temperature of most probable nucleation in

the latter case. "r

Continuous phase separation is characterised by growth in’
amplitude, towards stoichiometry, of initially 1ow—amplitude

composition excursions of constant wavelength. when studied by APFIM

these low—amplitude compositional excursions of continuous phase

separation must be distinguished from Y' regions which apparently have

aluminium contents below stoichiometry (25at.%) and which arise
because Y and Y’ regions are sampled simultaneously. The present

experimental results show a relatively high proportion of such events

initially while after 10 hours ageing only a few such regions

remained. The sampling effect may only account for isolated low-
aluminium regions, however. Thus the decrease of incidence upon

ageing indicates that at least some low—aluminium regions result from

the decomposition mode. This in turn suggests that decomposition may

proceed spinodally.

Coarsening of the Y/Y’ microstructure is in accord with previous

studies of behaviour (e.g. Ardell and Nicholson 1966).

U.U.1ii Kinetic analysis: Interpretation with respect to Cahn's theory
of spinodal decomposition "

The overall characteristic of spinodal reactions is a negative

interdiffusivity D. In addition Cahn's theory (Chapter 2) predicts
the following:
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i) R(B) versus B shows a positive maximum at small B. R(B) then

decreases towards negative values with positive cut-off at Q2:/5 Q“.

ii) R(3)/B2 versus B2 is linear with negative gradient and positive
intercept on the y-axis.

The results of <111> analyses agree substantially with these

predictions (c.f. investigations of Al—Zn by e.g. Rundman and

Hilliard 1967, Bartel and Rundman 1975). Two minor discrepancies
arise between current data and Cahn's predictions:
i) The experimental value of Q“ occurs at O.5Bc and not BC/J5 and

ii)the linear portion of figure 4.6b is only valid for 3 <20x1O_16m_

and not over the entire range_of B.

As the experimental analysis contains some data from longer
ageing sequences deviation from strict linearity is to be expected:

higher knwas in the diffusion equation can no longer be

ignored. Also, no account has been taken of random diffusion effects
or of ordering which occurs to yield the equilibrium Y‘ phase. These

latter effects are encompassed by unified theories of continuous
transitions discussed in section H.4.1iii. Overall, however, the

experimental data show reasonable agreement with Cahn's theory,
suggesting that decomposition may be continuous. Certainly a small

negative diffusion constant is derived.

Data for <110> analyses support this conclusion. In both cases

analytical results are less complete that those for the <111> data,
but the general forms of the plots obey Cahn's predictions.
Comparison of the two <11O> analyses clearly demonstrates further

2broadening of R0) versus and non—linearity in R63)/g versus B as

data which are more pertinent to coarsening are included (e.g. Cahn

._6l4_
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1966). Again the interdiffusivity is small and negative.

High frequency terms have been omitted from the <11O> analyses

because the effects of spinodal phase separation in this region of the
spectrum may be masked by contributions from ordering modulations

which are also sampled (see Chapter 3). Transforms were also rather
noisy in this region. In principle plane—by-plane compositional
variations associated with lattice ordering may be assessed

independently and then subtracted from the transform by methods

detailed in Chapter 3. However, for nickel-aluminium alloys these

data are not available and cannot yet be estimated as the relative
rates of ordering and spinodal changes are not known. It was thus

considered most sensible to limit studies of high frequencies to <111>

probing sequences where no plane—by—plane compositional change

accompanies superlattice formation. The effects of ordering upon

reaction kinetics are included in unified treatments of continuous
transitions which are discussed below in section H.4.1iii.

The numerical values of diffusion constant are only very
approximate as extrapolation of high temperature data is highly

. - ¢~
A _ 2 _ Iunreliable. However, D values of approximately Hx1O 19m s 1 are of

the expected order of magnitude (e.g. Hilliard 1970).

4.H.1iii Kinetic analysis: interpretation with respect to unified
theories of continuous transitions.

Precise interpretation of experimental data is extremely

difficult using the Cahn theory as account cannot be taken of the
effect of ordering upon kinetics. This restriction is removed by

unified transition theories._ Developments of unified theories are

-65-



followed in Chapter 2. Of particular relevance to the present study
are the predictions of the Cook, de Fontaine and Hilliard theory
(1969) that i) the spinodal B m2B ratio is reduced from 1/J5 to 0.5
and ii) the R(3)/B2 versus B2 plot breaks positively from linearity.

Both of these effects are observed in the present study (see also
Acuha and Bonfiglioli 1974) and it seems reasonable to propose that
continuous ordering may occur in the experimental alloy. It may also

be noted that, subject to reduction of aliasing errors discussed in
Chapter 3, more higher frequency terms may be valid for unified theory
analyses than for the Cahn model. It was not considered that
sufficient statistical significance could be attached to high
frequency members of present transforms to justify their inclusion in
kinetic analysis. However, the approach may be borne in mind for
subsequent analyses. '

H.4.2 TEM Observations.

The present observation of <100> striated contrast at short
ageing times implies that there is a periodic variation in net matrix
strain in the decomposing alloy (e.g. Armitage, Kelly and Nutting

5 1962; Laughlin, Sinclair and Tanner 1980). In the cubic-cubic phase

transformation which occurs in the Y/Y' nickel—aluminium alloys this
strain may arise either from periodic lattice parameter variations
which accompany spinodal decomposition, or from continuous ordering.
The ordering reaction alone cannot account for the observed scale of
this structure: longer wavelength events are required. Thus the

modulated contrast is probably indicative of either simple spinodal
clustering or of spinodal ordering.

Similar observations of striated contrast were made by Laughlin
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1976 and Watts and Ralph 1977 for isostructural Ni—1Uat%Ti alloy.
watts and Ralph also concluded that both ordering and phase separation

may contribute to the contrast.

r Tanner and Laughlin (1975) have suggested that increase in

striated contrast at constant wavelength may be directly used as

evidence of spinodal clustering and spinodal ordering. Such 6

observations are certainly consistent with the operation of spinodal
clustering and ordering mechanisms. However, it should be noted that
this criterion alone is not sufficient to identify the transition
mechanisms (see Moreen, Taggart and Polonis 1975).-

Detailed examination of the early—stage striated structure
suggested a slightly larger scale of low-contrast structure in
quenched specimens than in those which had been subsequently aged.

This may occur if isolated conventional nucleation events replace

continuous decomposition during the quench (see lower quench-rate

results, section U.4.1i above), followed by isothermal reaction.
Similar observations were made by Sinclair, Leake and Ralph 1974 in
their study of Ni-1Uat%Ti alloy.

TEM observations of material aged for 50 hours or more were

consistent with results published in the literature and also with the

predictions of Cahn (e.g. Cahn 1966).

Although strong superlattice reflections were obtained after 50

hours, selected area diffraction work did not provide observations of
the initial appearance of the ordered lattice. It is thus not

possible to assign a transformation sequence to the ordering and

spinodal (or spinodal ordering) reactions.
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9.9.3 X-ray Observations

The results of the X—ray diffraction work were in goo%>aocord
. 41

with detailed studies by other workers (e.g. Manenc 1957‘1959 and

Bagariatskii and Tyapkin 1957,1960). Those sidebands which were '

observed indicate only modulated microstructure and not specifically
continuous change. However, their occurrence is a feature of spinodal
phase separation. Overall, therefore, experimental results suggest

that decomposition proceeds by spinodal reaction.

4.9.9 The Overall Phase Transformation»

4.4.91 Transitions identified '

Two major transitions have been identified in the model alloy:
spinodal phase separation (supporting Gentry and Fine 1972, Corey,.
Rosenblum and Greene 1973) and an order-disorder transition (Corey and

Lisowsky 1967, etc.) In addition some nucleation (e.g. Kirkwood 1970,

etc.) was noted during slower quenches and a cellular reaction
(Williams 1959) was found at grain boundaries.

It was observed that both phase separation and ordering occur

extremely rapidly and no transformation sequence could be assigned.

It is also possible, however, that the reactions are coupled to give
spinodal ordering.

In the case of b.c.c. Fe3Al alloy Allen and Cahn (e.g. 1976b)

have shown that uncoupled transformation steps may be separated by

suitable suppression of one reaction by alloying and heat treatment.
Similar suppression may be possible for f.c.c. alloys, which may

provide a means of assigning phase transition sequences to f.c.c.
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systems in the future. This possibilty remains to be investigated.

The transitions observed in the present experimental study are

very similar to those for Ni-1Uat%Ti alloy. Spinodal phase separation in
_Ni—14.1at.%Ai is somewhat faster.. However; a transformation sequence

cannot be assigned even by analogy as there is also confusion

concerning the behaviour of the nickel—titanium system. Recent works

by Watts and Ralph 1977 suggests that the spinodal reaction may

precede ordering, but this remains to be established.

H.H.Hii Comparison with the phase diagram.

The approximate position of the chemical spinodal in the phase

diagram may be estimated using a method due to Cook and Hilliard V

(1965) (an alternative is de Keijser and Meijering 1978).

Using only the critical transformation temperature the relative
positions of equilibrium two phase and spinodal boundaries are

calculated from

°e _ cs = co _ Ce ( 1- o'422(T/Tc) ) ....Eu.1

\Jhere the equilibrium boundary is known the spinode is fixed.

For a system with lattice disregistry the coherent spinode may be

found by subtraction of the appropriate mismatch term (Chapter 2)

according to the equation(Hilliard 1970)

._ 2
Ts* ‘ Ts ‘ '2“ Y “(I ' °)/ k“v ....E4.2
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The results of present calculations for the nickel-aluminium

system are shown on the phase diagram of figure U.1h.

It may be seen that the experimental alloy apparently lies some

- coherent '» ' i ' - ' ~

way outside thelspinodal. Thus it has to be considered that the ‘

evidence for continuous change may indicate only continuous ordering

which occurs throughout the two phase field (Chapter 2).

Alternatively non—classical nucleation may be possible. However, it
should be remembered that the Cook-Hilliard equation only approximates

the spinodal. Also the analysis makes no allowance for compositional

changes.which are effected in phases due to the finite width of the

y' phase field i.e. generation of equilibrium Y' may occur at aluminium

contents other than precisely 25at%. This would displace both

incoherent and coherent spinodals. Thus, in the absence of evidence '

to the contrary, the present study indicates spinodal separation.

This result is in contrast to the findings of Wendt (1980) in a

recent study of Ni-1Hat.%Al alloy. Wendt claimed to find no decisive

evidence of spinodal compositional modulation at either 650°C or

550°C. In the latter case, however (below the present ageing

temperature of 625°C). Wendt observed a plateau in precipitate size

before coarsening. A similar observation was made by Sinclair, Leake

and Ralph 197" in spinodally decomposing isostructural Ni—1Hat%Ti

alloy. As in the work of Sinclair, Leake and Ralph, the plateau

observed by Wendt may be taken to be indicative of constant wavelength

behaviour of some description such as spinodal decomposition i.e.

certainly not nucleation and growth or coarsening. It is thus highly

likely that Wendt also obtained spinodal decomposition in his work.

This could possibly be identified by data reanalysis.
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Overall, therefore, it is concluded that the experimental

evidence indicates spinodal decomposition in Ni-14-1at.%Al at

625°c. - 4 u

U.5 Summary.

This chapter has shown, using the Fourier transform analysis of
Chapter 3, that phase separation in Ni-1U-lat-%Al at 625°C PrQ¢eed$

continuously. In particular a negative diffusion constant of
approximately Hx1O_19m2s_1 was derived. Other major transitions
observed were an order-disorder reaction and coarsening. Both

ordering and spinodal decomposition proceeded rapidly and no

transition sequence could be assigned. The possibility of spinodal

ordering was discussed.

Nucleation of second phase was found to occur with decreasing

quench rate. Also a replacement cellular phase separation reaction

was identified at grain boundaries.
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CHAPTER 5

PHASE CHANGES IN TERNARY NICKEL-BASE ALLOYS

5.1 Introduction

Phase transformations exhibited by selected alloys of two ternary
nickel-base systems, nickel-chromium—aluminium and nickel—titanium—

aluminium, are examined in the present chapter. These materials
approach commercial alloys more nearly in composition and

microstructre than the binary alloy of Chapter N (see Chapter 1

above). One nickel-chromium—aluminium alloy was chosen to illustrate
some behavioural changes associated with the reduction in lattice
misfit associated with chromium addition. Two alloys containing
nickel, aluminium and titanium were selected as models for second

phase production from these three principle components of superalloy
Y'- ‘

The present investigation applies to ternary alloy studies the

same set of experimental techniques which were employed in examination

of Ni—1U.1at.%Al (Chapter U) and changes in partitioning and phase

separation behaviour are followed. These studies of more complex

systems are extended in Chapter 6 to examination of a six—element

model of commercial alloy PE16.

5.2 Nickel-Chromium—Aluminium

5.2.1 Microstructure of the nickel—chromium—aluminium system

5.2.I.1 Constitution
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A section of the nickel—chromium—a1uminium phase diagram for

750°C (Taylor and Floyd 1952b) is shown in figure 5.1.. The phase

field of the Y’ phase of nickel-aluminium alloys is considerably

increased by the addition of chromium, but there is no equivalent

Ni3Cr phase (Taylor and Hinton 1952; Nordheim and_Grant 1953). "The

Y’ precipitate of the ternary alloys is regarded as (Ni,Cr)3(A1,Cr),

in which the nickel and aluminium atoms seek out pure phase sites and

chromium is partitioned between the sub-lattices (Dorfeld and Phillips

1910).

Below 590°C the nickel-chromium system does, however, contribute

a second phase,orthorhombic D252h, ordered Nizcr (Baer 1956, 1958;

Vintaykin and Urushadze 1969; Taunt and Ralph 1975). Very little
appears to be known concerning the effect of this phase upon ternary

and general superalloy equilibria as the composition lies well outside

those experienced, even locally, in most alloys of interest. However,

its presence should be borne in mind in materials of high chromium

content and particularly in those which also contain a high volume

fraction of Y’ because local matrix concentrations of chromium may be

raised still further by rejection of the element from the second

phase.

5§2.I.2 Morphology and properties

A range of precipitate morphologies may be achieved in nickel-
chromium—aluminium alloys by control of lattice mis-match between

matrix and Y’ phases. In situations of complete coherency (zero mis-

match) the second phase precipitates as spheres (Gleiter and Hornbogen

1965a; reviews Gleiter and Hornbogen 1967a; Merrick 1978). With

increasing misfit this morphology changes to cuboidal (Gleiter and
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vfor volume f

.9

Hornbogen 1967a; Gibbons and Hopkins 1971). Observations of dispersed
glgbular Y' have been recorded by Taylor and Floyd 1952b and Chellman

and Ardell 1974- A replacement reaction of cellular precipitation has

also been noted by Hornbogen and Roth 1967, but this is thought to be

related to increasing supersaturation and not to lattice misfit. ‘

Particle distributions are likewise related to lattice misfit:
spherical precipitates show homogeneous distribution (Hornbogen and '

Roth 1967), with no preferred alignment (Tyapkin, Travina and Kozlov

1975). Alloys of greater misfit present aligned microstructures with

particle distributions related to the misfit (Chellman and Ardell
1974). All distributions obey a t1/3 coarsening law (e.g. Gleiter and

Hornbogen 1967a; Rastogi and Ardell 1974), with no correction required

raotion of second phase. (Chellman and Ardell 1974).

Strengthening by Y‘ has been investigated by Gleiter and

Hornbogen 1967b; Ham 1910; Hornbogen and Mukherjee 1964).

5.2.11 Results

5.2.II.1 Atom—Probe Microscopy

5.2.II.1i Qualitative observations

A two—phase microstructure was present at all stages of ageing,
including the as-quenched state. Overall field-ion images indicated

that the copious, brightly-imaging second phase was at least partly
aligned even from the quench. Figure 5.2 illustrates the alignment

after 5 minutes heat treatment at 620°C.‘ Initially,the phase appeared

to be globular. After 2 hours ageing cuboidal morphology had

developed. At all stages this phase displayed series of alternating
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1

I bright and dim rings characteristic of at least partially ordered

structures (e.g. Taunt 1973). Y

No regular

structure or variations in imaging properties were shown by the

remaining phase.

IAP analyses showed that all three alloying elements were present

in both phases throughout the ageing sequence. Figure 5.3 presents

gated images of Ni2+(b), Al2+(c) and Cr2+(d) from an area (a) of the

specimen shown in figure 5.2. It may be seen that the phase of

enhanced contrast is aluminium—rich. Nickel and chromium partition

preferentially to the remaining regions.

No major changes in elemental partitioning between phases were

noted throughout the heat treatment cycle.

5.2.II.1ii Quantitative studies I : general phase analysis

QAP analyses confirmed the presence of all three elements in both

phases throughout ageing. Figure 5.U shows two sets of composition

profiles, each set comprising one chromium and one aluminium trace,

from specimens aged for 2 minutes (figure 5.Ha,b) and 20 minutes

(figure 5.4c,d) at 620°C. Within each pair the aluminium and chromium

concentrations vary roughly in antiphase. l

Detailed QAP analyses of the individual phases were also

performed. With the exception of the 2 hour heat treatment 7—1H

samples of each phase were taken per heat treatment. Mean

compositions, (E), of the phases at each ageing stage were then

derived by summation of appropriate ion counts from samples of similar

overall composition. In some cases compositions apparently clustered

around more than one mean and separate summations were performed for
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each population. The errors in these determinations were estimated

as (J35/n), where n is the number of ions considered.

The results of these analyses are presented numerically in Tables

5.1 (a1uminium~rich phase) and 5.2 (chromium-rich phase) and

graphically in figures 5.5 and 5.6 respectively.‘ Figure 5.6 also

contains additional small volume analyses for the 2 hour heat

treatment.

Overall the data show that phase compositions remain

approximately constant during heat treatment. A very small overall

decrease in aluminium content was noted after long ageing sequences.

This may be attributed to loss of the element from the specimen

surface during heat treatment. Approximate mean compositions derived
. 2 . . . . A

from figures 5 5 and 5 6 were aluminium rich phase N17O.O l2O'5Cr9.5'-' ‘N’ c A .and chromium rich phase 159.5 r3“ O 16.5

Treatment of QAP traces as linear samples of microstructure gave

volume fractions of aluminium—rich phase in the range U5-65%. No

trend in volume fraction was seen with ageing. Given the phase -

compositions determined above a value of 55volume% would correspond

to a net melt composition of Ni-20.0at.%Cr—14.0at.%Al. The range of

wet chemical analyses was Ni-16.7at.%Cr~1U.5at.%A1 to

Ni-20.0at.%Cr—1H.0at.%Al. .

Examined in more detail the various composition measurements

(figures 5.5 and 5.6) for both phases after 5 minutes heat treatment

and possibly also after 2 hours indicate that two Y' populations are

present. For the former ageing time the compositions are

approximately Ni-17at.%Al—9at.%Cr and Ni-26at.%Al-11at.%Cr for the
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-

phase - .

aluminium—rich£
- In the chromium-rich phase values are

Ni-6at.%Al—35at.%Cr and Ni—13at.%Al—25at.%Cr.

Examination of the original data showed that no particular
precipitate population was confined to an individual specimen or to
results from a single atom probe. Thus the compositional duality may

be assumed to be real.

5.2.II.1iii Quantitative studies II : particle distribution

The technique of Fourier analysis described in Chapter 3 above
was applied to QAP profiles in order to test for dominant periodicity.

IIn each case two transforms were made : one of the aluminium trace
(assuming a pseudo-binary system nickel/chromium — aluminium (see
Morral 1972)) and the second for chromium (pseudo-binary
nickel/aluminium - chromium). The results of these analyses for the
composition plots of figures 5.Ha and 5.Nb are given in figure 5.7.

Some major peaks are noted after 2 minutes ageing at e.g.
-1 -1B=2-5x1O+8m and B=2.0x1O+8m . However, in contrast to the

behaviour of transforms from binary nickel—aluminium data, no

wavelength was persistently present either growing or decaying with
continued ageing.

Particle size changes with ageing time, estimated from IAP images
and QAP traces, were consistent with the t1/3 coarsening law, at least
after 5 minutes ageing. Data for shorter age_ing times showed no

definite trends. For all ageing periods a large scatter in particle
sizes was found. These results were consistent with the suggestion
from TEM that two particle size distributions were present (see
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section 5.2.II.2 below).

5.2.II.1iv Quantitative studies III : compositional fluctuations in

ordered phase

Figure 5.8 shows a short QAP analysis taken along <100> in an

ordered aluminium—rich particle after 5 minutes ageing. The data give

composition as a running mean (average over 200 ions, steps of 10)

against ion count. Significant compositional modulations are present

with the nickel and aluminium traces apparently moving in exact

antiphase. The chromium count lags behind both the aluminium and

nickel traces, but shows the same periodicity of approximately H60

ions (see section 5.2.III.1ii below).

Maxima and minima for the aluminium are approximately 30at.% and

Oat.%. Corresponding minima and maxima for nickel are 6Oat.% and

9Oat.%. The overall particle composition was Ni-15.2at.%Al-9.7at%Cr.

5.2.II.2 Transmission Electron Microscopy

TEM studies confirmed APFIM observations of the intragranular

two—phase microstructure at all stages of ageing. The as—quenched

state is illustrated in the micrograph of figure 5.9. Copious second

phase is present with partly globular/partly cuboidal morphology.

Alignment is along <100>. Again a wide variety of particle sizes is

seen. In some regions of the material larger particles are

interspersed with precipitation on a much finer scale. The latter

appeared to be modulated (wavelength ”8nm). Cuboidal morphology

developed in the second phase with ageing.

Cellular precipitation was found in grain boundary regions of
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material, even in the as—quenched alloy (Figure 5.10).

Selected area diffraction patterns were also studied carefully to

ascertain the number of phases present. In all cases reflections of
cc. matrix and primitive L12 superlattice phase were found; but no

orthorhombic (i.e. Ni2Cr) reflections were detected. '

5.2.11.3 X—ray Powder Diffraction

X-ray powder patterns showed strong reflections of cc.character
(3,4,8 etc.) and weaker lines corresponding to the intermediate

primitive (L12) positions (1,2,5 etc.). Some additional reflections
also occurred at small Bragg angles, but these did not correspond to

expected orthorhombic data.

Some sidebands were found for specimens aged 2-20 minutes.

Corresponding modulation wavelengths (Daniel and Lipson 1943) were in

the range 9.0-13.0nm. At the high Bragg angle positions reflections
became increasingly diffuse with continued ageing.

5.2.III Discussion

5.2.III.1 Atom Probe Data

5.2.III.1i General Microstructure

Throughout the ageing sequence APFIM revealed a two—phase

microstructure comprising discrete particles of a major aluminium—rich

phaseémbedded within a chromium—rich phase. '

Overall chemical analyses in the range

(Ni-20.0at.%Cr-14.0at.%Cr)-(Ni—16.7at.%Cr-14.5at.%Al%Cr) indicate that
these phases are probably L12 ordered Y' (major constituent) and
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disordered Y (minor phase) (Taylor and Floyd 1952a).

Examined in detail compositions close to Ni—16.7at.%Cr-1U.5at.%Al

must be very near to the Y‘ phase field at 620°C. This would result
in a much higher volume fraction of'Y' than that observed. Therefore;
and in agreement with APFIM analyses, the net composition must be

approximated as Ni-20.0at.%Cr—14.0at.%Al. The deviation from the
designed zero-mismatch composition (Ni-15.5at.%Cr-1M.Oat.%Al, Davies

and Johnston 1970) may be expected to result in small Y,/Y’ lattice
disregistry. Certainly the microstructure shows two characteristics
which are associated with such mismatch (Chapter 1): i) alignment of
5'phase along <100>, and ii) a change from globular to cuboidal
morphology with ageing, e.g. Gleiter and Hornbogen 1967a). Using data

from Davies and Johnston 1970 the mismatch for Ni-1Bat.%Al-20at.%Cr

was estimated as ~0.2O—O.25%. ‘

5.2.III.1ii QAP Analysis

Even before full analysis of QAP traces it was noted that for at
least one heat treatment (5 minutes) more than one population of
precipitate compositions existed. Similar observations were made for
the matrix; In any series of atom probe experiments there is a danger

that a misleading variety of particle compositions may be achieved.
By indiscriminate simultaneous sampling of both'Y and ‘W phases

compositions ranging from pure Y to purey” may be found. However, in
present analyses particular care was taken to reject any interface
measurements. Furthermore, comparison of the ‘V compositions
(Ni-17at.%Al-9at.%Cr) and (Ni-26at.% Al-11at.%Cr) showed that a move

to lower aluminium content was accompanied by an increase in nickel
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but a decrease in chromium. In a material where nickel and chromium

partition to the same phase ( Y)the compositional variation cannot be

explained by partial sampling of Y. The observed changes were

greater than the possible error in compositional analyses: it was

therefore concluded that there were two Y’ populations for the 5
minute heat treatment.

with respect to the origin of the two populations, specimen

inhomogeneity was considered unlikely as observations of each case

were not confined to a single specimen. It is likely, however, that
the effect could be associated with primary precipitation during the
quench and later secondary Y’ formation (perhaps dependent upon the
presence of heterogeneous nucleation sites). This could also give
rise to two size distributions. Certainly a wide variety of particle
sizes was seen and some.TEM images suggested two particle
distributions.

Such duplex structure has been observed for other nickel-
chromium—aluminium alloys by Beardmore 1969. In the present case and

in many others the morphology and distribution of the.fine-scale 7'
c

resembles microstrqtures which are known to result from spinodal ‘

decomposition (see section 1.5.3). Certainly, as stated in chapter
1 above, microstructure cannot provide a reliable guide to mechanisms

of phase separation, but these results raise the possibilty that
secondary Y’ may be produced spinodally in these alloys. This effect
remains to be investigated in detail for the present alloy.

The two specific compositions for they’ phase were

Ni-17at.%Al-9at.%Cr and Ni-26at%A1-11at.%Cr. If nickel and aluminiun
were to occupy only the lattice sites appropriate to a fully ordered
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L12 structure it is possible that the two situations represent

Ni3(A1,Cr) and (Ni,Cr)3Al structures.

Composition modulations detected by APFIM in Ni—17at.%Al—9at.%Cr

have been shown in figure 5.3. It appears that the nickeltaluminium

ratios on alternate atomic planes (230 ions per plane) are ,

approximately 100:0 and 50:50. These are the correct ratios for {200}

planes in L12 structures, with aluminium occupying "correct" sites.

The remaining element, chromium, appears to be partitioned between the

two sets of planes. This suggests a structure (Ni,Cr)3(Al,Cr).

However, it should be noted that, contrary to simplifying assumptions

of random evaporation events, some species may be preferentially

retained or evaporated from alloys. Thus the exact disposition of

elements cannot be determined, although it may appear that the phase

is (Ni,Cr)3(Al,Cr).

Greater detail concerning ordering and compositional modulations

in this phase and Ni—26at.%Al—11at.%Cr may possibly be determined

using plane stability ratio measurements (e.g. Sinclair, Ralph and

Leake 1973).

For heat treatments other than 5 minutes QAP analysis indicated a

single y population of approximately constant composition. -

5.2.III.1iii Phase changes

No transformation mechanism could be assigned to Y‘ generation on

the basis of APFIM data. There was no evidence of an incubation time

(conventional nucleation) or of increasing compositional modulation

(continuous phase separation). Morphological observations suggested

that secondary Y‘ might be produced by spinodal phase separation.
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Fourier analyses of QAP traces reflected periodicity of the modulated

structure, but showed no persistently dominant wavelengths which might

indicate spinodal change (e.g. Cahn 1968; de Fontaine 1979; also

Chapter H).

It is possible, however, that further data concerning the

possibility of spinodal change may be obtained by more detailed

studies of particle size as a function of ageing time for ageing

periods less than 5 minutes i.e. before t1/3 coarsening is

established. Present data show no definite trends in particle size

at these times and the possibility of a constant size plateau

corresponding to constant wavelength continuous change (Sinclair,

Leake and Ralph 197%) should be examined.

5.2.IIl.2 TEM and X-ray analyses

These subsidiary results confirmed APFIM studies of the modulated

Y/Y‘ microstructure. In particular both techniques recorded L12

lattice reflections from the ordered phase.

The separate lattice parameters of the two phases could not be

resolved with any certainty in the X-ray powder patterns (0.001nm is

the resolution of standard cameras). However, the small degree of

strain in the structure was observed to broaden high angle lines with

ageing : size broadening should decrease as the structure coarsens.

No reflections from ordered orthorhombic Ni2Cr-type phase were

found in material after any quench. Even in pure Ni2Cr phase a high

degree of long range order appears only after a prolonged anneal, and

below 590°C (Vintaykin and Urushadze 1969). However, it should be

noted that the matrix contains approximately 3Nat.% chromium and Pt2Mo

' -82-
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structure formation should be borne in mind for long heat treatment

at lower temperatures.

Cellular precipitation at grain boundaries was consistent with

data of Hornbogen.and Roth 1967. - .

5.3 Nickel-Titanium-Aluminium

5.3.1 Phase Relationships

A section of the equilibrium phase diagram for nickel—aluminium-

titanium at 750°C, taken from Taylor and Floyd 1952a, is shown in

figure 5.11. The Y and Y‘ (Ni3A1) phases of the nickel—aluminium

system have already been discussed in Chapter 4. On the nickel-

titanium side the equilibrium components are ‘Y matrix and hexagonal n

Ni3Ti (Taylor and Floyd 1952a; Hansen and Anderko 1958). thus '_

restricting Y‘ to aluminium-rich Ni3(A1,Ti) compositions. Taylor and

Floyd 1952a originally measured the extent of substitution by titanium

for aluminium as 60%.

However, under non—equilibrium conditions Ni3Ti may precipitate

first as metastable Y‘ (L12) phase, isostructural with Ni3Al (e.g.

Bagariatskii and Tyapkin 1957; Buckle, Gentry and Manenc 1959;

Mihalisin and Decker 1960). Mixed, ordered Ni3(Al,Ti) phase of any

Al/Ti ratio is therefore possible in the ternary system, under similar

non—equilibrium conditions(Mihalisin and Decker 1960). As with the

component binary systems, lattice mismatch between precipitate and

matrix gives rise to modulated two-phase Y /Y' microstructures, with

Y’ in cubic or globular form. In the binary end—products separation

of the new phase may occur by either nucleation-plus—growth or

continuous processes, the former at low supersaturakions and the

_3u_
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5. 3

1 l ' ium see Chapter 4,flatter at high supersaturations (for nicke —a umin

nickel~titanium (e.g. Sass and Cohen 1969 (nucleated); '

‘ Sinclair, Leake and Ralph 197B; Laughlin 1976; Watts and Ralph

1977 (continuous)). Phase transformations in the ternary alloys have

been pursued, however. -

More interest has been shown in the use of the system to model

role of coherency strains in the hardening of superalloys (e.g.

e 1968; Phillips 1968; Decker and Mihalisin 1969; Parker 1970).

These workers found some effect of coherency in the observed hardening

titanium (Guard and Westbrook 1959, Mihalisin and Decker 1960) but -

concluded that other mechanisms were also operative (see Chapter 1).

.II Results

5.3.11.1 Alloy 12 Ni-9.1at.%Al—U.Uat.%Ti

5.3.II.1i Quenched alloy

si

were

quantitative analysis was not performed. The particles pr

whic

All quenched specimens exhibited Y’ precipitation with particle

zes in the range 20-30nm whether homogenised and quenched from

135OoC, 125000 or 105000. FIM observation suggested that precipitates

smaller and more numerous in the 135000 pre-quench specimens, but

esented

well-defined cuboidal morphology and in many cases appeared to be

T f tures are illustrated by figure 5.12aogdoadically diced. hese ea

h shovsa field—ion image of material quenched from 125000. The

micrograph was taken at 6.6 kV, just below best imaging voltage, in

itates. Some degree of order
0 order to accentuate the protruding precip

ti rticles. No evidence of nucleation uponmay be observed within 1e pa

d islocations was 5een_ Figures 5.12b—e show the preferential
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partitioning of aluminium and titanium to the Y’ phase.

Figure 5.13 presents APFIM traces of aluminium and titanium
contents versus probing distance taken from the specimen illustrated
in figure 5.12a.The probing direction was <22O>. Two well—defined Y’

particles, of total (A1+Ti) content approximately 25at.%, are visible.
Compositions in the Y matrix oscillate about a total mean of l'
approximately 11.5at.%.

Precipitate and matrix regions of APFIM traces from the three
types of quenched specimens were analysed quantitatively to assess the
effect of the quench. The results are shown in figures 5.14a and

5.14b. Figure a) gives the aluminium and titanium contents in the
precipitate as a function of the temperature from which quench took
place. Figure 'b)_ presents similar data for the matrix. Two effects
may be noted in the precipitate region. Firstly, as the pre—quench

temperature is raised the total (Al+Ti) content of the second phase

decreases from approximately 25at.% (as required for stoichiometry)
to about 21at.%. Secondly, the ratio of Ti to A1 becomes

significantly enriched from ”0.5(i0.05) to "0.8(i0.05) (figure 5-15)-
This occurs mainly by decrease in aluminium content but with a slight
increase in titanium. The matrix composkion remains approximately
constant throughout the temperature range, although a slight downward

trend in aluminium content may be noted with increasing temperature.

(Tables 5.3 and 5.4).5.3.II.1ii Heat—treated alloy

Partitioning was also studied as a function of ageing time at
625°C for alloys quenched from 135000. The results of QAP analysis
of precipitates are shown in figure 5.16. Both aluminium and titanium
contents increase slowly with time. A slight enrichment of the
titanium/aluminium ratio is seen as the titanium content increases
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slightly more rapidly than that of aluminium. It should be noted the
the overall (Al+Ti) content rises towards stoichiometric (Ni3(Al,Ti)),
increasing from "21at.% to "23.5at.% with five hours heat treatment.
Corresponding decreases in aluminium and titanium contents of the
matrix were seen: the aluminium content dropped from 7.5 to 5.2at.%
and titanium from 4.1 to 3.3at.% (errors arei(Ll0at.%). These
changes were accompanied by particle coarsening from 20—3Onm mean

diameter to 30-HOnm.

5.3.11.2 Alloy 2: Ni—8.7at.%A1-2.5at.%Ti

Similar precipitation was observed in quenched and heat—treated
Ni—8.7at.%Al-2.5at.%Ti alloy, with superlattice reflections from
ordered Y’ particles present in all SADP. Sets of paired dislocations
were observed in quenched material (figure 5.17). No mottled bright
field contrast was seen in quenched alloy, but some "tweed"—type
effects were visible after five hours of ageing. This is shown in
figure 5.18- No evidence of Y1 phase was observed.

5.3.III Discussion

5.3.III.1 General Precipitation

The presence of copious precipitation with square waveform
composition profiles upon quenching both alloys may suggest phase
separation by nucleation. This is in contrast to the behaviour of
Ni-1N.1at.%Al alloy. However, small changes have been effected in the
lattice mismatch (Ni-1U.1at.%Al alloy +0.56%, nickel—a1uminium—

titanium alloys >+O.6%, Taylor and Floyd 1952a). In addition a

slightly lower volume fraction of 'W phase is present. Given also
that the original binary alloy must itself lie relatively close to the
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incoherent miscibility gap, by virtue of its composition, it would

Q.
seem reonable that minor changes in strain and chemical gradient

terms could favour conventional nucleation mechanisms.

The observations of aligned microstructures are consistent with

a large misfit parameter (see also e.g. Mihalisin and Decker 1960).

The presence of superlattice reflections in diffraction studies

and ordered planes in APFIM micrographs suggest that ordering in

occurs early in phase separation. The dislocation pairs of figure 5-17

are characteristic of y /y’ microstructures containing ordered L12

phase (e.g. Gleiter and Hornbogen 1965a,1965b).

Additional observations of "tweed"—like contrast after ageing may

be attributed to an increasing degree of order in the microstructure

and growth of ordered domains.

5.3.III.2 Compositional Changes and Precipitation Mechanisms

Materials of high precipitate/matrix lattice mismatch often

nucleate heterogeneously. No evidence of nucleation on dislocations

was observed in the present study. Other possible catalytic sites are

‘vacancies and solute atoms. The effect of vacancies may be examined

by changing the pre-quench temperature — as this temperature is raised

the equilibrium concentration of vacancies also increases.

Observations of precipitate number densities and sizes suggested

that fewer but larger particles were present in material quenched from

lower temperatures. This would imply that nucleation is vacancy

catalysed. The result remains to be confirmed by accurate number

density counts. '
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The effect of pre—quench upon composition of Y’ was investigated,
however. QAP analysis demonstrates first of all that non-
stoichiometric low alloy content Y’ may be generated. This is to be

expected where the phase field shows a wide range of compositions.
Analysis of quenched and aged alloy for 135000 pre—quench shows

further that the titanium-aluminium ratio changes upon ageing, and

that the sum total of the two elements increases towards 25at.%. That

the total alloy content changes suggests initial nucleation, by

heterogenous or catalytic means, of a non-equilibrium phase.

Adjustment of the titanium/aluminium ratio alone, in these or other

alloys, may be a function of ordering atom exchange.

As the pre—quench temperature is lowered the total (Al+Ti)
content approaches 25at.% and the Ti/Al ratio decreases to 0.5 in the

precipitate. These data suggest a major role for vacancies in Y‘

formation. with respect to initial Y‘ composition it is possible that
the Ti/Al ratio is determined by the vacancy assisted diffusion of the
two elements, with aluminium diffusing the faster. It would appear

that the total (A1+Ti) content, however, is a function also of vacancy
concentration. This may imply that, as the total vacancy

concentration is raised, a greater proportion of vacancies act as

nucleation sites rather than diffusing species, and the net Y’

composition is partly kinetically controlled.

It should also be noted that general trends in precipitate
composition with pre—quench temperature and ageing time were

approximately mirrored by opposite changes in matrix composition. A

small overall loss in aluminium and titanium content which was noted

as the pre-quench temperature was raised may be associated with
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elemental loss by evaporation from the specimen surface . Thus

changes in overall composition should not affect the general

conclusions.

5.4 Summary

5.H.1 Nickel¢Chromium-Aluminium _Alloy

A two—phase microstructure of L12 ordered Y’ and disordered

f.c.c. Y phases was observed at all stages of ageing at 620°C. The

Y ' phase was partially aligned along <100> and changed from globular

to cuboidal morphology with ageing. This was consistent with an

estimatedY'/Y’ lattice mis—match of "0.2O-0.25%. The mean phase Q

compositions were approximately constant overall at Ni—2O.5at.%

Al-9.5at.%Cr(Y') and Ni—34.0at.%Cr—6.5at.%Al(Y). Two populations of
0

each of the Y‘ and Y phases were noted for the 5 minute heat

treatment. The possible origins of these structures were discussed

although no transition mechanisms could be identified for Y’
generation. No evidence of an orthorhombic structure was found.

Cellular precipitation was noted at grain boundaries and

coarsening data were in accord with previous observations.

5.H.2 Nickel—Titanium—Aluminium alloys

Precipitation of ordered'Y' phase was observed in both

Ni—9.1at.%Al-U.4at.%Ti and Ni-8.7at.%Al-2.5at.%Ti upon quenching. It
was shown that the initial composition of the second phase depends

upon pre—quenching temperature: Ni-9.1at.%A1—U.Hat.%Ti shows a total
(A1+Ti) content of "25at.% upon quenching from-105000, with a Ti/Al

ratio of 0.5 i0.0§. Quenched from 1350oC the alloy content.is

. -99-



-p

"21at.%, and the Ti/Al ratio is 0.3 $0.05. Ageing of alloy quenched

from 1350oC promoted an increase in (A1+Ti) content. It was suggested

that the second phase is generated by heterogeneous nucleation, and

the role of vacancies in nucleation and control of second phase

composition was discussed.
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CHAPTER 6

-

,'\

PHASE CHANGES IN A MODEL SUPERALLOZ

6.1 Introduction

I17]
Nimonic alloy PE16 (e.g. Henry Wiggin Ltd. 1964; Raynor and

Silcock 1970; Bramman, Fraser and Martin 1971; Silcock 1971; Raynor

1971; Sims and Hagel 1972; Betteridge and Heslop 197“; Nembach 1974;

Martens and Nembach 1975; Faulkner and Caisley 1977; White and Fisher
1978), originally developed as a weldable structural material, has

high projected potential in the nuclear industry as a fuel cladding
material because it is stable to both radiation enhanced coarsening
and void swelling.

These phenomena of stability are not understood completely as

yet. The model alloy examined in the present study (composition in
Table 6.1) is taken from a series of materials designed by Shaw (Shaw

1980) in order to investigate the relationship between one possible
key factor, the composition of the Y’ phase, and stability of the Y/Y‘
microstructure. In all cases the models simulate the matrix of PE16

but changes are made in the content and relative balance of the
y'—formers. The particular aim of this atom probe investigation is
to determine, initially for one key alloy, the mechanism and kinetics
of Y' precipitation and, on an atomic scale, associated partitioning
and segregation effects.

6.2 Results

....92_.
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6.2.1 Solution and carbide treatments

So1ution—treated specimens (1050°C, .2 hour) exhibited no

evidence of inhomogeneity: IAP examination showed uniform
distributions of all six major alloying elements and QAP traces
revealed only random statistical fluctuations in composition. The

overall composition determined by QAP analysis (Table 6.1 and also
Table 6.2) agreed well with the nominal value, with the possible
exceptions of the aluminium and titanium contents which were slightly
higher than anticipated. A mass spectrum from the alloy is presented

in figure 6.1.
A

Similar observations of intragranular homogeneity were made after
carbide precipitation treatment (90000, 1hour), with the exception of
a single, small intragranular carbide particle encountered in one QAP

experiment; i.e., no Y‘ precipitation occurred during the air cool.
Composition determination revealed, however, that depletion of
aluminium, titanium, chromium and molybdenum had occurred (Table

6.2).* With respect to the carbide particle, insufficient data were

collected for accurate compositional analysis, but it was noted that
chromium and carbon contents were significantly enriched, and nickel

*lt should be noted that throughout this lchapter composition
measurements refer only to intragranular regions. These values maydiffer from the true overall alloy composition by an amount determined
by the nature and extent of grain~boundary phases.
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depleted. No grain boundary carbides were examined.

6.2.2 Y’ precipitation I: qualitative observations

6.2.21 General precipitation: FIM

After the first ageing period of 20 minutes at 750°C small,

spherical and ordered particles of Y‘ were visible in the field—ion

image. Careful examination of Y‘ ring structures in several series

of field—ion micrographs revealed no dislocations upon which the

second phase might have nucleated heterogeneously.

Upon further ageing for periods of up to eight hours the

precipitates increased in size but remained spherical. Observations

of several micrographs for each heat treatment suggested that the
particles were randomly distributed.

6.2.211 General partitioning and segregation: IAP and QAE

Time-gated IAP microscopy of material aged_for 20 minutes

revealed preferential partitioning of nickel, aluminium and titanium
to the -f phase, and accumulation of iron, chromium and molybdenum in_

the matrix. Further rejection from the Y‘ lattice of most of the
remaining chromium, iron, and molybdenum occurred as the ageing period

was extended.

The micrographs of figure 6.2 illustrate the features of this
partitioning after eight hours. Figures 6.2b-g show consecutive IAP

- -9U-
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. . 2 . .
images, taken in the order Al + (b). T12+ (c), Mo2+ (d), Nl2+ (e),

Fe2+ (f), Cr2+ (g), from the area shown in figure 6.2a. Each image

is integrated over approximately five atomic planes. Not all
precipitates which were intersected initially persisted throughout the

sequence, but in those which did so preferential partitioning of
1'

aluminium, nickel and titanium to the Y‘ is evident, with traces of,

iron, chromium and molybdenum. Sharpness of the particle/matrix

interface should also be noted.

The final field-ion micrograph, figure 6.2h, shows an overall

view of the two—phase microstructure.

These results were confirmed by QAP analysis. Figure 6.3

presents three typical QAP traces illustrating a) the reference state

of a carbide-treated sample, b) Y‘ precipitation after 20 minutes

ageing time at 750°C (high degree of partitioning). and c) the smaller

changes in Y and Y‘ compositions after 2 hours ageing. In particular

it should be noted that the total (Al + Ti) level in the regions of

maximum composition excursion approximates to 25 at.%. as required for

the Ni3(Al,Ti) structure. The lack of Y‘ precipitation during the air

cool from the carbide treatment suggests that second phase separation

requires an incubation time i.e. that the new phase is nucleated

rather than generated continuously- Thus any small compositional

excursions observed on the APFIM traces may be be attributed to

simultaneous sampling of y and y‘ regions, rather than to genuine low-

amplitude compositional modulations, and are disregarded in analyses.‘

The precipitation mechanism is discussed in more detail in Section

6.3.1. '
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Further close examination of QAP profiles also showed that at all

ageing times the particle/matrix interface was reasonably sharp,

extending over 3-H atomic planes. No evidence of interfacial

segregation was found and no large solute-depleted zones around Y‘

particles were observed. It was also noted that the interface width

was the same for all diffusing species in all interfaces studied

("100).

6.2.2iii Semi-quantitative observations

Some estimates of particle size after each ageing treatment were

obtained from IAP images (allowing for effects such as image

compression) and from precipitate intersections on QAP traces (for

methods of accurate analysis see e.g. Schwartz and Ralph 1969, 1970)

The results are shown plotted as log(diameter) against log(time) in

figure 6.H. This graph is linear with a best-fit slope of

approximately 0.3 i.e.

' d = k3t1/3

The volume fraction of precipitate was estimated as 5-10 % for

all ageing times. ‘

6.2.2iv Subsidiary data: X-ray and TEM studies

X—ray diffraction studies of specimens of all heat—treatments

revealed cubic F reflections Qf lattice parameter 0.356 nm, with no

strain broadening. Specimens containing y’ particles also gave weak

' -96-
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Table 6.3. QAP Analyses of PE16 Matrix Model: Y‘ Phase

Heat Treatment Al/at% Ti/at% Ni/at% ‘Cr/at% Fe/at% Mo/at%

75o°c, 20 mins. 12_.4o ‘13_.1o 53.68 5.53 9.72 0.57
£0.64 i0.66 i1.40 i0.33 ' i0.57 i0.14

750°C, 2 hours 14.15 14.20 62.26 2.361 6.15 0.87
£0.85 i0.85 $1.79 iO.35 i0.56 i0.21

750°C, 4 hours 11.08 12.23 72.64 1.45 2.50 0.09
10.32 $0.34 i0.82 i0.12 i0.15 i0.03

750°C, 8 hours 9.99 16.28 68.96 1.94 2.77 0.07
. i0.42 i0.54 i1.11 i0.19 i0.22 i0.04
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cubic P reflections of the same latthnpmrameter. TEM studies (Shaw

1980) confirm that only small strain fields exist in the two-phase
.\ v

microstucture.

Figure 6.5 (courtesy Shaw) shows a bright—field TEM image taken

from a specimen aged for 8 hours at 750°C. The Y‘ phase is present

as spheres of apparently random distribution. The volume fraction is
approximately 8%, and particle diameters are in the range 12-18 nm,

which agrees well with estimates from atom—probe microscopy.

6.2.3 y' precipitation II: quantitative compositional analysis by QAE

Compositional determinations for the Y and Y‘ phases at each

stage of heat treatment were effected by summation of ion counts for
each element over a number of matrix and precipitate regions. The

results of these analyses are displayed in Tables 6.2 (Y) and 6.3
I(y'), with error estimates derived using the relation error= (ncY7n,

where n is the number of readings and c the calculated atom fraction.
I

The values are plotted respectively as'a function of ageing time in
figures 6.6 and 6.7.

Looking first at the matrix phase (figure 6.6), it may be seen

that iron, chromium and molybdenum behave similarly, showing a slight
rise in concentration after 20 minutes ageing, and then tending ' -

towards a plateau with longer heat treatment. Aluminium and titanium
conversely exhibit a rapid initial drop in concentration with 900°C

ageing-and initial 750°C treatments, before reaching an approximate

plateau. Nickel is depleted slowly throughout the ageing sequence.

- -97-
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Turning-to the Y‘ phase (figure 6.7), attention is drawn to the

behaviour of aluminium and titanium. Throughout the Y' treatments

studied, the sum total of these two elements remains approximately

constant at the stoichiometric level. However, the relative
proportion of each is apparently a function of ageing time: for the

first four hours of ageing the elements are present in approximately
equal amounts (Al/Ti=1.1i0.05). but after eight hours the titanium
content is increased significantly at the expense of aluminium, to

give an overall Tiial ratio of approximately 1.6Z0.05.

The remaining elements show trends which are the reverse of those
in the Y phase. Iron, chromium and molybdenum, present at
concentrations of a few atomic percent after 20 minutes, are rejected
to reach low plateau levels after four hours, while nickel is
significantly enriched. It may be noted that molybdenum shows a

particularly low residual level of "0.1 at.%. -

It may also be observed that the Y’ compositions derived for 2

hours ageing are apparently slightly anomalous, with aluminium and

titanium contents well above stoichiometric values. Examination of
laboratory records showed that the readings had been taken at a low

detection rate, necessitating long waiting periods at standing

voltage. Under such circumstances, and others such as hydrogen

etching or low pulse-to-standing voltage ratio, apparent loss of
nickel (i.e. enrichment of Al and Ti) has been noted in other

experiments. The Y‘ data for 2 hours ageing haltthus been adjusted

to the correct aluminium and titanium content, and are shown replotted
in figure 6.8. This change certainly improves agreement with
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projected behaviour and reinforces general trends.

QAP measurements of partitioning may also be used to estimate the
volume fraction of precipitated Y’ phase, given the aluminium and
titanium concentrations in carbide—treated alloy as a reference state.
For material aged for N hours such calculations give a value of 11-12
Z, assuming that all aluminium and titanium lost from the matrix is
accomodated in stoichiometric Y’. This estimate is somewhat higher
than those derived from micrographs, but it is most certainly an

overestimate, as some aluminium and titanium will be lost not only to
Y‘, but also to carbides, and also from the specimen surface during
heat treatment.

u

6.3 Discussion________________

6.3.1 Phase Transformations

6.3.11 Precipitation

The specific observation of lack of 1’ precipitation during air-
cool from 950°C , i.e. the existence of an incubation time for the
reaction, suggests that the -j phase is generated by nucleation and
not by continuous change (see section 6.2.2ii above). The random
distribution of the second phase, and the absence of dislocations
within the particles, suggests that the nucleation may be homogeneous.
This may be anticipated with zero Y/y' lattice mismatch (e.g. X-ray
analyses). Heterogeneous nucleation on vacancies is not ruled out on
this basis, but it is most unlikely that sufficient vacancy sites l
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would remain after an anneal at 950°C. The effect of other point
defects could not be assessed.

It may be demonstrated using the Cook—Hilliard (1965) analysis
for the chemical spinodal (see Chapter 4) that a conventional

»

nucleation mechanism is to be expected given that the volume fraction
of Y’ phase has been measured at 8-10 %. It should first be noted
that the present system shows no lattice mismatch between precipitate
and matrix. Thus the chemical and coherent spinodals may be assumed

to be coincident. Recalling the Cook - Hilliard equation (E4.1)

c -c =~c -c [1+0.lt22(T/T)]S C 8 C C

this analysis calculates the ratio (Cs - Cc)/(Ce - Cc) for two phases
with knowledge only of Tc. Setting Tc to a reasonable value of 12OOOC

for PE16, and assuming a pseudo-binary system of a matrix of (Ni, Cr,
Fe, Mo) (Y) and of a precipitate (Ni3(Al,Ti)) (Y')y (CS - Cc)75OoC is
found to be 0.71 (Ce — Cc), i.e. the spinodal occurs at a volume

fraction of approximately 30% Y’. This is well above the measured

fraction. '

It was also observed that the precipitates were at least
partially ordered after 20 minutes ageing, but no details of the
ordering mechanism were established. ' » ' '

6.3.111 Coarsening

The test of coarsening kinetics in figure 6.3 appears to show

quite clearly that spherical Y‘ particles obey the t1/3, L—S—w, or

' -100-
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volume diffusion controlled coarsening law (Chapter 2), within the
ageing range 20 minutes-8 hours. That VDC ripening is observed

implies that precipitation is fully accomplished within 20 minutes or
less. These observations are in full agreement with those of Silcock
1970 for commercial PE16.

V

}

I

>

i

1

Observations of a constant (Al+Ti) ratio of 25 at.% in the Y

phase, sharp interfaces between precipitate and matrix, and

approximately equal interface width for all elements are consistent
with phenomena of nucleation and subsequent growth under VDC.

6.3.2 Partitioning

Considering first the effect of carbide treatment on the model

microstructure, QAP analysis shows major elemental losses for
aluminium and titanium, and smaller decreases in chromium and

molybdenum. Small compositional changes by carbide formation are

certainly to be expected for the latter three elements, but depletion
of aluminium and the large similar effect for titanium probably
indicate loss by surface activity (evaporation or oxidation) during
heat treatment.

' 'In summary of the general Y/Y’ partitioning behaviour, iron,
chromium and molybdenum accumulate in the matrix with ageing and

nickel, aluminium and titanium collect preferentially in the Y‘. This
is fully consistent with the general behaviour of superalloys, as

discussed in Chapter 1. A few examples of other determinations of
partitioning, using various methods, are: Kriege and Baris (1969) and

- -101-
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Shimanuki, Masui and Doi (1976) (wet analyses); Beaven, Miller and

Smith (1977), Beaven, Delargy, Miller and Smith (1978) and wood,
.‘>

Mills, Waugh and Bee (1980) (APFIM); and Howell and Bee (1980) (STEM).

More detailed partitioning analyses by QAP confirm that

approximately complementary elemental behaviours occur in y and y'
phases. Compositional changes are thus discussed only in terms of Y‘
results. One note concerning the y phase may be made, however. Using

the mean elemental concentrations determined by QAP analysis the

position of the matrix on the nickel-chromium-iron phase diagram for
PHACOMP (see Chapter 1 above) has been reestimated. In figure 6.9 the

new value (C) is shown on a section of the nickel-chromium-iron

diagram similar to that of figure 1.1. The position of the overall

alloy composition and the PHACOMP estimate of the residual matrix

composition are shown respectively as points A and B. In constructing

point B PHACOMP assumes that the major Y‘-forming elements aluminium

and titanium partition completely to the second phase. In practice

these two elements possess some solubility in the matrix, as has been

shown in the present APFIM study. Thus some disparity is to be

expected between the PHACOMP estimate of composition and the measured

value, C. However, it should be noted that the matrix is still close
to Q separation and that PHACOMP gives a good approximation to true

behaviour in this respect. '

Specifically concerning the Y‘ phase, iron, chromium and

molybdenum are present after 20 minutes of ageing, at an approximate

total level of 15-16 at.%, but are rejected to a residual total
content of approximately 5 at.% after U hours. Nickel is
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simultaneously enriched from 58-59 at.% to around 70 at.%. Given also
that the (Al + Ti) content is maintained at "25 at.% throughout this

' readjustment, these results would appear to substantiate the
observation in Chapter 1 that chromium, iron and molybdenum act as

substituents for nickel. However, on this information alone, it
cannot be concluded that these elements occupy only nickel sub—lattice
sites.

The (Al + Ti) content also remained at "25 at.% between H-8 hours
of ageing. However, during this period, and thus apparently
subsequent to the rejection of chromium, etc., the Ti/Al ratio was

adjusted from 1.13U.06 to 1.6i0.05. General enhancement of the Y'
Ti/Al ratio (and loss of chromium) has been observed previously in a

quaternary nicke1—iron-titanium—aluminium alloy by Rogen and Grant
1960. In this latter case it was also suggested that the period of
enrichment also coincided with an arrest in the coarsening curve, but
no such ripening plateau was observed in the present studies. It has

been suggested that chromium impedes ordering of the Y‘ lattice (Ham

1970; Wood, Hills, Waugh and Bee 1980). Present results certainly
suggest that lattice rearrangement may be subject to low chromium

concentration. This remains to be confirmed.
1

Overall the findings of homogeneous nucleation with random

particle distribution and L-S—w coarsening are consistent with
theoretical expectations. These properties are in contrast to those
of the microstructurally modulated and rapidly—coarsening materials
of high lattice mismatch and high volume fraction of second phase.

l -103-



Direct relationships between this model and commercial PE16 are

to be treated with caution. However, it may be noted that the
enrichment of Ti/Al ratio in the model alloy corresponds in ageing

time to the development of optimum hardening in the commercial alloy.
It remains to be established whether similar enrichment occurs in the

latter. However, if this were so the result would support the

suggestion of Phillips (1968) that in the absence of lattice strain
precipitation hardening by Y‘ depends upon high Ti/A1 ratio in the

precipitates However, before firm conclusions may be drawn concerning

this hardening effect, the partitioning must be followed to longer

ageing times in order to establish that no further change occurs.

Subsequent alloys in the Shaw 1980 series may then be investigated in
order to ascertain the effects of changing the Y' composition.

6.H Summary

It has been shown that the Y‘ phase is generated in the

experimental alloy by a conventional nucleation mechanism. No

evidence of heterogeneous processes was observed. Coarsening of the
spherical second phase obeys a t1/3 coarsening law. QAP analyses of
elemental partitioning between Y and Y' phases showed that iron,
chromium and molybdenum are rejected from Y‘ upon ageing to leave low

residual levels after U hours. At all times the sum total of
(aluminium + titanium) in the y‘ approximates to 25 at.%. However,

subsequent to achievement of the equilibrium iron, chromium, and

molybdenum levels, the Ti/Al ratio in the y‘ phase is adjusted from

1.1f0.06 to 1.610.05. This corresponds in ageing time to development

of optimum hardening in the commercial alloy and it has been suggested

—1OU—



that the relationship between Y‘ composition and hardness should be

examined further. -

\
I
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CHAPTER 1

CONCLUSIONS Ayp succssqgous FOR FURIHER wcng

7.1 Aims

The overall aim of this dissertation is to assess by observation
of a series of model alloys which phase separation mechanisms may

operate in the generation of Y‘ phase in commercial superalloys. Four
model alloys were chosen from the systems nickel-aluminium
(Ni—14.1at.%Al), nickel—chromium-aluminium (Ni-20.0at.%Cr-1U.Oat.%Al)
and nickel—aluminium—titanium (Ni-9.1at.%A1-U.Hat.%Ti and

Ni—8.7at.%A1-2.5at.%Ti), plus a matrix model of Nimonic alloy PE16 and

three distinct modes of general phase separation were identified.
Using established theories of continuous transition behaviour
(outlined in Chapter 2) and a new method of Fourier analysis designed
to extract kinetic data from APFIM composition profiles (presented in
Chapter 3) it has been shown that the binary alloy Ni-14.1at.%Al
decomposes spinodally at 625°C. The two nickel-aluminium—titanium
alloys were found to nucleate y' heterogeneously, while in the matrix
model of PE16 y' was generated by conventional homogeneous nucleation.
The behaviour of the nickel—chromium-aluminium alloy was found to be

more complex and results suggested that two populations of Y‘ phase

were produced by separate spinodal and conventional nucleation-
mechanisms, The details of these results are given in the appropriate
experimental chapters (H-6).

In this present chapter the overall implications of these results
with respect to general modes and features of Y’ phase separation in

-106-
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superalloys are examined.

7.2 General Phase Transformations of Superalloys

7.2.1 Primary Precipitation

The results summarised in the previous section (7.1) indicate
that spinodal phase separation may be possible in the simplest (least
alloyed) commercial superalloys. The possibility of spinodal
decomposition apparently decreases as the number of alloying additions

Q
.increases or the supersaturation decreases. Certainly it is to be.

expected that replaceht transitions may occur with large strains and
chemical gradient terms and also with low volume fraction of Y‘.
However, the overall result does indeed support the suggestion of e.g.
Merrick 1978 that some alloys which generate fine—scale Y’ may do so
by spinodal decomposition. One such likely alloy is Nimonic 80A.
Qualitative examination by Wood, Mills, Bingham and Bee (1979)
certainly suggests that phase separation may be spinodal in 80A but
quantitative analysis of reaction kinetics must yet be performed to
confirm this idea (see section 7.3 below).

7.2.2 Subsequent Precipitation

In general,once primary y'formation has occurred secondary Y’
(cooling or ageing) may be formed. This produces a finer-scale in-
filling between the original Y' particles, which themselves must
either be the result of conventional nucleation and/or growth or they
must be a coarsening product of a previous continuous transition. In
the present investigation it has been shown that primary and secondary
Y‘ may not necessarily have similar compositions. It may be the case
that each separate Y‘ precipitation reaction is governed by solubility
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rules of the form which determine the overall equilibrium and non-
equilibrium reactions. If this is so, then empirical measurement of

~

Y‘ compositions over a wide variety of model alloys may permit
estimation of the rules which pertain. This in itself would promote
improved understanding of the contributions which each y' distributior
may make towards the net alloy hardening and other properties.

One particular property which has at least been touched in
passing is the ordering of the y’ lattice. Experimental results for
the PE16 matrix model show that, at least under those circumstances,
adjustment of the concentration of_y'—formers in the second phase, anc

therefore the degree of order towards the equilibrium y' lattice, is
dependent upon rejection of chromium from the lattice. The degree of
order must influence the APB energy. For an alloy of high volume

fraction of y', variations in APB energy between Y‘ distributions may

result in change of dislocation propagation from cutting to bowing or
vice versa, cutting being favoured in the phase of lower APB energy.
Where the appearanceiof Y‘ distributions are time-dependent such
mechanistic variations with time may result in important changes in
mechanical properties with time.

7.2.2 Use of Fourier §naly§is

In examination of the different transition behaviours displayed
by the binary and ternary systems it has been shown that the method

of Fourier analysis outlined in Chapter 3 of this dissertation is
capable of reflecting the constant wavelength behaviour of spinodal
changes and the different spectra of nucleation events. This in
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itself has justified the use of this analytical tool.

7.3 Suggestions for Further Work J

The new work which may be proposed on the basis of these results

falls broadly into three catergories. First, studies of further model

systems; second, assessment of the behaviour of more commercial

alloys; and third, additional studies such as extensions of the
Fourier analysis technique which was proposed in Chapter 3.

1.3.1_Eurther Modelling Studies

The present study has shown that, under conditions of low solute

supersaturation and high lattice mismatch, phase separation by

conventional nucleation mechanisms is favoured in superalloys.

Several additional model alloys may yet be examined in order to define

more closely the conditions for mechanistic transition between

nucleation—and—growth and continuous change. First, a nickel-
chromium-aluminium alloy of defined zero misfit should be examined to

eliminate the role of strain energy considerations (see Chapter 1

above) more closely. Second, a nickel-aluminium—titanium alloy of

much greater solute supersaturation than those already studied should

be followed. This should show whether a highly depressed miscibilty
gap may be found in this system at all. In this case a composition

of, say Ni-1Uat.%Al—7at.%Ti may be suggested and a low ageing

temperature of UOOOC in order to give the maximum possibility of

spinodal behaviour. Lastly, a quaternary alloy of the system nickel-
chromium—aluminium—titanium may be investigated in order to follow the

effects of yet greater alloying. All of these model studies may

employ the experimental and analytical techniques which have already
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been applied in the course of the present study. This dissertation
has also shown the value of the meltespinning process for study of
continuous reactions after short ageing periods and it is re_commended

that, where possible, all alloys are examined in the melt-spun or
splat-quenched state.

7.3.2 Direct Study of Commercial Alloys

One direct extension of the present work to commercial systems

must comprise examination of partitioning behaviour in other alloys '

of the series designed to model the behaviour of PE16 (Shaw 1980, see

Chapter 6) and particularly in the alloy PE16 itself, in order to
esablish whether the observed dependency of the Ti/Al ratio of the y‘
phase upon chromium content of that phase persists in the commercial
alloy. with subsidiary studies of these other alloys and parallel
investigation of mechanical properties and the compositional stability
of the y‘ phase it may be possible to identify any composition change

which is associated with stability of the microstructure towards void
swelling;

Other experiments may employ presently established techniques in
quantitative investigation of transition kinetics in simple alloys,
that is, those with few alloying additions. The most promising alloy
for spinodal decomposition, Nimonic 80A, has already been mentioned

above in section 7.2 and kinetic analyses may be applied to this
system as an initial study. Other alloys such as Nimonics 90 and 115

may be studied, but, at least for APFIM analysis, the interpretation
of experimental data would be considerably more complex because these
alloys contain cobalt for which the single isotope lies within the
range of the isotopes of nickel on the mass-to—charge ratio scale.
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Further improvements in atom-probe mass resolution should, in

principle, overcome this difficulty. However, in Chapter 5 of this
thesis investigations of the Fourfer spectra of individual QAP traces

for the separate elements of a ternary nickel—chromium—aluminium alloy
suggested that the essential characteristics of the phase

transformation are often contained within each individual trace and

that the complete set of elemental traces may not be required. Hence,

provided that say aluminium, titanium, nickel and chromium traces

reflect all characteristics of-partitioning behaviour and precipitate

shape, it may not be necessary to monitor the absolute ndizland cobalt

contents in the first instance in order to test for reaction kinetics.
Thus, other alloys such as Nimonics 90 and 115 may be studied.

It is suggested that this investigation begin by following

partitioning in, say, Nimonic 90 and carefully comparing the Fourier

characteristics of individual traces in order to ascertain the extent

to which the partial trace analysis is applicable. The study may then

be generally extended to examination of the effect upon reaction

mechanisms and microstructural scale of the products,of segregation

to the interface created in the solid/solid state phase change (e.g.

Seah and Hondros 1977).$-1
7.3.3 Additional Studies

7.3.3i Development of the Fourier analysis route

Some developments of this analysis such as examination of lattice
ordering waves and study of plane—stability—ratio as ways of finding

the degree of lattice order within an alloy have already been

mentioned in section 3.7 of Chapter 3. In more general terms
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extensions which may be anticipated for use of the process include
study of EDS traces from STEM anabsis, studies of microprobe traces
and SIMS traces. In all cases these results may be converted to
signals which represent compositional determinations at fixed
intervals ranging from 2-200nm. Thus a large range of mocrostructural
periodicities may be examined and structures of cast superalloys and

eutectic forms may be studied.

Much interest has been shown in the technique of lattice imaging

as a general method of examining spinodal microstructures (e.g.
Sinclair, Gronsky and Thomas 1976; Wu and Thomas 1977; b4_

$in¢l8iF and Th0m8S 1978). However, some difficulties are experienced

in relating fringe spacing to the exact compositional modulations in
Q5. s;a..<.¢,c»>!=9 MA.6w-tsk MH)

the structurex Since APFIM analyses provide very accurate

compositional data it may be envisaged that some new studies of
spinodal systems may employ lattice imaging and APFIM techniques in
parallel. The Fourier analysis given in this dissertation may then

be extended to the lattice imaging data.

7.3.311 Secondary y‘ populations

The analyses of Chapter 5 showed that APFIH is suitable for
accurate compositional analysis of different Y‘*populations within the

same alloy. By examination of a series of models of, say, the nickel-
chromium—aluminium system it may be possible to assess at least
empirically how the compositions of each successive Y‘ population ' »

depend upon the remaining matrix composition. The results of Chapter

5 suggest that the concentration of chromium tolerated by the Y‘

lattice changes with overall composition and the study of ternary
alloys would follow the role played by chromium in determining the Y‘
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compositions and volume fractions. This study of ternary materials

may then be extended to alloys of quaternary and more complex systems

general rules concerning solubility may be found. Then, given the

overall alloy composition, it may be possible to assess not only the

possibility of o—formation (PHACOMP) but also the precise nature of

Y‘ populations and their volume fraction. This is turn would

considerably improve the possiblity of prediction and understanding

of mechanical properties which depend so strongly upon the y‘ phase.

Parallel studies of lattice ordering by combined QAP trace

studies and PSR measurements (see section 7.3.S§above) would permit

examination of the change in the degree of lattice order within the

Y‘ phase as the chromium content is varied.
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APPENDIX A

.\
THE ATOM PROBE FIELD—ION MICROSCOPQ

A.1 General Intrpduction

The Atom Probe Field-Ion Microscope (APFIM, reviews e.g. Mueller

1970a, 1974; Panitz 1975; Wagner 1980, applications e.g. Ralph and

Watts 1977; Waugh and Southon 1977; Brenner 1978; Miller, Beaven and

Smith 1979; Brenner and Miller 1980; general bibliography Thurstans

and Walls 1980) combines a field—ion microscope (FIM, Mueller 195l,
H73

reviews e.g. Mueller and Tsong 1969b applications e.g.Hochman,

Mueller and Ralph 1969; Mueller 1970b; Ralph 1970; Hasiguti et al.
1977) with a time—of—flight mass spectrometer (see figure A.1). This

permits microanalysis on an atomic scale of selected microstructural

features.

The specimen is a sharply pointed tip of "2Onm diameter held at a

high potential of +(5—25)kV§ The extremely high electric fields which

result at protruding atoms are sufficient to ionize imaging gas. ,An

electron tunnels into the tip and a positive gas ion is released.

This ion travels radially away from the specimen towards a detector

(phosphor screen or channeleplate) where the sum total of events gives

an approximately stereographic projection of surface crysta1' '

structure. Resolution is of the order of 0.2-0.Hnm.

Alternatively, the surface atoms themselves may be ionized at

higher applied potentials. In APFIM a pulsed voltage is employed to

release ions at a given time and the time of flight over a selected
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it

t

drift distance is measured. The mass-to-charge ratio is then obtained

from the time of flight using the equation
.\

L1 2 2 ¢¢¢oEA.1
_ 2 (VDC + VP) t /L

In the original quantitative atom probe (QAP, Mueller, Panitz and

McLane 1968) a straight drift tube was employed. Subsequently an

energy—compensated configuration (Poschenrpder 1972) and magnetic

sector atom probes (Mueller and Sakurai 1973) were developed. Mass

resolution in these latter instruments is in the range 0.50-0.05a.m.u.

For QAP measurements a small area of the specimen is selected for

analysis using a probe hole aperture in the imaging assembly (figure

A.1). As the specimen is evaporated (ionized) this aperture generally

samples 25-200 ions from each successive atomic plane. Thus a profile

of compostion against probing distance may be compiled (see Chapter

3 of this dissertation).

Alternatively a two-dimensional map of elemental distributions in

the plane perpendicular to the probing axis may be produced (IAP). In

this case the channel—p1ate normally used to intensify the gaseous

field—ion image is employed as detector for evaporated metal ions

(Panitz 1973, 1975). The electron multiplier is gated on for a short

period after a delay corresponding to the drift time of the required

species. Events from several successive planes are recorded

photographically. The field of view searched by IAP is approximately
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30nm, with resolution of "1.0nm.

\

A.2 Present configurations

The majority of QAP traces were obtained using a straight flight
tube instrument originally designed and built by A. J. Watts (Watts

1975; also Watts and Ralph 1978). The major modifications of this
APFIM were the addition of a 250Hz pulser (Waugh 1980) and updating

of the computer—aided data collection system. These changes raised

the rate of data collection from "H000 to "T0000-12000 ions per hour.

In operation, flight time data were collected automatically from

a two—channel Schottky logic timer (Watts 1975) and stored on floppy

disc by a CE 8000 microprocessor. The results were then transferred

to magnetic tape using a graphics-designated PDP 11/45 of the

University of Cambridge Computing Service (UCS). Subsequent

processing of flight times was accomplished using an IBM 370/165. The

help of R. Laborde (UCS) and D. I. Singer (UCS) in construction and

operation of the PDP 11/H5 link is gratefully acknowledged.

Subsidiary QAP analyses and all IAP determinations were performed

on a combined QAP(energy compensated)/IAP designed and built by A. R.

Waugh (Waugh 1978} Vutjk.au4l $dkbh0u.l47q).
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APPENDIX Q

SPECIMEN PREPARATION AND E_)_Gf’E_R_l_MENTA_L co_m)ITI_oN§

B.1 Specimen Preparation

B.1.1 Melts

Details of the required alloy compositions and melt preparations
are given in Table B.1.

Solution and ageing treatments (Table B.2) were performed upon

field-ion wires (25OHm * 250um * 10mm) and TEM discs (3mm

diameter * 25Opm thick) slit from the melts after initial
homogenization. The use of such small specimens was considered to be

permissible for these alloys because decomposition products occur on

a fine scale of 5—2Onm.

with the exception of very short ageing sequences (2-20 minutes)

for the nickel—chromium—aluminium alloy, all heat treatments were

performed upon specimens sealed in silica capsules with 80 mm pressure

dry argon. In the case of the nickel-chromium—aluminium it was

considered that the time required for the capsule to attain
temperature would result in significant reduction of true ageing time.
These specimens were therefore wrapped in titanium foil for oxygen

gettering and heat treated in an argon stream. Rapid quenching was

accomplished into iced brine. ' '

The results of wet chemical analyses of the melts are also given

- -111-
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in Table B.2.

B.1.2 Polishing_ponditions ,

APFIM specimens were lightly abraded to remove surface oxide film
before electropolishing. TEM specimens were ground to a thickness of
100pm. The polishing conditions employed are detailed in Table B.3.

Specimens of the binary nickel—aluminium alloy were also

outgassed at 200°C for 1 minute subsequent to electropolishing.

B.2 Experimental conditions

B.2.1 Atom Probe Microscppy

The atom probes employed in the study are described in detail in
Appendix A. QAP and IAP analyses were performed with background vacua

of ”1O_9lorr and at 78K. Output pulse:standing voltage ratios in the

range 16-20% were employed.

B.2,2_lransmission Electron Microscopy

TEM studies were made using Philips EM300(100kV) and EM301(120kV)

instruments.

B-2-3 X-Pay Pewden Diffraction

X—ray powder photographs were obtained in the Debye—Scherrer

setting. CuK,(radiation was employed throughout." Exposure times

were: nickel-aluminium 3 hours at 100w; nickel—chromium-aluminum 2.5

hours at 150W; PE16 matrix model 2.5-4.0 hours at 100W. '
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APPENDIX C

C.1 Special functions and their transforms.
i) Rectangular sampling function II(t)

_c It I L

ii) Infinite impulse train III:

MM 1 H ‘W
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C.2 Stages in Fourier transforming experimental data.

i) General function: (after Brigham 1974)

F (1')

-¢

1

ii) Sample:

TTTTTT [T T.
iii) Convolve:

!'\
f

I \
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iv) Truncate

v) Reconvolve:
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vi) Sample frequency:

T l

vii) Convolve
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