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Lbstract:

Ageing processes in two nickel-rich alloys of

the nickel-aluminium~titanium system of different

i
Y/

£ Fgmismatch have been studied over %he
temperature range 400 - 800°¢ by means of electron
microscopy, and Curie temperature and elastic
modulus measurements. The results allow an
interpretation of the early stages of decomposition
of the supersaturated solid solution formed on
quenching. The microstructural observations in the
later stages of ageing are in general agrecment
with those of other recent work on binary nickel
alloys.

Particle coarsening measurements made
concurrently with measurements of Tthe solute
content of the matrix have allowed independen?d
determinations of the precipitate/matrix
interfacial energies and the diffusion coefficients
of solute in the alloys. An increased coarsening
rate has been observed for the high misfit alloy.

Measurements of the mechanical properties
after different ageing treatments have been
interpreted in terms of recent theoretical
treatments and the results related to the observed
- microstructures. An increase in strength due to
the misfit at the particle/matrix interface is
shown.
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THETRODUCTION .
Complex nickel bascd alloys now play a

very important part in many high tcmperature
applications. The excellent properties of
these materials are knovn to be largely based
on the cohcrent precipitation of the xd’phase
from supersaturated solid solution. The
fundamental phenoncna governing the
precipitation processes have however yet to be
understood completelys; furthermore, the various
features associated with precipitation in the
various alloys have not been fully correlated
with the mechanical propertics of the alloys.

It was with the objecet of extending the
knowiedge of the prccipitation processcs and
of relating the structures to the mechanical
properties that the rescarch to be described
was wundertaken.

It was decided that alloys should be
chosen that would give a very good picturc
of the processes taking place and yet be
sufficiently simple to allow the application
of existing rcsults and theoretical knowledge
in the interprctation of the results obtoined.

The majority of the commercial alloys
have a nickel-chromium or nickel-chromium-cobaltb
solid solution matrix in which a precipitate
of the intermctallic compound Ni3Al,Ti is
dispersed. A number of other alloying elements
arc present for various reasons but 4o not
affect the general bchaviour of these alloys.
Chromium is present because of its beneficial
effect on the corrosion resistance and because



of its combination with carbon to form carbides
which have an important role in inhibiting grain
boundary sliding under high temperaturc creep
conditions.

It was considered that as the precipitation
of the 5' was the objecct of this research, then
chromium ond cobalt could be left out of the
alloys to be investigated, thus reducing the
problem to one of precipitation in a three
component system. This is an approachable
problem in view of the existing knowledge on the
behaviour of the binary nickel-aluminium and
nickel-titanium systems. An interesting result
of the removal of chromium, together with a
reduction in the aluminiwn and titanium contents
(resulting in a lowering of the cquilibrium
precipitate volume), is that the alloys have
Curie temperatures close to room temperature,
thus enabling intercsting ond informative
magnetic mecasurements to be made.

It was noted during a survey of the
literaturc that 1little was known of the effects
of precipitation on the elastic properties of
materisls and therefore an apparatus was constructed
to allow the measurcment of the elastic propertics
after the ageing trcatments.

Recently, a number of theoretical papers
have been published on the effect of coherent
precipitation on mechanical propcrties and the
results obtained in this work will be discussed
in the light of these papers.

This report commences with a brief
description of the nickel-aluminium—titanium



system and of the previous structural work on
this and the binary systems, sufficient to
provide a basis for understanding the work
that follows. The remainder of the relevant
literature is considered under the headings
to which it refers in the discussion of the
results at the end of the thesis.



2.1, The Nickel Aluminium Titanium system.

The nickel-aluniniun~titaniun phase diagran
(l): their

7

was established by Taylor and Floyd
published 750°C isothermal section is shown in
figure (2.1.1.). The alloys used in this
investigation and in other investigations referred
to in this thesis are indicated in the figure.

All the alloys referred to show the common
features of being single phase X golid
solutions at high temperature and are in the

K+ \f;two vhase region in the range of
ageing temperatures used. Some of the high
titanium alloys have the ﬂi phase in
equilibrium with the X or ¥ + Y "but the
evidence ig¢ that this phase only develops aftber
very long agelng tines in alloys contalning
significant arnounts of aluminium.

Figure2l2 shows part of the vertical
sections of the diagram corresponding to the
alloys investigated. The sectlons are extended
to lower temperaturces using the Curie temperature
results as outlined later in the thesis. The
directions of the scctions in the ternary system
were taken to correspond to the tie lines shown
by Taylor and Floyd.

The diagrams are considered to be
sufficiently accurate to allow them to be used

for gquantitative measurenents.

2.2. dtructural studies by other workers.

The precipitation seguences 1n simple
nickel based alloys were first examined in detall

(3)

by Manenc (2) and Williams . lianenc showed
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that all the alloys precipitated a face centercd
cubic phase in a face centered cubic matrix. He
suggested & common ageing sequence as a result
of his work:

(1) Pre-precipitation stage -
characterised by side bands around the F.C.C.
X-ray lines.

(i1i) Intermediate phase distorted as
a result of cohcrency with the matrix.

(iii) The stable F.C.C. phasci
incoherent with the matrix. ‘

Manenc described two classes of alloys

(i) Alloys forming precipitates as
platelets.

(ii)  Alloys forming cubic
precipitates.

The second process was observed when the lattice
parsmeter difference between the ¥ and ¥ was
less than 0.0lA; his nickel- aluminiuvm and
nickel-aluminium—-titanium alloys came into the
first class. It should however be noted that
the morphological observations were made on
replicas of alloys aged for long times. In a
later investigation Manenc et al. (4) showed
that rafte of cubes werc formed in the early
stages of precipitation in nickel-aluminium
alloys.

Williams postulated o similar model for
his Ni-Al alloys:

(i) Change in atomic configuration,
presumed to be an increase in short range order.

(ii)  Actual precipitation of N13A1 in
the form of coherent plates on (100) planes.
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Similar morphological obscrvations to those of
Manenc were nade.

Buckle, Genty & Manenc (5) showed that
rafts of cubes were formed at earlicr stages
prior to plate formation.

Discontinuous precipitation has been
observed in this system but only at high agecing
temperatures and after long ageing times,(for
example sece Phillips (6)),

A systematic study of the Ni-Al-Ti system
was made by Mihilasin and Deckker (7) who showed
that in a nickel-12.2 at.percent titanium alloy
the initial phase to form is the P.C.C. % phase,
confirming some carlier results of Buckle and
Manenc (8). The hexagonal i phase was found
to form discontinuously at 16nger ageing times.
They showed further that aluminium additions
delayed the onset of discontinuous precipitation.
Morphological studies were not cxbtended in this
paper.

Mihilisin and Dekker investigated the
effect of lattice paramcter differences on the
mechanical properties of alloys in the system
and these results will be referred to later.

Detert and Pohl (9) made a number of
indirect measurcments on Ni-Ti-Al alloys but
again they only used replicas for structural
studies; the indirect measurements again
confirmed a short range ordering stage prior
to ‘ifprecipitation. The indirect observations
will be referrecd to in more detail later.

Thin foils of Ni-Al alloys have bcen
studied by Ardell and Nicholson (10) and
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Phillips (6) and the following features were
established: w

(i) The } particles were in the
form of cubes with sides parallel to the (100)
directions in the matrix.

(ii) The cubic particles were
aligned in (100) directions after long ageing
times.

’ (iii) After long ageing times the
¥’ cubes coalesced into 'rafts! which may
be identified with the plates observed in the

earlier investigations.

(iv) Mo loss of coherency was
observed even after long ageing times.

Ardell and Nicholson (10) suggested that the
aligned and modulated structure arose from an
elastic interaction between the particles in
the matrix.

Mickel--titanium alloys have been investigated
by Dewance, Ben-Isr-ael. and Fine (11) (12)
and they propose the following sequence for a
10 at.% alloy:

(i) Decomposition begins inside the
spinodal giving a periodic fluctuation in
composition with respect to position in the

solid solution. .
s

(ii) Discrete Y particles,
matastable face-centred tetragonal, nucleate
and grow. The particles are coherent with the
matrix and are periodically spaced.

(iii) The ¥} hexagonal close packed
phase appears at longbageing times.

A definite shape change during ageing is
reported by Hornbogen and Chakraborty (13) for
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a Ni1-51 alloy; the particles were spherical

at short ageing times changing to cubic at
longer ageing btimes. Ardell end Nicholson (10)
also showed some evidence of a similar shape
change in their Ni-Al slloy.

The following features appear to have been
established:

(1) There ig a pre-precipitation
stage showing the features of short range order,
and quenching would seem to be unable to prevent
the onset of this stage.

(i1i)  The Fffprecipitate forms as a
spherical precipitate, changing to cubic or
rectilinear as ageing proceeds.

(11ii) The particles coalesce at long
ageing times,

(iv)  The particles are initially,
or become, aligned inflOO]directions°
The nature of the pre-precipitation stage is
in some doubt as is the origin of the aligned
structure.
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3.1. Alloy manufacture:
The two alloys were selected by
considering the phase diagram and the work

of other investigators. The alloys were

melted in 30kg. melts and the ingots were

homogenized, forged and fabricated by

Messrs. Henry Wiggins Limited, Hereford,

according to established practises. The

alloys were supplied in the following forms:
(1) 0.030" cold rolled and
annealed strip. (The annealing treatments
vere carried out under protective
atmospheres).
(i1)  0.5cm. dim. extruded rod.
(11i) 0.064" dia. cold dravm wire.

(1) was used mainly for electron microscopy

and for hardness measurements.

(ii) was used for dynamic modulus measurements
and for some of the preliminary magnetic
work.

(1ii) was used for tensile tests and for the

majority of the magnetic work.

3.2. Analysis:
The analysils provided by Wiggins

showed the followings

Ni Al T3 ¢ A1 Ti
Alloy A Bal 1.22 6.55 < 0.01wt% 2.58 7.8 At%
Alloy B Bal 3.5 3.37  0.01wt% 7.3  3.94 Ath
Other elements were present only in trace
guantities.
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The magnetic results confirm the
analysis and were reproducible between different
batches of gspecimens indicating the effectiveness
0f the homogenization treatments given.

3.3 Solution treatment:

Exomination of the literature on similar
alloys showed solution treatment temperatures in
the range 1000 - 140000, temperatures above
1275°¢ being used to obtain very large grain
sizes. Treatment times of the order of 1 hour
were generally used. Treatments were carried out
in argon, hydrogen, or vacuum and samplesS were
quenched into water or iced brine, the more recent
investigations showing that a lower hardness
could be obtained using the more effective
guenching medium. Some of the results in the
literature may be criticised because of the poor
guenching conditions employed. The solution
treatment initially employed was 1100°¢ for
1 hour in a furnace with an argon atmosphere
followed by drop quenching into cold water. The
treatment resulted in a grain size of about
0.9mm and the hardness and tensile results were
reproducible. Changing the temperature in the
range 1000 -~ 1200°C. and substituting iced brine
for the water caused little difference in the
properties of the solution treated alloy.

As the investigations proceeded 1%
became apparent that there was little, if any,
incubation period in the development of the
aged structure, and as sgpinodal decomposition
had already been suggested for this type of
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alloy it was decided to btry the effect of
gquenching from lower temperatures; but still above
the anticipated spinodal and precipitation
tenperatures.

Specimens were treated for 1 hour as
before and were then furnace cooled to about
87500, prior to rapid quenching into iced brine;
the result was a considerable lowering of the
yield stress and a lowering of the Curie
temperature. These Curie temperatures did not
correspond with the results on the binary
alloys in the literature used to construct the
initial Curie temperature-composition calibration
curves (figb5.7.1phnd it is suggested that the
carlier values were obtained on specimens which
were not guenched rapidly enough. The more
recent results of Ben-Israel & Fine (11) also
show this effect and confirm the above
interpretation.

The alloys treated as above also showed
a narrower Curie temperature spread than those
given the standard 1100°¢ treatment, and this
Teature will be considered in more detail in
later chapters. The effect of the low temperatureficed
brine quenching treabtment on subsequent ageing is
only important at low ageing temperdtures and for
short ageing times. The powerful guenching
technigue was only effective on the wire and strip
materials; because of their size the modulus
specimens could not be produced in this condition.

Toble ( 3.3) summarizes the different
treatments and their effects.
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TABLE 3.3.
The effect of different solution treatments:
Alloy B.
Treatment Yield stress,Kg/mmz.'
1100°C. % hour W.Q. 30
1100°C. 1 hour W.Q. 30
1100°C. 1 hour I.B.Q. | - 29
1200°C. % hour I.B.Q. 27
1000°C. 2 hours W.Q. 32,

1100°C. lhour furnace cool to 875°C.I.B.Q. 22

Alloy A.
1100°C. 1 hour W.Q. 30
1200°C¢. % nour I.B.Q. o7

1100°C. 1 hour furnace cool to 875°C.I.B.Q. 24



3.4. Ageing treatments.

Long ageing treatments were carried
out in a horizontal tube furnace in air. The
temperature was controlled to within t300, of
the stated temperatures. Short ageing treatments
were performed in salt baths and again the
temperatures were within i'30().

Treatments werc observed; under certain
conditions; to give very large spreads in Curie
temperature and it was thought initially that
this could be duc to a loss of Aluminium or
Titanium from the surface of the specimen during
heat treatment. A check was made by traversing
wire specimens across a diameter with an electron
probe micro-analyser. The results
indicated that the composition fluctuations were
on a smaller scale than the limit of resolution
of the probe (1m). The probe showed a composition
gradient only over a distance of about 10w from
the surface of the specimen and further indicated
that the oxide layer was very narrow. Oxidation
at temperatures below 700°C. wag extremely
limited.

Opecimens werce guenched from the ageing
temperatures to prevent further precipitation at

lower tenmperatures.
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3.5. Electron Microscopy.

Thin foils were preparcd from the
alloys after various thermal and mechanical
treatments, and werec cxamined in an EM6G
electron microscope operated at 100kv.

Foil preparation:

Stock material was reduced from 0.030"
to 0.008" by cold rolling. The strip was then
gsolution treated in an argon atmosphere and
drop cquenched into iced brine. It was then
cleaned with silicone carbide paper to remove
all traces of oxide and then 3mm. discs were
punched out. The discs were given the stated
heat treatments in an air furnace and further
cleaned with fine abrasive paper.

The discs wcre profiled using a
modified Blankenburg and Wheeler technigue.

The specimen was placed on a platinum gauze

and a lmm. jet of 40% HC1l was allowed to fall
on it from a height of about 3mm. A potential
of 75volts was applied between the specimen
and the jet (the specimen being the anode).

A suitable profile was obtaincd after jetting
each side of the disc for about 12 seconds.

The foils were subsequently clectro-polished

in a 20% solution of perchloric acid in ethanol
at a potential of Svolts. DPolishing was
stopped when a small hole appearcd in the centre
of the disc.

After careful washing and drying using
distilled waber and cthanol alternately the
foils could be inserted directly into the IMGG
specimen holder and examined.
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The majority of micrographs were taken
under bright field operating conditions. The
tilting facilities available only rarcly allowed
the usce of dark field illuminstion cmploying
superlattice reflections; in addition certain
features of the microstructure made the use of
refined techniques somewhat difficult - these
will be discusscd later.

Foil orientations and directions were
determined by standard methods from selected
areca diffraction patterns corrccted for rotation
at different magnifications. Foils were tilted
within the limits of the stage available 1o
obtain the most useful contrast conditions and
to bring into contrast such features as
dislocations and grain boundaries.

Particlc size measurenments:

Consideration of the orientation
relationship between the precipitate and the
matrix shows that sizes are best measured in
[100] airections in foils having a (100 Jplane
parallel to the foil plane; foils in this
orientation were not however very often obtained.
Foils 6f(llO)and.@lO)orientation were frequently
found and sizes were nmeasurcd in the[lOO]directions
in these planes, making the assumption of cubic
rather than rectilinecar particlce shape.

Histograms were constructed for some
conditions to check the applicability of
coarsening theory and for these 100 to 400
measurements were made. All the particles on a
given print were mcasured to avoid samnpling
problems. For most of the conditions the
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particle size wag taken as the arithmcetic mean
of 40 to 50 particles, and the valucs obtained
agreed closely with those obtained from the
histograms. Corrections were made for the true
magnification of the microscopc as calibrated
with standard grids but were not made for the
crall variations in objective lens current due
to the variations in specimen position. This
latter factor introduces an error of 5% or less
since the lens current veried only by 2mv. in 150
between different folls.

Checks made when possible using dark
field micrographs gave similar sizes and
distributions to those obtained from the bright
field micrographs.

Particle sizes less than ¢.100 & are
included but these are subject to large crrors
because of the strong masking effect of the
gtrain fields.

e’ particle

size necagsurencints are
included in the results section for foils aged
for various times at a number of ageing
temperatures.

3.6. Mechanical property measurements:

Wire specimens heat treated as degscribed
in section Jhwere tested in an Instron testing
me.chine at a crose head speed of O.2cm. per
ninute, equivalent to a strain rate of
approximetely 3.3% per minute.

The specimens were 0.064" in diamecter
giving a cross section close to 2 gq.mm., and
the specimen length between grips was kept close
to 6cm, the actual length being mcasured in each
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casc. Aftcer heat treatment some of the wires
showed o layer of oxide on the surface, but
this did not affect the reproducibility of the
results; romoval of the oxide did produce some
scatter in the tensilc strength.

The specimens werc rigidly clamped in
heavy jaws attached to the Instron: these held
the specincen well and there was no evidence of
slipping prior to yiclding on any of the tests,
and only rarcly did slipping occur prior to
fracture. The wires in 80% of the teste
broke in the measurcd regions between the grips,
thus allowing values of tensile strength and
elongation to be obtained. The absence of a
standard gauge section does however contribute
to an error in the values of these quantities.

A check was made on the wires to sce
if there was any cvidence of preferred
oricentation in the wires. ILaue back reflection
photographs failed to show any cvidence of
preferred orientation after solution treatment.
Checks on the possibility of solute loss arec
reported in scctionlj-

Table 3.6 shows values of mcchanical
properties on goveral spccimens heat treated
in an identical manncr. These values show that
although the technigue was somewhat primnitive,
in view of the very constant cross scction of
the wirces the values of the mechanical propcerties
are reproduciblec.

Yicld stress valuce were obtained by
extrapolating the elastic portion of the curve
o meet the extrapolation of the initial linear
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TABLE 3.6.
Reproducibility of tensile tegts:

Alloy B solution treated at 1100°C 1 hour W.Q.

Specimen no. Extrapolated yield stress
kg/mm2.
1 30
2 30
6 29
24 30
43 31
56 32

Solution treated at 1100°C.1 hour furnace cooled to

875°C.Iced brine guench.

69 23
92 24
116 21.5

139 22
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plastic portion of the curve. The valucs
the
procedure was norce reproducible than proof

approximate to an 0.2% proof stress:
gstress determinations because of the uncertainty
in gaugce length.

Some 200 tensile tests were performed
and without cxception gave yilield stresses
within 1 or 2 Kg./mm,2 of o smooth curve drawn
through all the points. Any scatter could be
traced by checking the Curic tempcrature curve
of the specimen, this generally indicating an
irregularity in heat treatment proccdurc.

Curves are shown in thce results section
of yield stress versus ageing time at 400,500,
600,700,750,°C for both alloys, and the results
of other workers arc included wherc applicable.
The effect of the more rapid cuenching technique

is also shown.
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3,7. Curie Tenperature Measurements.

A technique was required that would
provide information on the Curie temperaturecs
of the alloys and it was rcalised that this
could be done more simply than by using the
refined spparatus of the physicist.

The principle of the technigue is
that a ferromagnetic material when inserted
into an air-corcd coil causcs a significant
change in the self inductance of the coil.
If the material is caused to become
non-ferromagnetic by raising the temperature
to above the Curic point then a change in
impedance of the coil takes place as the
permeability of the spcecimen changes. A
change in impcdance may be observed by
noting the change in voltage across the coil
when connected to a stabiliscd a.c. supply.

A block diagram of the apparatus is
shovn in fig.3.7.1. The stable a.c. supply
is an a.f. oscillator and the voltage across
the coil is measurcd by an a.f. millivoltmeter;
as both these instruments have a very high
impcdance they have 1little effect on the
changes taking place in the circuit. A
thermocouple is attachced to the specimen to
enable the relationship betwecen voltage and
temperature to be found. The output of the
thermocouple is fed to the X channcl of a
function plotter and the voltage across the
coil is fed via a rectifying and dividing
circuit to the Y channcl, thus enabling a
continuous plot of voltage versus temperaturec



CURIE TEMPERATURE  APPARATUS.

function
plotter -
X S
| a.f. a.f.
( |
{ ] millivoltmeter oscillator
! | ‘
]
]
I
BIER

chromel - \
alumel thermocouple.

‘coil in heating jacket

*

Fipe3.7.1. Schematic circuit diagram Curie temperaturs spparatus.
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to be made.
The coil used in the latter stages
of the work (and for all the results reported
here) was a Radiospares Ny 3 reed coil, the
characteristics of which were knovm from data
given by the manufacturer:
length 1.15"
diamcter 1.27 cm.
d/c resistance 1,6k ohm.
ampere turns per volt 4.3.
For most of the measurecments a
potential of 150 mv. was used giving a field
of- 0.5 versted.
The coil, specimen and thermocouple
werc placed in a pyrex tube with one end closcd.
This tube could be placed in high or low
temperaturce baths. A silicone o0il bath was
used for temperatures above room ftemperature
and for low tempcratures the tube was surrounded
by dry ice/acctone mixtures, liguid nitrogen or
a freezing mixture.
A frequency of 3ke/s,well away from
the fundanmental and harmonic resonant frequconcies
of the coil,was used for the mecasurements and the
output of the oscillator was maintainced at 150 mv.
without a specimen in the coil. Care was taken
to ensure that the circult conditions remained
constant for the duration of a test and also that
they were esscentially similar for all tests.
Plots of voltage versus temperaturc were
made as the specimen cooled or hecated after being
placed in the baths. IExemples of the curves
obtained from the apparatus, and graphs of Curie
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temperature versus ageing time are given in
the results scction.

Limitations and sources of error in the apparatus

The following must be considcered so
that the results can be interpreted in detail,
particularly as thc apparatus described is
essentially original in design.

(1) The constancy of temperaturc
along the specimen.

(i1) The effect of specimen size on
the curve shapes.

(iii) The relation between the voltage
across the coil and the magnetic propcrties of
the specimen.

(iv)  The effects of field strength
and frequency on thce shape of the curves.

(i) As the specimens were also used in the
tensile tests they were in general somewhatb
longer than the coil and it was thought that
this might give rise to an effect duc +o a
non-uniform temperaturce distribution. ILong
specimens some thrce times the length of the
coil when given suitable ageing trcatments to
produce a sharp change at the Curic temperature,
showed negligible differences in their behaviour
from shorter specimens which could be contained
completcly within the coil. This indicates that
only those parts of the specimen within the coil
were affected by the field, thc temperature
gradient along the length of the coil was
negligible.

(ii) The effective permeability of the



ferromagnetic core depends slightly on the
position of the coil around thc core and thus
the amplituge of the curves could be changed
slightly by,d}ffercnt specimen lengths. The
curve shapceg are not affcecteod.

(iii) If all the circuit parameters were held
constant so that only the inductance of the coil
changed then the voltage variations acrose the
coil would rcflect accuratcly the change in
permeability of the ferromagnetic core via the

relation:

v = T. 2uf. Lmwe”, awt AL

L

In the circuit described however, a change in
voltage across the coil produccs a chenge in
current in the circuit. Thig will produce curves
slightly different from true permeability/temperature
curves because of the presence of resistive loads
in the circuit. The general trends of the curves
will however be mointained and no allowancc has

bcen madc for +this effect.

(iv)  The permeabilitics of ferromagnctic
materials arc not constant but depend on the
ficld strength at which they are measurcd.
The effccts on the curve shapes arc somewhat
complex and so additional experiments were
conducted over a range of ficld strengths
(211 of which were relatively low). The curves
at different ficld strengths arc included in the
results scction and are discussed at a later
stage with all thce factors which might affcct
the curve shapes.

The measurements were made at a frequency
of 3 kilocycles and it is necessary to consider



bricfly how the rcsults might differ from more
normal methods of measurcment in non-varying
fields. The permecability at low fields is a
measurc of the easc with which a ferromagnctic
domain boundary may be movcd. As the frequency
of measurcment incrcases the magnctization of
the specimen will lag bechind the field by an
increasing amount; at a constant frcquency
however, therc will be no effect on the relative
differences between each spccimen. As the
frequency incrcasces the depth of penctration

of the field into the specimen deccreascs:
however these alloys have a fairly high
resistivity and the skir~depth is very large
comparcd with the small inhomogencous regions
at the specimen surface at the frequency used.

The changes in structurc that give
rise to changes in the initial permeability
because of their effect on domain wall
mobility will be discusscd in detail at a
later stage.

It should bc noted that none of the
above effects (apart from those due to
temperature gradients) will influence the
temperature at which the permeability reaches
zero. The coffccts are discusscd with relevance
to their cffect on the interprctation of the
shapes of the curves obtained.



3.8. TFlectrical resistivity measurements.

As discussed in section 5.6 there is some
ambiguity regarding the features controlling the
shape of the permeability/temperature curves in the
early stages of ageing. TFurther information on the
behaviour of the material close to the Curie point
may be obtained by measureing the electrical
resistivity as a function of temperature.

Wire specimens, aged to produce a range OfF
permeability/temperature curves, were used.
Potential leads were spot welded to the specimen
2 cm. apart, and current leads were attached to the
ends of the specimen. A current of 2 amperes was
passed through the specimen and a 0.001 ohm standard
resistance; the resistances were compared using a
Tinsley potentiometer and a sensitive galvanometer(73)°
The current was reversed at each temperature in order
to balance out the effect of any thermal e.m.f.s.
present.

The specimen and leads were immersed in a
silicone 0il bath for high temperatures and in
freczing mixtures or ligquid nitrogen for low
temperatures. A chromel-alumel thermocouple was
attached to the centre of the specimen.

Measurements of the potentials across the
specimen and standard resistance were made while the
specimen heated or cooled in the oil bath at a rate of
about 20°C per hour. The mcasurements at low
temperature were nade after allowing the



Y-

specimen to come to cquilibrium in the low temperaturc
baths. The results arc comparcd with the Curie
temperature curves from the same specinens in

scction ( 4.6 ).

3.9. The measurenent of dymamic clastic moduli.

The apparatus is described in Appendix 1.
It is not included in this scction because a number
of featurcs of the apparatus are not dircctly relevant
to the results reported herc.

Measurcments were made on 0.5" diamcter rod
cut in 10 cm. lengths from stock material. All the
modulus results reportcd here werc taken at room
temperature without the use of the vacuum systen.
As shown in thc Appendix, measurcment of specimen
dimensions is one of the limiting factors on the
accuracy of thce results and for this rcason ageling
sequences were carried out on single specimens, the
specimens being quenched after cach time interval
in the furnace and then re-aged after measurement.
Carc was btakon to cnsure that the spcecimen was
located in o similar position on the suspension on
cach occasion in order to counteract any cffects of
imperfcet specimen geonetry.

Each mcasurement was corrected for changes
in the ambicnt tcmperaturc, as a change of 1°¢
produces a change of 4 parts in 1O5 in the rcesonant
frequeney which can be ncasurced by the apparatus to
within 2 parts in 10°. The limitations and errors
involved in the measurcrients arc indicated in the
Appendix; it should be noted that absolute valucs



of the modulus arc not used in the interpretations
of the results and thus the najor sources of crror
are climinated.

) Graphs arc shown in the results scction of
L%E vherce B is Young's elastic modulus; these arc
dircetly related to the measured freguency changes

by the relation i%E = E%i where ¥ is the measurcd

regonany frequency. Correcetions were not made for
the fractional dimcncional changes toking place
during ageing as these are considered to be negligible.

3.10. Lattice parameter determinations.

Solution treated rod specimens were filed
with a fine file and the powder was passed Through
a 300 mesh sieve. The powder was secaled in an
evacuated silica tube and anncaled at 700°C for
60 hours. The powder was placed in a pantax tube
which in turn was placed on the axis of a Straum@nis
loading Debye-Scherrcr camcra. Nickel filtercd
copper K radiation was used and oxposures of about
3 hours duration madc. Longer exposures werce tried
to attempt to locate the superlattice linces but these
were unsuccessful. The lattice paramcters were
deternined by plotting the values obtained from the
x~-ray film against the Nelson-Riley cxtrapolation
function.
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4., Experimental Results.

4.1, Electron Microscopy.

Solution treated alloys were readlily thinned
and gave good areas for electron microscopy. However
difficulties were cencountered in producing good
micrographs of the aged structurcs; these were
considered to arise from complex clectron scattering
and absorbtion c¢ffeects due principally to the
similarity in the crystal structures of the precipitate
and matrix and to the extensive strain ficlds in the
natrix. These conditions also Led” to difficulties in
obtaining simultancous dislocation and precipitate
contrast in deformed alloys.

In order that some of the later micrographs
may be compared it is useful to consider initially
the various contrast effects observed at the
precipitates in these alloys. Figs. (4.1.1) and
(4.1.2) show the same area of specimen tilted with
different amounts with respect to the electron beam.
The diffraction patterns show the foil orientation
to be (110). In fig. (4.1.1) the princiml operating
reflections are (100) and (I00) and in Ffig. (4.1.2)
the princpal operating reflection is (100). In
fig. (4.1.1) the prccipitates appcar dark against
the light background of the matrix, the intensity
of the images depending on the depth of the particles
in the foil. In fig. (4.1.2) a more complex pattern
is observed, the precipitates appcecar somewhat in
relief and many are traverscd by a light line, all
the lines being in the same direction and
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perpendicular to the operating g-vector.

Pig. (4.1.3) and (4.1.4) show other contrast effects,
and the foil orientations and operating reflecctions
are indicated. TFig. (4.1.11) shows good dislocation
contrast with poor precipitate contrast.

Thesce contrast effects have been discussed
in the literaturc and the results will be bricfly
surmariscd with relevance to alloys A and B in the
discussion section.

Solution treated alloys.
Fig. (4.1.5) shows alloy B in the solution
treatcd condition, a nmottling of the background and

contrast at the bend contour is observed having an
Yorange peel' appecarance. Faint superlattice spots
werc observed in the selected arca diffraction
pattern of this specimen. Arceas of the spccimen
oriented differcently and with different opcrating
reflcctions did not show evidence of this structure.
Dislocation pairs werce fregquently observed in foils
in the solution trecated conditiom. TFig. (4.1.6) shows
alloy A in the solution trecated condition; in addition
t0o a few dislocation pairs,groups of dipoles nmay be seen
It should be noted that the electron
microscope foils were not given the rapid quench fronm
875°C and therefore correspond esscntially with
naterial quenched from 1100°C. The Curie tenperature
measurcnents show some evidence of decomposition in
naterial given +this treatment.

Agcing at 300, 400 500°C Fig. (4.1.7) TFoils of
material that had bcen given low temperatbure ageing
treatments showed little differcence from the solution
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treated material and the 'orange peel' ceffect was
again observed. Paired dislocations were observed
nmore frequently.

600°C. The mottling cffect obscrved at lower
temperatures becamc more pronounced, and superlattice
spots wercec always obsecrved for ageing times of 2 hours
and longecr. In Fig. (4.1.8) which shows alloy B
aged 2% hours at 60000, some cvidence of discrete
precipitation may be seen. TFig. (4.1.9) shows alloy
B aged for 238 hours and the particles arc now more
clearly seen; there was no evidence of grain boundary
denudation in any foils aged at this temperaturec.

700°C. TFor ageing times up to about 7 hours the
structures werc similar to those in foils aged for
longer ageing times at 600°C. Fig. (4.1.10) clearly
shows the ?ﬁ’ particles together with some
denudation along a grain boundary. Evidence of grain
boundary denudation was observed after ageing times
of about 7 hours. By indexing diffraction patterns
and observing foils in differcnt orientations, the
particles were established as cubes with (100) faces
parallel to and cohcrent with (100) in the matrix.
The cubic particles may be obscrved to line up in
[L00) dircetions in the foils. There is some Aifficulty
in deciding the particle shape for particle sizes less
than about 120 &: gimilarly the particle alignment was
less pronounced at smell particle sizes.

Ageing at 750° and 800°C. Pigs. (4.1.1) and (4.1.2)
show alloy B aged 2 hours at 800°C. There is some
evidence for grain boundary denudation in these foils.
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Fig. (4.1.4) shows alloy B aged 5% hours at 800°C
and fig. (4.1.11) shows alloy A aged 50 hours at
800°C; there was no cvidencc for a general loss of
coherency at the particle/matrix interface but sone
of the dislocatione in this micrograph do appear to
have arranged themselves so as to accommodatc some

of thc lattice strain. The average particle sizc was
about 1300 &, The shape of the particles may be very
clearly seen in fig. (4.1.3) which is of alloy B aged
24 hours at 750°C.

The features described above were cessentially
sinilar for both alloys. Particle shapes, sizes (sce
scction 4.3) and volume fractions appenred very much
the same. The only difference between the
nicrostructures of the two alloys was that the
particles aligned in (100]adircctions were somewhat
closer together in alloy A than in alloy B,
particularly after long ageing times.

Grain boundary denudation.

Neither alloy showed evidence of grain
boundary denudation until overageing occurrcd and
the particle size reached approximately 300 X, at
which stage a small denuded zonc was obscrved, which
increased in width as particle coarsening proccceded.
A few large particles were obscrved in the boundary
at this stage, (fig. 4.1.10).
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4.2, Dislocation arrangements aftcr deformation.

The dislocations moved in pairs in all cascs
where the particles were cut ahd these conditions
existed for all particle sizes less than about 200 2
(sce figs. 4.1.6 and 4.1.7). Thc spacing of the
dislocations in a pair deccreased with ageing bine
and fig. (4.2.1) shows closcly spacced pairs in
alloy A aged 95 hours'at 6509C.

When dislocation pile~ups were observed it
was noted that only some of the dislocations from the
head of the pilo—up were paired. The number of pairs
along the plle-up increascd with ageing time.
Suitablc pile-ups werc not obscrved frequently enough
for quantitative measurcncents of the number of pairs
and their spacing to be made.

At a particle sizc of about 200 2 not all
the dislocations appcared straight along their full
length, and in certain cascs scparation of the two
dislocations in a pair, and dislocation loops were
observed around a few BJ'particles (figs. 4.2.1 and
4.2,2). At larger particle sizes the dislocations
were no longer prescnt in planar pairs, but rather
looping of the dislocations was obscerved. Complete
dislocation loops around B”lparticles were frequently
observed (sce figs. 4.2.3 and 4.2.4,. It should be
noted that thc dislocation configurations in these
foils were the result of localised deformation
during foil preparations). When the particle size
was small the dislocations moved in widely spaced
s1ip bands which were dcensely populated with planar
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dislocation pairs (fig. 4.2.5). At larger particle
sizes another effect is observed on dcformation as
shown in fig, 4.2.6, and although it is difficult
to mekc out the details of this complex picture it
would appcar that some of the particles have lost
coherency on defornation.

4.3. Particle sizo measurcrmoents.

Fig. (4.3.1) summarises the prrticle sizo
measurencnts which arc plottcd as o function of the
cube root of the ageing time. Straisght lines are
obtained showing ogrcement with a $° law. Alloy A
coarscns somewhat faster thaon Alloy B. This plot is
uscd to display the results so that the different
rates of particlc growth at the different tomperaturcs
nay be clearly scens there is however a linitation on
its use beeause (ao) the particle sizc when coarscning
starts, has becoen ignorcd.

In fig. (4.3.2) the data arc replotted as
log (a) against log time nnd the slope of the plots
is closc to 4. The lincs arc drawn to a fitted slope
of § to allow valucs of thc coarscning ratc constant
to be obfained at the different temperatures assuning
that o t° law holds. MNost of the points represent the
mcan of 50 measurcenents, in a fcow ceses 400 measurenents
were nade and histograms were constructed to check the
particle distribution. At the smaller particle sizes
(less than 200 ) the meximum error is considered to
be £ 20% dccrcasing to £ 10% for the larger particles.
Valucs of the rate constants, activation cnergiecs and
other calculations arc ghown in the discussion (scetion

5.5).
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4.4, MNechanical property results.

A nunmber of differcnt moechanical property
paramcters nay be obtained from the teansile tests,
The results rcported hoere arce of the extrapolated
vield stress (close to an 0.2% proof stress) and the
work hardening rates. These two paramctcers are the
most easily interpreted in terms of the dislocation
motion and the microstructurc.

Yicld stress,

Ageing at 400°C, Pig.(4.4.1).
There is an initial rise in the flow stross

in the first fow minutes which is morc marked for
alloy A. The hardening rate decreases over the range
10 to 150 ninutes, increascs again up to about 3000
ninutes and then tends to level off. The curve is
very similar in shape to the locus of the Curie
tomperature naxima on ageing at 400°C (fig.4.5.1).
Alloy A has a much higher flow stress than alloy B
at all stages at this ageing temperature. The
inflexions in the curves occur at approximately the
sane ageing times for both alloys.

500°C. Fig (4.4.2).
The results of Jurkowitz and Fine (14) on
o nickel 10 at.% titeniun alloy aged at 525°C are
replotted on this graph. There is a rapid initial

hardening during the first few nminutes of ageing for
alloys A and B quenched from 875°C. The hardening
ratc vith time is then low and gradually incrcases
up to the longest ageing tinmes; at very long ageing
times the yicld stress values approach those of
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naterial guenched from 1100°C 2na aged for similar
lengths of time. Spceimens guenched from 1loo°o
show a slower rate of hardening from their
solution treated valucs followed by a plateau
prior to a rise in yield stress at longer ageing
tinmes; sinilar bchaviour is shown by the
nickel-titaniuvm alloy.

Alloy A is again stronger than alloy B and
the variation of yicld stress with ageing time
again follows the samc form as the Curice
tenperature/ageing tince curves.

600°C. Fig (4.4.3).

The results of Phillips (6) on a nickel
12.7 at % Al. alloy are includcd. Specimens

guenched from 1100%¢. show a steady increase in
flow stress with time after a rapid initial rise in
the first minute. There is no decrease in the flow
stress at the longest ageing times. The effcet of
the 87500 guenching treatment is bto reducce the
hardcening rate after the initial risc up to an
ageing time of about 20 minutes at which stage the
curves risec to join those of the 1100°¢ quenching
treatnent. Phillips' curve is of the same shape
except that the initial rapid rise in the first
minute 1s not observed; possibly his quenching
treatment was not rapid cnough to prevent some
decomposition. A similarity betwecen the yield
stress and Curie temperature curves mnmay again be
secn particularly in the case of specincens aged
following the 875°C guenching treatment. The
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difference in strength between alloy A and alloy B
is less markcd, particularly at the shorter ageing
times. The nickel-aluniniun alloy is much lcss
strong although it has cpproximately the same
volume fraction of ¥ at cquilibrium.

700° and 750°C. Pigs. (4.4.4 and 4.4.5).
Phillips' (6) results arc again included
on the 700°C curve. The effect of qucnching treatment

is not markcd at these ageing temperaturces. The flow
stress values at the two temperatures are similar for
ageing times up to 10 ninutes. At 700°C the gtrengths
of alloys A and B increascd up to ageing times of
about 300 ninutes after which they showed a slight
fall on ageing up %o 10,000 minutes. The
nickel-aluminium alloy shows a definite fall in
strength after the peak at 300 minutes. At 750°C

the peak is reached after 10 ninutes ageing and the
strength then remains constant uwp to about 100 minutes
before falling. Alloy A does not appear stronger at
these ageing tenmperaturces mainly because the phasc
diagram shows a lower equilibrium volume fraction

for this alloy at these tcmperatures.

It should be noted that the true yicld
stress may be considerably below the values obtained
for overagcd alloys because of the very rapid initial
work hardening ratcs of these spccinens. MNceasurements
of the 0.1% proof stress werc cormparcd with the
extrapolated yield stresses and thesc showed a
somewhat greater loss of strength on overagelng;
the 0.1% proof stress results were not, however,

rcproducible,
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The explanation of the change in yield stress
with ageing tinme depends much on the variation of the
volume frection and nature of the precipitate: Iwsthe
discussion therefore the yield stress will be related
to the nature of the prcecipitate and its distribution
rather than its variation with time. The secctions on
the phase transformation and kinctics will explain
many of the inflexions shown by the curves, which
are deotermined morc by the phase transformation than

any change in the yiclding nechanism.
The features to bec discusscd ares

(i) The markcd incrcasc in yileld stress with
alloy composition for a given volune of precipitate.
(ii) The strengthening for ageing treatments
. v £ . .
which do not show ¥~ particles in the clectron
microscope.

(iii) The increcasc in strength with particle
sizc when the volume fraction of precipitate becomes
essentianlly constant.

(iv)  The effect of alloy composition on the
overageing after peak hardness.

Work hardening ratces.

The parancter uscd for the work hardening
rate is the diffcerence between the flow stress ot
5% gtrain and that at 0.1% strain. This gives a
measure of the average work hardening rate over this
rongce of strain, but the measurcrnents are subject to
gomc scatter for the reasons given in the experinental
secction. FPigs. (4.4.6 and 4.4.7) show the work
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hardening rates of the two alloys at 600 and 700°¢,
Tests at 500°C showed a small rise in work hardening
rate for ageing times in cxcess of 10,000 minutes,
but otherwice the work hardening rate was constant
with ageing timc. AT 600°C the work hardening rate
is constant up to T00 ninutes after which it riscs
steadily with ageing time. At 700°C a sinilar risc
is obscrved after about 30 ninutes end at 750°C
after about 10 ninutes.

The important featurc of thesc results 1is
that the risc in work hardening rate occurs before
the time at which peak hardening occurs. If it is
supposed, on a simple model, thot o high rate of
work hardcning is associated with a looping of
dislocations arouwnd the particles then this rise
should be associated with a loss in strength. This
point will be considered in the mechanical
propertics discussion.
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4.5. Curie tcemperature results.

Typical scquencics of permeability/temperature
curves arc shown in figs. (4.5.1 and 4.5.2). The
sequence in figure. (4.5.1) is of specimens of alloy A
aged at 750°C and that in fig. (4.5.2) is of alloy B
aged at 400°C. It nay be seen that the curves vary
between two extremes, one showing a sharp drop in
permeability with temperaturce and one showing a
gradual fall in permeability over a range of temperature.
The latter curves arce characteristic of ageing at
lower temperaturcs or for short times at intermediate

temperaturcs.

Ageing at the higher temperatures:

750°C Fig. (4.5.3).

Both alldys showed sharp changes of
perncability with temperature from the shortest
ageing times. The maximum range of temperature over
which the transformation took place was about 8°¢,
The Curie temperature rose very rapidly in the
first minute of ageing and thcen increased slowly up
to an ageing time of about 100 minutes. For ageing
times greater than 100 minutes the Curice temperature

was constant.

700°C Fig. (4.5.4).
The tempcrature renge after 1 minute of
ageing was 10°C for alloy A and 20°C for alloy B.
Thesce ranges dropped to 5°C after 10 minutes ageing.
The Curie temperature rapidly rose in the first
ninute of ageing and continued to rise steadily up
to ageing times of about 100 hours.
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600°C Fig., (4.5.5).
The cffect of the different quenching

treatmonts may be scen for ageing times less

than about 100 minutes at 600°C. The Curie
temperature change in the first minute of ageing
was again very markced. The Curic temperature
ranges for both alloys changed fron 15°¢ to 6°C
over the first 30 minutes of ageing; there was
however some cvidencce of a small fraction of each
sample having lowcr Curic temperaturces; the figures
given represcnt 90% of the total magnetic change.
The Curic temperaturce continucd to increase
steadily up to the longest ageing times.

Summarising the effects at the higher
ageing temperaturcs; the initial rise in Curie
temperature is greater at 600°C than at 75000,
suggesting that this initial process is very rapid
and dependent on the supersaturation. The lower
the ageing temperature the longer the tine it
takes before the alloys show narrow ranges for
the magnetic change and the longer the time requirced

for the Curie temperaturc change to go to completion.

Lower ageing temperatures:

500°C Fig. (4.5.6).
The effeet of the prior guenching trecatment

is pronounced and the ageing curves after the two
gquenching treatments only come together at very long
ageing times. The slopes of the ageing curves after
the 87500 quenching trcatment incrcasc with time
over the first 1000 ninutes of ageing. The Curice
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temperature ranges werc about 10°C after 1 minute
ageing, increcascd to about 20°C after ageing for

3 minutes and then decreased steadily to about 600
on ageing up to 200 minutes for alloy A and 1000
minutes for alloy B. The risc in Curie temperature
during the first minute of ageing was still large
and was greatcr than that at 600°C.

400°C Fig. (4.5.7).
At this tempcraturc the initial large rise

was not obscrved although a small change took place
in the first minute. The range over which the
magnetic change took placc increascd from about

30°C after 1 minute ageing to 145°C after 10,000
ninutes ageing for alloy A and from 20°C to 110°C
for alloy B. The lower limit of the range rcmains
csgentially constant whilst the upper linit steadily
increcascs with ageing and the ratc of change of Curie
temperature decrcasces at long ageing times. The
shapes 0f the agceing curves arc similar for both
alloys cxcept that alloy A has a larger incrceasc in
Curic temperature during the first minute.

The lower ageing teomperatures show incrcascs
in the Curic temperaturc ranges on ageing; at BOOOC
these ranges are reduced as ageing procecds, becoming
similar to thosc obscrved at the higher ageing
tonperatures. The results at 400°C show that the
initial rapid decomposition is rctarded at this

temperaturc.
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The effceet of field strength on the shapes
of thc permncability tenmperaturc curves.

In gencral, the shape of a permeability
temperature curve is a function of ficld strength,
and the c¢ffect is discussed in section 5.6. In
order to scc whether the results in this work
could be partly interpreted in terms of a ficld
strength cffect, measurcnents were made over a
range of ficld strongths. The voltage across the
coil was varicd through the range 50 to 1050 mv
(giving fields from 0.2 to 4.5 Oe) and the results
are shown in fig. (4.5.8). Thc shape of the curve
ig essentially unaffected by ficlds comsiderably
larger than that uscd for the majority of the
results, The cffects obscerved at very low fieclds
werce duc to a lack of scnsitivity in the apparatus.
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4.6. Temperature depcendence of the elcetrical
resistivity.

Figs. (4.6.1 and 4.6.2) show the variation
in recsistivity with temperaturce compared with the
permeability/temperaturc curves for the same
specimens. TFig. (4.6.1) is of a spccimen of alloy B
aged for 184 hours at.3OOOC tc produce a wide range
of Curie temperaturcs; and fig. (4.6.2) refers to
the same alloy aged for 125 hours at 700°C to
produce a narrow rangce of Curie temperaturcs.

The 700°C specimen shows a sharp changc
in slope in the resistivity temperaturc curve a2t
a temperature close to that at which the change in
permeability takces place. For thce specimen aged at
3OOOC the slope of the rcesistivity plot decreascs
at a point somewhat below that where the permcebility
starts to drop, and rcaches a constant valuc at a
temperature close to that wherc the perimeability

rcaches zero.

If similar curves in the litcrature are
considercd an incrcasce 1in the slope of the curve
should be observed prior to a dccreasc at the Curie
temperaturce, but this effect has not been observed
in this work. It is very likely that the risc would
be masked in the case of the specimen having a range
of Curie temperaturcs (scc also Williams (3 ) but at
present the abscnce of a risc for the ofther specinen
cannot be cxplained. The results show that a change
in reeistivity occurs over a sinilar range of
tenperatures to the change in permeability, and
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therefore confirm that the gredual change in
permcability with temperaturc is a consequence of a
range of matrix compositions giving rise to a range
of Curie temperatures.

4.7, Tlastic modulus results.

A
Values of “ﬁE (= Z%f) measured at room

temperature are shown in figs. (4.7.1 and 4.7.2) for
alloys A and B aged at 500, 600 and 700°C. It should
be notcd when comparing these results with the other
measurcnents that the modulus specimens did not
receive the 87500 guenching trcatment.

Ageing at 500°C.
A steadily increasing slope is observed

in the early stages for both alloys; thc slope of
the curve becomes constant after about 10 minutes
ageing for both alloys. The initial values of Q%E
arc lower for alloy A but the overall slope of the

curve is greator for this alloy.

600°C.
The curves for both alloys show an increcase

in slopc after 2 to 5 minutes ageing, followed by a
decrcasing slope which reachcs a constant value after
about 20 minutes ageing. The slope of the curve for
alloy A is again greater than that for alloy B.

700°C.
Both alloys showed a steady incrcasc in
modulus for ageing times up to about 20 to 30 minutes
and the modulus then remaincd constant with ageing time.
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The shapes of the modulus curves,
particularly in the carly stages of agcing, are
similar to the Curiec temperature/ageing time curves
obtained from specimens aged following quenching from
1100°C. This suggests that the phenomena giving rise
to the changes in these parametcers arc closecly
related. An increasc in modulug on the precipitation
of B//from the supcrsaturated solid solution is
clearly shown by these results.
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4.8, X-ray lattice parameters.

The values of the matrix lattice parameters
obtained in the present work for the alloys aged at
700°C for 25 hours

3.544 R
3.538 R

Alloy A
Alloy B

i

i

In order for the mismatch values to be
obtained the values of the lattice parameters of the
(1) are

assumed. For alloys having aluminium to titanium

Fd
‘X phase determined by Taylor and Floyad

ratios similar to those of alloys A and B the
following parameters are shown:-

Alloy A 3.587 &
Alloy B 3.571 &

giving mismatches (at 700°C) for Alloy A of 1.2%
and alloy B of 0.93%.

The lattice parameter of the matrix depends
on the concentration of solute in the matrix:; the
misfit will therefore be a function of the precipitate
volume fraction and will be greatest at the lower
agelng temperatures.
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5. Discusgion of Ixnerinmcntal Results.

5.1. Blcctron microscopy — contrast cficcts.

The precipitates nay be obscrved by
prccipitate contrast or by matrix contrast duc to
their perturbing effect on the surrounding matrix
whilst they remain cohcrent.

(i) Precipitate contrast

As the ¥ is of ordered f.c.c. structurec
coherent with the matrix therc is no possibility of
contrast arising from the f.c.c. reflecting planes
as these will be essentially continuous throughout
the matrix and the particles (except for the lattice
distortions giving rise to the matrix contrast effects).
As the ‘K”is ordered it has rcflcctions that arc
forbidden to the matrix (100, 110) and these
reflections can give risc to contrast duc to
interfercnce with the f.c.c. rcflections. If the
diffraction conditions arc such that superlattice and
f.c.c. reflections arc operating so as to interferc,
then the particles appear dark against the light
background of thc matrix. (Pig. (4.1.1) is a good
cxample of precipitate contrast).

Even whon conditions arc not such as to
show precipitate contrast, the particles nay still
be scen becausce of the cffect of the clastic strain
ficlds on thc scattering of the clectron bean.

(ii) Matrix contrast

The results show that, amongst othcr
effeets, lincs of no contrast mey be 0bserVed when

only onc strong reflection is operating. The work
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of Ashby and Brown'l?) ecstablished the theory of
matrix contrast from cohcerent precipitates and
their work allows the interpretation of the various
contrast cffects that arc observed around H’,
particles cmbedded in the natrix. The theory shows
that there arc five principle features that affect
the image profile:
(1) Thickness of the Ffoil
The fringes in the inage becone less

pronounced as the foil thickness increasces, but the
overall width of the image is relatively independent
of the foil thickness.
(2)  Depth of the particle in the foil
The shape and symmetry of the image varies
with the depth of the particle in the foil. When
precipitates are within one extinction distance of

the foil surfacc wide asymuctric images are formed
(for cxamplc sece fig. (4.2.4).

(3) Order of the operating reflceetions

The width of the imagce increases and the
particlcs become less sharp for low order reflcections.
A number of fringes cross the image when 1low order
reflections opernte and the intensityof the inage
relative to the uastrained matrix is rcduccd.

(4) Particle sigzc

The image width deccreascs relative to the
true particlce size as the particle size decreases,
and 1t is possible for very small particles to be

invisible.



(%) Vagnitude of the strain ficlad

The image widths increcase with mismatch
for a given particle size.

The image profiles computed by Ashby and
Brovmn arc for diffraction conditions when only onec
strong reflcetion is operating, and when there is
no deviation from the Bragg condition. The presence
of a number of opcrating rcflections alters many of
the effeets, but the results do serve to show how a
number of diffcrent patterns may be obtained from
the same area of a foll. The work also scrves to
show that therc arc strict limitations on the
conditions under which particle sizes nay be
neasured, particularly in bright fiecld conditions.

The particles in the present work wore
cubiec, whereas the Ashby-Brown analysis is derived
for spherical particles with spherically symmetric
strain fields. Thec strain fields around cubic
particles will however closely approximate to a
radial form and the gqualitative observations of
the analysis still hold. One effect will be
present for cubic particlces howevers; the particles
present different thicknessce to the eleectron beanm
when the foil is not in a (100) orientation, which
will affcet the images obscrved in a different

manncr to those from spherical particles.
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5.2. Particlc shapc and alignment.

Particlce shapec:

In an isotropic medium, precipitates
nucleate and grow such that they have a minimun
surface oncrgy to opposc the free encrgy of the
transformation associated with the volume of the
precipitate. The particle size which satisfies the
condition of minimunm surface area for maximum volume
is tho sphere. 1In crystallince solids the clastic
anisotropy of thce matrix and the variation of surface
cncrgy with crystallography must be included in the
calculations (16).

In thosc nickcl-basced alloys in which

there is a low lattice parancter misfit between the

\g/énd,the natrix, the }{/particles arc sphcrical
in shape. For systcms where the misfit is higher,
cubic particles arc observed and it may be inferred
that the shapce is a function of thce mismatch at the
interface; various exanplcs arc given by Manenc (2).
The mismatch contributes to the cnergy at the
interface through the clastic cncrgy associated with

the cohercncy strains.

The elastic anisotropy of nickel is
such that the lowest strain cnergies are associated
with cohcroncy strains at (100) interfaces and this
would scem therefore to adequately cxplain the
variation in particlc shape 28 the misfit increascs.

Another obscrvation nade by Ardell and Nicholson (10)

(13)

and Hornbogen and Chakraborty is that thcre is a

change in the carly stages of ageing from spherical to
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cubic shape. This is less casy to cexplain, since if
it is supposed that the small particles are pure >{/
with a sharp interfacc, thcen the strain encrgy per
unit area of the interface will be independent of
the particle size. Ardell and Nicholson have
suggested that they observe spherical particles at
small sizes becausce the clastic strains arc less
cffective at thesc sizes but they do not indicate the

In the discussion that follows it is
suggested that the alignment results from an clastic
interaction between the particles, and that the
alignment procgss is one of selective coarscning
with chemical potential gradicents favouring
alignment in (100) dircctions. The work of Ardell
and Nicholson shows that there is no clastic
interaction between the particles and the solute
atons; however thce chemical potential gradients sct
up for sclective coarsening in (100) directions nay
affect the diffusion rates, thus allowing = shapec
change to arise, not from surfacec encrgy cffeccts,
but rathoer from anisotropic diffusion. Alignment is
obscrved in all systems that show a shape change.

In the case of nickcel-aluninium alloys
(and the prescent alloys if the particles arc
considercd to be spherical at small sizes) the shape
change takes place af very small particle sizes.
When the particle size is small the interface will
be diffuse and a number of the constraints at the
interface will be relaxced, and this night alsoc allow
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spherical particles at small particle sizes even
when the strain cenergy controls the particle shape.
The diffusce interface will also affect the particle
image in the elecctron microscope and it will be
difficult to decidec the particle shape; Hornbogen
and Chakraborty obscerved the shape change at
sonmcwhat largcr particlce sizes and it is unlikely
that the same argument can apply.

Particlc alignnent

The obscrvation that the particles are
aligned in (100) dircctions immediately suggests an
aligned distribution of nuclcation sites in the matrix.
Such a distribution is not normally obscrved for
classical homogenous nucleation and growth processes
since the probability of achieving a nuclcus of
critical sizc is, to a first approxination, cqual in
all parts of the matrix.

Aligned nuclecation sites may be
observed as a result of spinodal decomposition in
systems which have clastic anisotropy in the same
sensc as nickel (17). It is thercfore intercsting,
particularly in view of the later discussions on the
phase transformation, to supposc that the aligned
structurc is the result of spinodal decomposition
in the carly stagces of ageing.

(10), working on

Ardecll and Nicholson
nickel-aluninium alloys, showed that the aligned
structure could arisc cven when the ageing treatment
was such that the alloys werc not within the supposed

spinodal; furthcr they showed that the alignment was
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much less pronounccd when the particle sizce was small
and the supcrsaturation of solute low. This latter
obscrvation is confirmed in the prescnt work although
alignment is observed at smaller particle sizes than
those quoted by Ardell and HNicholson.

Ardell and Nicholson suggestcd that the
alignment was a function, not of the nucleation, but
rather the coarsening process, the alignnment
depending on an clastic interaction between the
particles. Other experimcntal obscrvations confirn
this idca in that in similar alloys having a low
misfit, alignment of the particles is n?g obscrved

(sce for exanmplc Gleiter and Hornmbogen 2)) whercas
as the misfit incrceascs, the alignment becomes more
pronounced and is obscrved at smaller particle sizcs.
The latter featurc is shown by comparing the
microstructurcs in the prescnt work with those shown
by Ardell and Nicholson, and further confirms thc idea
that the alignment is a function of the clastic strain

encrgy at the particle/matrix interface.

Eshclby (18) has derived an cxpression
for the eclastic intcraction between particles showing
that an interaction cxists if the mismatch and/or the
modulus diffcecrences between the two phascs are
sufficiently largc. Ardcell and licholson applicd
Eshelby's cxpression to their nickcel-aluminium alloy
and showed that a large interaction cxistced at larger
particle sizces; the higher mismatch in the present
alloys would give a groeater interaction for a given

particle sizc.
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Ardcll and MNicholson suggcsted that the
alignment of thce particles ariscs as a result of
sclective coarscning, pointing out that the clastic
intcraction energy will be minimiscd by alignment in
the (100) dircetions. Their model is that particles
which find themsclves aligned, by chance, in (100)
dircctions will have a2 chemical potential gradient
betweon thoemselves and particles which arc not so
aligncd; solutc passces down this gradient and assists
the growth of the aligned particles at the cxpensc of
unfavourably located particles. Calculation of the
interaction between a particle and a solute atonm
showed that therc was no effect on the diffusion rate.

The model cxplains the present
experimental obscrvations very well and the
supposition that the aligned structure originates
from a spinodal dcecomposition process is thercfore
untenable.
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5.3. The prccipitate/matrix interfacoe.

The particlee appear to remain coheren®d
up to the lapgest times observed (1500 2) although
there is some cvidence for a few interfacial
dislocations in fig. (4.1.11); thesc dislocations
may, however, have been introduccd during foil
preparation. The dislocation markcd A in the
nicrograph docs appear to have the form which would
accomnodate somc of the strain associated with a row
of particles. It is also suggcested that some of the
deformed strueturcs show incoherent particles
although in the undeformed state the particles were
coherent (fig. 4.2.6).

There is an clastic shear strain in the
natrix duce to the lattice paramcter misfit at the
interfacc. It has been suggested by some workers (38)
that as the particle grows 2 stage will be reached
et which the strain ig of such a magnitude that the
associated stress is able to nucleatce dislocations
to accommodate the strain. Brown (39) has shown that
this argumont is fallaocious and that if a (epherical)
particle starts to grow cohercntly with the matrix
then it will remain cohcrent up to an infinite sizc
unless an eoxternal stress is applicd to nucleate the
interfacial dislocations.

Brown's argurient is that the strcess
rcquircd to nucleate an interfacial dislocation is
independent of the particle radius and depcends only
on the mismatch. The cquation for the nucleating

. a . R .
stress is o, = Z,PLA%“ , for a 1% migfit this

Py
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gives a possiblce nucleation stress of O,lg kg/mmg,
If the critical strgﬁﬁ to nucleate a dislocation is
5%6 = O.26‘ﬁg/mm2 then it may be scen that
there is no reason why the particles should lose

taken as

coherency. As the mismatch increascs the additional
shecar stress that has to be provided by en cxternal
load to nucleatc¢ interfacial dislocations decreases
and it would thereforc be possible for alloys with a
high mismatch to go incoherent under low applicd
strces, cven during the preparation or cxamination
of thin foils.
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5.4, Grain boundary dcnudation.

Grain boundary denudation is gcncrally
observed from the beginnings of the appearance of a
sccond phase. It is gencrally attributed to vacancy
or solute depletion in the region adjacent to the
grain boundary, the grain boundary acting as a sink.
In alloys forming G.P. zoncs, the zones fregquently
ignore the presence of vacancy deplceted regions when
they form. On the dissolution of the zones and the
growth by diffusion of an intcrmediate precipitate,
growth ie impcded in the depleted regions and a

denuded zonc appoears.

In the present alloys no dcnudation is
observed in the early stages because of the naturec
of the phasc transformation (sce scction 6). The
interesting feature is that the depleted zonces only
appecar after considcrable agcecing timces and after the
g”precipitato is readily obscrvable in thc elcctron

nicroscope.

The origin of the zones must therefore
be a function of the coarscening proccss and nay be
cxplained on the basis that particles in the boundary
arc able to coarscn faster than thosc in the matrix
closec to the boundary. This increasc in the
coarscning ratc may be due to cnhanced diffusion rates
in the boundary or to a partial loss of cohcrence of
the particles in the boundary. Vacancy profiles will
bc unimportant as the ageing times and temperaturcs
are such that an equilibrium vacancy conccentration will

exist in all rcgions of thc alloys.
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5.5. Particle coarscning.

The basic cxpression for the coarscening

of particles is duc to Wogngr (19) and for cubic
particles has the form (a\ - ( %o) 3 §;
where k is a ratc constant given by k = 8 gigge ¥

¥ is the intcrfacial energy of the particle matrix
interfacc, cq is the concentration of solute in the
matrix in equilibrium with a particlce of infinite siszc
D is thc cocfficient of diffusion of solute in the
natrix and Vm ig the molar volume of the particle.

This cquation was originally derived
Tor the coarscning of spherical particles in a
liquid m?ﬁrix; Ardell and Nicholson (10, 20) ”hOWud
that a t° law was still obtained for the coarsening
of )(/in.niokel aluninium alloys and this is
confirmed by the present work. Thesce obscrvations
imply that the law may still hold cven though the
particle distribution is by no neans random and the
particles have. very definitce non-~spherical shapes.

(2l)has pointed out that the

Oriani
diffusion coefficient D will not simply be the
coefficiont of diffusion of the solute in the matrix
but will be influcnced by the properties of the
natrix and the shapc of the particles. This modified
diffusion cocfficient is denoted Dfo° The uncertainty
in the diffusion cocfficient nmeans that valucs of the
interfacial encrgy ray not be obtaincd to any degree
of accuracy from equation 1, although scnsible values
of about 30 orgs/cm2 were obtaincd by Ardell and
Nicholson using the bulk diffusion data of
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Swalin and Martin (22). This wvaluc agrccs with the

guasi-chcmical value givon by Williams (3); Ardell
and Nicholson rzcalculated this valuc and obtained
the result that Ef = 03 they howzsver, ignored the
prescnce of solute in the matrix in their calculation.
Recalculation comsidering the solutbte content of the
matrix gives a valuc closc to that of Williams. The
value is a first order ncarcst-ncighbour calculation
and docs not take into account clastic strain cnergy.

The activation cencrgy for the coarscning
process may be obtained from an Arrhenius plot using
the values of k at the different temperatures. Ardell
and Nicholson obtained a value of 64.4 k.cal/molc
which is very closc to that of Swalin and Martin for
the diffusion of aluminium in nickcel implying that
D is not much altered by the constraints of thce systcm.

Independent calculation of ¥ and D, e

In a very rccent papcer Ardell (23)
shown that it is possible to obtain indcpendent
values of X and Dypp 1T measurcments of the solute

has

concentration are made concurrcntly with those of
particle sizc, but he points out that therc arc no
data in thce literaturc to support the theory. In the
prcsent work solutc concentrations have been
accurately dctermined by Curice temporaturc
neasurcnents ags a function of timc and thus allow
Ardcll's analysis to be testecd. Ardcell's paper will

first be considered:
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The average concentration of solutc in
a natrix is related to the particlce size by the
Gibbs-Thompson cquation:

C-~C_ = e ?{ Co Ty - (g)
(Z)rr
This cquation may be rowritten in terms of & and

2
substituted into cquation 1 giving

2 7 ) S
{cucf i ('C‘O'T‘C“P R €%

O!

where k' 1s another ratce comstant and is given by
D (RP)®
k! = AN 2 2+
3% Ce Vm
By combining k an1d k' in different ways it is possible
tc obtain constants such that

. " '3_ C 4
.1_15 - X = 2 X o
RT
2 5 - . - &
and k= k! = @, = 5 D‘%u

Thus by necasuring k and k' from the cxperimental

results, "g end D may be obtained independently.
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Calculation of k!

Ardell assumes that at sufficicntly

long ageing times (CO - Ce) will be much greater
than (C - Co) and thercfore cquation 3 reduces to:
3
¢ - C, = (x't) ]

2
Hence a plot of C against t7° will be a straight
line of slope (k')73,

s

Plots of C versus t ° at thrce
temperaturcs for the two alloys arc shown in
figs. (5.5.1) a and B and cxhibit lincar behaviour
at long ageing times. Valucs of the constants k end k!
obtaincd from the experimental results together with
the calculated values of K’, A ,&, C , D,pp and D
(calculated from Swalin and Martin's work ) are shown in
table 5.5. The results of Ardell and Nicholson on
nickel-aluniniun 2lloys and Ardell (who used the
results of Ben-Isracl and Fine (11)) on nickcl-titaniunm
alloys arc included in the tablc.

The following were assuncd in the

calculations:

v, =V, Ti Al = 27.2 cm>/mole.

m I

3
Density = Density for Ni = 7.9 gms/cm3.
The valucs of CO were obtained dircctly from

fig.(5.5.1) where t °= 0.

The values for the interfacial cnergy
obtaincd arc in closc agrocment with the exception
of thec result from alloy B at 600°C. The k valucs
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at 600°C arc subjecct to largce errors and this nmay

account for the discrepancy, the usc of a valuc of

Doff
Martin would give 2n interfacial enecrgy closc to

of the order of that calculatced from Swalin ond

20 orgs/omz. The estimated accuracy of the 700 and
750°C results is:s orgS/cm2. although the agrcement
botweon the results suggests a somewhat closer

tolerance.

The diffusion coefficicnts (i.e. D pp )
arc a 1little greater than thosce calculated using the
bulk diffusion data of dSwelin and Martin which
suggests that the diffusion is somcewhat enhanccd by
the shape of the particles and the strains in the
natrix. The apparcnt activation cncrgics arc
calculatcd in the next scction.

It should again be noted that the
thernmodynanic cxpressions werce derived using a
spherical particle model and this placcs some
limitations on thc use of the Gibbs-Thompson cquation

in the prescent work.

Calculotion of the activation
cnecrgics for coarsening.

FProm the two scts of ratce constants it
is possiblc to obtain two valucs of the activation
cnergy of coarscning (which should be the same) for
cach alloy. Arrhenius plots arc shown in figs.(5.5.2)
2 and b for the particlce coarscning data and the
concentration data respectively. The k valuces for the

particle sizc measurcments arc corrected for the small
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variation in with temperaturce and the k' values

arce similarly gorrected for the variation in ;’%e )2
From the size mcasurcments the activetion cnergy for
both alloys is about 70 k.Cal./mol., there is some
scatter on the points and the cstimated accuracy is
10 k.cal./mol. The measurements on alloy B at 800°C
did not fit the plot and this may be beecause the
volume fraction of X”fis much lower at this
tenperature and the effeet of impingement of
diffusion fields nay be nuch less.

The plots from the concentration data
show better straight linces giving activation ecncrgies
of 72.5 k.cal./mol. for alloy A and 61.4 k.cal./mol.
for alloy B. The limits of accuracy arctbSk.cal./mol.

All the values arc in good agrecnent
with thosce given by Swalin and Martin for the bulk
diffusion of aluminium and titanium in nickel
( AL = 64.4 ,T4 = 61.0 k.cal./mol. ) and further
confirm that the diffusion characteristics arc not
much changed by the constraints of the systen.
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Table 5.5

S L P P g
oo cmadfsec cm®] ol _ neof feam 3 eqfemt
4 X (oY x 167 xig® x10Y xio® )
A 7.5 1.19 1.85 4.06 0.97 24.8
B 2.6 1.79 1.13 2.30 1.05 14.2
10,1 T4 - 39.4 - - 1.30 3.4*
A 570 86.5 1.87 304 1.12 24.8
B 280 69.0 1.60 176 1.19. 20.0
10,1 - 48.0 - - 1,32 245"
A 1640 334 1.70 965 1.20 22.1
B 1100 234 1.67 656 1.31 19.9
14.5 A1 15901 ~ - - 1.96 25.3"

* D values calculated from Swalin and Martin.
4+ Calculated assuming D values as above.

Doy
€u~/sec
X i1p0'6

3.35
1.90
3.5
250
150
*
133"
800
550
*
419

_zol_



~-104~

5.6. Shape of thc permenbility/tcmperaturce curves.

The initial permceability of a
ferromagnetic material is highly structurc sensitive
and thercforc its use to measurce an c¢ssentially
structurc inscnsitive property such as the Curic
tenperature is open to some gucstion. Under conditions
of low applicd ficld,; homogencous ferronagnetic
natcrials show permeability/temperaturce curves which
risc rapidly with temperaturc and then drop sharply
to zero at the Curic point. The measurcrment of Curic
tonperature using structure inscnsitive properties
such as saturation magnetisation involves complcex
extrapolations to obtain the Curice point,; a proccdure
that is obviously difficult in the casc of a material
having a rangce of Curie points.

It was assumed initially that the gradual
fall of permeability from a maximunm over a wide range
of tempecraturcs for alloys aged for short times and
at low tempcraturcs represcnted a range of Curie
temperatures in the alloy. As the initial
perrmeability is structurce scnsitive, a change in
structurc nay possibly influcncc the shapc of the
curves without the nccessity for invoking a range of
conpositions in thce alloy.

A sccond Ffeature that must bce considercd
is the offeet of the field strength on the

permoability/temperaturo Curves Bozorth (24)

shows
a scries of curves for purc iron in which, as the
ficeld strength increascs, the maximum in the
pcrmoability/témporature curve becomes less marked
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and occurs at lowcr temperatures. The nett effoct is
a more gradual fall of permcability as the Curie
tenperature is approached. The sharp drop at the
Curic point is still obscrved bubt in other rospects
the curves look very similar to thosc aged for short
agceing times in the present work. The field strength
in the prescent measurcnents was kept low and constant
for the measurcments and it is thercforce considered
that the field strcength has 1little cffcet on the
curve shapes. This assunption is further justificd
by the cxperiments conducted at different values of
the ficld strengbth and by the measurcments of the
toemperaturce dependence of the clectrical rosistivity.
In order to consider the cffects further it is
ncecessary to consider the phenomena governing the
shapes of the permeablility temperature curves.

Permeability tempcerature curves
at low ficld strengths.

The description that is uscd here is
essentinlly that given by Bozorth. The Weiss thceory
of fcerromagnetism shows that the alignment of atonm
spins takes placc at very low ficlds (spontancous
magnetisation). Saturation magnctisation is not
observed in low ficld strength conditions becausc of
the arrangement of atoms into misoricnted domains.
Highcer applicd ficlds arc nccessary to align all the
domains in thce sanmce dircction, the strength of the
ficld required depending upon the mobility of the
domain walls.

Donain wall novoenients arc described in
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terms of reversible and irrceversible novenents and
under low field conditions only the former takc placce.
At a low tcmperaturc and under oo given low applied
ficld a few domain wall movements take place and a
given nmagnetization is observed. As the temperaturc
is increcascd the domain wall mobility increascs and
thus the magnctization riscs and this proccss
continucs until the Curice temperature is approachced
at which point the msgnetization sharply drops. This
bchaviour is not obscrved at high field stroengths
beeausce the field aligns all the domains by
irrcversible wall novements and no further
magnetization with rise in tcomperature is obscrved.
The result at high ficlds is therefore a steady
decercasc with temperaturc at a rate incrcasing as

the Curic temperaturc is approached.

The offeet of structurc on
the domain wall mobllity

Although gquantitive mcasurements were
not madec it wns apparcent from the results thet
specincens cxhibiting the slow fall from the naxinum
also showcd a lower valuc of permeability at
temperatures well below the Curic temporaturc. This
is duc to the coffcet of the structurce on the domain
wall mobility: DBozorth (25)shows that alloying and
lattice strains have a narked effect on the initial
perneability; both of thom rceducing it drastically,
presunably by the pinning of the domain walls. In
the prescnt work it was noted that the proccesscs
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taking placc in thoe carly stages of ageing lowercd
the permeability to below the valuc of the
supcrsaturated solid solution, although the latter
valuce will itsclf be low becausc of the strains
associated with the solutbte atoms. As ageing
proccceded ot higher tcenperaturcs the permeability
increased and this may be attributed to solute
depletion of the matrix, although some effcet on the
perneability is still to be cxpected from the strains
associated with the coherent precipitates.

In order to describe the curve shapes
obscrved after short ageing times in teorms of
structural restraints on the domain wall mobility,
it would bc neccssary for the pinning to be so strong
that the temperature risc would not increase the
nobility of the domain walls. Since the valucs of
permeability obtained are not much lower than thosc
for morc 'normnl' structurces some movement of the
domain walls nmust have tsken place; it would therceforc
be reasonable to supposc that mobility would incrcease
with temperaturc. The only model that would give curves
of thc shape obscrved would be onc that supposced the
cxistence of a few highly mobilc walls which moved at
any temperature under very low ficlds but which
ignorced the oxistencce of intermediate walls boetween
the highly mobile =2nd strongly locked ones. It is
reasonablce to concludc that the slow docreasc from
the pcrreebllity maximunm is not - function of
structural restraints on the domain walls.

In order to confirm further the
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desceription of the results in terms of a spread in
Curic tempcratures it was suggcestcd (72) that the
temperaturce dcpendence of the elcctrical rcesistivity

should bc cxamined.

Temperaturce depcndconcce of the
clectrical rcesigtivitys

In the case of a purc netal, as the Curie
temperature is approached; the resistivity starts to
risc more rapidly until the Curie point is reached (26)
At the Curic point the slopc of the resistivity/
temperature curve dececrcascs sharply to o constant
valuc. A curve of roughly this form was obtaincd for
specimens that showed sharp changces in permcability
at the Curic point. Specimens showing a range of Curic
temperaturcs also showed a wide rangce of temperaturc
for the slope change, the rangce coxtonding to somcewhat
lower temperaturces than thosce indicatcd by the
perneability/tomperature curves.

There are no problems of a change in
curve shapce with ficld strengbh whon resistivity
measurenents arc made and morcover rcesistivity
mcasurcnents are, to a first approximation, structurc
inscnsitive. Thus the resistivity curves confirm
further the cexisteonce of truc composition gradicnts
in thc material.

It is now poesible to concludce that the
shapc of the permoability/tomporaturc curves aftor
the maximum is governcd by the cxistence or otherwisc

of o rangc of Curic temperaturcs, and hence of
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conpositions in the matrix. This conclusion will be
uscd 1n later discussions on the decomposition of the
alloys.

5.7. Curic tcmperature changes on ageing.

Thecory of the change in Curic tcomperaturec:

The addition of solutc atoms to nickel
providcs c¢lcetrons which find it cnergetically
favourablc to occupy sites in the 3~ 4 celecctron band.
This rcduces the nunber of enpty levels in to which
clectrons may be thermally cxcited and the Curic
temperature is conscequently lowered. If the band
shape of nickel was unaffceccted by the solute additions
then a linear rcelationship would be c¢xpected between
the Curic tcmperaturce and solute content. X-ray
absorbtion data (27) together with consideretions of
the behaviour of the solute in solution show that the
essunption of a constant band shape is unrcasonablc and
1t is nccessary to consider cxperinmental cvidence for
the relationship betwceen Curic temperaturc and solute
content.

This rclationship has been studicd in

(28), Taylor and

nickel-titaniun alloys by Marian
Floya (29) Stover and Wulff (30) and Fince and Ben
Isracl (11 . Nickcl-aluninium alloys have been

(28) (31)

The conclusions arc that an approxinmatcly lincar

studicd by Marian and Cranglc and Martin
relationship docs exist correcsponding to an clcctron
transfer from titanium of 4.2 clecctrons per atom and
from aluminium of 2.78 clcetrons per aton.
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The assumption is nmade here that as
essentially lincar rclations arc obscrved for solute
atons in their binary alloys with nickel, then a
similar rclation will hold for the tcrnary alloys;
this assumecs that the aluniniuvm and titanium atoms
do not interact. Thc latter assumption is reasonable
in view of thoe naturc of the supposed short range
ordering rcaction in which the solute atoms tend to
surround themselves with nickel atoms.,

Using the data for the clectron transfer
per atom from the literaturc, Curic temperatures were
calculated for the two alloys assuming that all the
solute was in solution. The valucs obtaincd were:
alloy A 230°K and alloy B 270%K. Thesc values arc
close to thosc at the naximum of the Curice temperaturc
ranges obtaincd by quenching the alloys from 1100° ¢ .
As hos becen shown, lower Curic temperaturcs with a
narrower rangce could be obtained by gquenching from
875°C and thesc valuce did not lie on the interpolated

curves drawn fron the results in the literature.

The conclusion is drawn that the results
in the literaturc werc obtained on material that had
not been quenched sufficiently rapidly to prevent
partial dccomposition of the solid solution. If this
is corrcct then the nickel-aluninium alloy results
show the greatest discrepancy. The results of Crangle
and Martin for the nickel-aluminium alloys suggest an
cleectron transfer of 2.78 clcecetrons per atom, whereas
the number of cleetrons available for transfer is
3 per atom, as the aluninium atoms have 3 valency
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¢lectrons in their outer shell, all of which should
find it favourable to enter the 3 - d band.

The nabove comments suggest that whilst
2 lincar rclation is obscrved for alloys recciving
'nornal' guenching treatnonts, such o relation may
not exist for morec cffectively quenched alloys, as
alloys with a high solutc content will be more
greatly affceceted by this quenching treatment since
they will decomposc nore recadily during the quench.
The effcet over the range of compositions cncountercd
in this work will be small and a lincar rcelation has
been assuned:; calibration curves werce constructed
using the lowest determined values of Curice
temperature after the 875°¢C quenching treatment.
Further slight corrcctions arc rcquircd for the
change in A1/Ti ratio as agcing procccds but the

c¢ffeet on the curves is again small.

The calibration curves and the results

of other workers are shown in fig.(5.7.1).

Discussion of the cxperinental rcsults.

Higher ageing tcmperaturcs.

The calibration curves in fig.(5.7.1)
allow the interpretation of the Curic temperaturcs
in terms of the matrix solutc content. After agceing
treatments producing discretc particles very narrow
ranges for the mngnetic change nrc obtaincd, inplying
a uniquce value of the Curie temperaturc. An
application of the lever rule, using the vertical
scetions in fig.(2.2.2), gives the atom fraction
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of the alloy that has tronsformcd. The atomic
voluncs of prceceipitate and matrix are very ncarly
the same ( §§fis approximetely 3% greater than Y )
and the volume froction of the precipitate may be

obtaincd to a high desgree of accuracy.

The continucd slow increasc of Curic
temperature with ageing tine at 600° and 700°C st
be duc to the changce in cquilibrium solutc content
as the particle sizc incrcecascg. This is a
consequence of thce Gibbs-Thompson cquation and has
recently been discussed by Ardell (23). The change
is discussed in greatcr detail in the scction on

particle coarscning.

The Curic temperature changes in the
first minute of ageing arc shown in tablc 5.7
together with the fractions of the total Curie
tenmperature change which they reprcescnt, although
the latter are subject to the limitation imposcd by
the change in solute content with particlce sizc.
The figurcs show that although the initial change in
Curic tcemperaturc is a function of the supcrsaturation
the actual fraction transformed during the period of
this change is not a strong function of the ageing
temperature. The conclusion to be drawn is that the
initial stogc of dccomposition is extremcly rapid and
is not controllcd by diffusion kinctiecs. This will
be considerced in the discussion on the phasc

transfornation.

The other featurc to consider in the
later discussion is the platcau followed by an
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apparcnt incrcasc in transformation ratc after the
initial stage obscrved at 500 and 600°C. This stage
ig affceted markedly by the quenching treatment.

Agcing =t 400°C.

The interpretation of the Curic
tenperature curves in terms of a range of compositions
in the matrix allows the following description of the
changes taking placc: (The ageing curves arc replotted
in terms of the matrix compositions in fig.(5.7.2)

As ageing procccded the nickel-rich Curie
temperaturc incrcascs steadily whilst the solute rich
Curic temperaturc incrcasces only to a very small
cxtent. The significance of thesc obscrvations in
reclation to a modcl of the phase transformation will -
be discusscd in scction 6.

 Table 5.7.
Curie temperature changes during first minute of ageing.
Ageing Curie temp. Change from Fraction of
temperature range after S.T. total change.
_ 675°C d '
500°C A 284-292 °K 100°%¢ - 50 %
"B 303-309 - 80 57
600 A 268-273 83 41
B 295-301 70 52
700 A 253-261 70 70
B .293-304 . 70 70
750 A 237-241 50 70
B 289-292 60 75
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5.8. DBlastic modulus rcesults.

The clastic constants of metals depend
on the distribution of atoms in the solid, and if a
change in this distribution takcs place then a
corrcsponding change in the modulus is to be
cxpeeted., Elastic modulus studics have not been
usecd cxtensively to follow agceing phcenonena. These
studics do howcever provide a uscful altermative to
resistivity meesurcrients, particularly in alloys that
show maxima in their resistivity/ageing tine curves.
These maxina complicate the gquantitative
interpretation of resistivity data.

(44) (45) (46)

Fine ¢t Al. have studicda
G.P.zonc formation in Al-~Cu and Al-Ag alloys by
obscrving clastic modulus chenges with a high
freguency technigues in the casc of the Al-Cu alloys
the nodulus incrcascs with ageing time whercas the
reverse is true for Al-Ag alloys. IFince ct al. uscd
their results dircetly for kinetic studics although
they did not indicate preciscly the phenomena they
asgsuned to be causing the modulus change. They
assumed that the modulus varied monotonically with
the amount of prccipitation.

(47) have reviewed a

Cohen and Fine
nunber of modulus studics relating to local ordering
in s0lid solutions. The modulus of CuBAu has been
studied on ageing after various quenching treatments;
a minimun is obscrved for a critical qucenching
tenperature somewhat above the ordon/disorder

transformation tomperaturce. The increasce in nodulus
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on quecnching from higher temperaturcs is attributed
to ordering during thce quench. On ngeing specimens
gqucnched from different temperaturcs the rate of
increcase in modulus is found to be dependent on the
quenching history, interprceted as the cffect of the
quench on the defect concentration. Similar effccts
have been reported for Cu~14% Al. alloys and short
range order in thesc alloys has becen confirmed by
small angle X~-ray scattering (48). There are no
data in the litcrature on changes in the modulus

during agcing of nickel bascd alloys.

From the vpricf rcoview abvove the following
aton redistributions during ageing processcs will
affcet the modulus:

(1) Solute depletion of the matrix by the
precipitation of sccond phascs.

(ii) Ordcring in the matrix reducing the clestic
distortions duc to solutc atoms.

(iii) Clustering of solutc atoms into zonecs
allowing the remainder of the solution to adopt
essentially its non~supersaturatced modulus (this is
virtually the same process as (i)).

(iv) In addition to (i) above the sccond phasc
could havec a differcent modulus and thus the modulus
of thc whole assenbly may be changed through o mixture
cffecet.
In the prescnt alloys it is assumcd that
(iii) docs not take place and that the modulus
changc on ageing the alloys in this work is governcd
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by any onc or all the other factors.

(1) The cffcet duc to nodulus differcences:
Davics and Stolloff (50) have neasurcd
the modulus of purc N13A1 and found it to be
18 x 107 kg/mm2 at room temperature. The moduli of
the quenched solid solution alloys arc about
20 x 103 kg/mm®. The cquation for the modulus of a
two phase¢ nixturc is

E = By (1-f) + E y (£) - (1

E will dccrecasc according to this cquation as the
anmount of E'/ increases, (other cquations cxist for
the modulus of o two phasc mixturc but the above is
adequate for present purposcs).

(ii) The cffeet duc to solute redistribution:
An increasc in the modulus of the matrix
is cxpceeted both when solutc rodistribution to form
regions of high local ordcr occurs and when the
solute scgrcegates to form discretce precipitates.
There is a difficulty in scparating thce two
contributions and both arc cxpccted to occur
(scc dccomposition model). Tor ageing treatnents
that are known to give discrete 'K/ particles the
net change in modulus of the natrix will be largely
due to the depletion of golute since the locally
ordered regions will disappear on the formation of
X'/particles,
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The modulus of the matrix nt time (t)
will in this case (assuming that the modulus is a
monotonic function of the solute concentration) be
given by an equation of the form:

(t)

+ af

E(—t}{)’ — E<O) - @>

where a is a congstant and f the volune fraction of
precipitate .

Equation 2 may be substituted into
equation 1 so that the matrix and solute depletion
effects may be compared. This gives:

N L N I S I

rearranging:

4
¢

az'® (E)/q(l_f(t)) o - W)
T - ¢ v [ge Z1)
0 \ O i., ® y

the left hand side ig the experimental modulus fraction

value, the first term on the right hand side is the
solute depletion contribution and the second term the

modulus difference contribution. The nagnitude of

the two effects mny now be determined by considering

the experinental results:

From above = 0.9 therefore the

o ™
contribution to J%E fronm the nixture effect will
be -0.1 f£. TFor alloy B aged 100 minutes at 700°C
f = 0.17 and é%@ = 0.01. The contribution fron

the modulug differences is ~-0.017 and therefore the
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contribution from the solute depletion is 0.027.
This shows that the opposing contribution of the
nixture effect is of the same order ns the change

due to solute depletion.

The existence of two effects, equal in
magnitude, places a limitation on the use of the
modulus results for quantitative studies. The nodulus
changes are plotted as a function of the solute
depletion from the motrix in fig.(5.8.1) and it may
be seen that a non-linear plot is obtained; this is
expected as a consequence of the equation relating
the modulus change to the volume fraction.

The results cannot be used, with any
confidence, for kinetic studies because the lower
ageing tenperature curves do not become asymptotic
at long ageing times. Arrhenius plots for the time
to 80% of the chonge observed at the longest ageing
tines were made and gave activation energies close to
those obtained from the coarsening results but this

nay well be fortuitous.

The results show that elastic modulus
neasurements are sensitive to the changes taking place
on ageing but in the present work only limited use has
been made of them because of the availability of the
sensitive Curie temperature nmeasurements which nay
be interpreted directly in terms of solute depletion.
In precipitation sygstems where the volume fraction is
low, and ‘the modulus differences small, then the
elastic modulus measurenents could provide o good
neasure of the solute depletion and the reaction

kinetics.
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6. The phase transformation from
supersaturated ¥ to X + ¥x7.

There is, in the literature, considerable
indirect evidence on the structure of nickel-aluminium
solid solutions and on the early stages of ageing in
the alloys. The indirect observations in this work,
together with the results of previous work, provide
useful information on the structure in the early
stages and allow §0me interpretation of the changes
taking place. The indirect measurements may be
roughly divided into two classes; those that depend
on the electronic structure and the bonding in the
alloys and those which depend on the local atomic
configurations. These are necessarily related and
provide corroborative cvidence for a decomposition
model.

6.1. Pre—-precipitation phenomena
(32,33)

Bagyriatskii and Tiapkin carried
out a number of X-ray studies on alloys containing

14 and 17 At% Al. They observed ordered Klfzones

in the;as quenched'condition, whose size (from X-ray
line broadening) depended on the solution treatment
temperature. At very short ageing times satellite
reflections in{lOO}directiOns were observed,
attributed to sinusoidal composition fluctuations;
the wavelength appeared independent of time and

temperature.

Guy et al (34)
diffuse X-ray scattering curve of a Ni-8.2 at% Al.
solid solution alloy which they attributed to short

observed a peak in the
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range order. Cold work reduced the height of this

peak and it reappeared on heating. This suggests

that even in alloys which arc stable solid solutions
there is pronounced short range order. Similar work

on an 11.3 at% Al alloy showed two peaks in the

diffuse scattering curve in the 'as quenched' condition;
onc peak could be removed by cold work. After long
ageing times the double peak became very sharp and it
was therefore suggested that the diffuse double peaks
observed after treatments for shorter ageing times
were due to the formation of small particles of
ordered or newly;ordered atomic arrangement.
Resistivity measurements were also made showing an
increase in resistivity at short ageing times,
described by many workers as the K effect. Williams???
noted a similar resistivity change in the stable solid
solution as well as in supersaturated alloys.
Hornbogen and Kreye (35)
to Guy et AL. on a13,1% Al. alloy and also noted a

made similar observations

small resistivity increase in a solid solution alloy
on isothermal ageing.

Ardell snd Nicholson (10)

presence of weak superlattice reflections in the

noted the

electron diffraction patterns of their gquenchead

14.5% Al. alloy which they associated with
decomposition to small particles of X~ during the
guench. Superlattice reflections were also observed,
in some instances, in the present work after quenching
from 1100°C.
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Das and Azarroff (27) studied the X-ray
K absorption spectra of the solid solution Ni-Al
alloys and of the compounds formed in this system.
They point out that the collective electron theory
of Stoner and Mott states that the addition of
aluminium to nickel should result in a filling of
the 3-d band of the alloy with a resultant decline
in the magnetic moment of the Ni atoms. Crangle and

Martin (31

have measured this change and conclude
that the number of electrons transfered at saturation
is about two per aluminium atom. This filling of

the Wi 3-d band should lead to a decline in the first
absorption maximum of the K absorption edge and this
was observed by Das and Azarroff in a solid solution

alloy containing 5.51 at% of aluminium.

When the aluminium content was increased
to 8.35 at$h, a further decline of the maximum was not
observed and in fact the curve rose, a feature
confirmed by a Ni 11.9% Al. alloy. The immediate
conclusion that was drawn was that the number of
states having p~-type symmetry near nickel atoms had
increased over that in pure nickel. However they
also point out that the overlapping of Al p orbitals
leading to local deviation from the rigid band model

(36)

as described by Friedel could give rise to

similar effects.

Das and Azarroff interpret the electrical
anomaly or K-effect as a transformation from the
classical metallic bond to one more nearly covalent
in character and more conducive 1o atomic ordering.
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They confirm this interpretation by comnsidering the
absorption structures of the inbtermetallic compounds:
In Ni,Al a prominent rise in the first absorption
cdge was obgserved, suggested as being due to
hybridisation with an overlap of Al orbitals having
p-type symmetry, a similar effect to that postulated
for the solid solution.

During their work Das and Azarroff noted
anomalous behaviour in a Ni-4% Al alloy; this alloy
was brittle and showed an anomalous increase in the
lattice constant of the solid solution, and the X-ray
curve had a close resemblance to that of NiBAl. They
interpret these phenomena as a very strong ordering
with Al atoms having Ni atoms as first and second
nearest neighbours. Similar anomalies in a 4% alloy

have been reported by Noskova and Pavlov (37).

The conclusions that may be drawn from
this work are that the electronic structures of
Ni-Al alloys even at low concentrations of Al are
markedly different from those of pure nickel and
also depend themselves very much on the aluminium
content. These electronic structures are fundemental
in determining the grouping of atoms in these alloys.

Ben-Israel and Fine (ll), from Curie

temperature measurements (measuring magnetization as
a function of temperature) and electron microscopy
showed that solution treated 10 and 8.8 at® Ti alloys
were non-homogenous, indicating some decomposition
during the quench. This, and the changes in Curie
temperature with ageing, they attributed to spinodal
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decomposition. Their results indicated discontinuities
corresponding to certain titanium compositions which
were attributed to the development of certain

vreferred compositions.

In the present work similar
discontinuities were not resolved nor were 'veins'
observed in the electron micrographs as reported by

(74)

have been a result of the foil preparation technique

Sass and Cohen The appearance of veins may

or a contrast cffect and may well not correspond with
microstructural features. The composition spreads
observed in the present work were not resolved by the
Fine and Ben-Israel technique.

There is little literature on the
pre-precipitation behaviour of Ni-Al-Ti alloys;
Detert and Pohl (9)observed a maximunm in resistivity
and coercive force, on ageing at 600°C in a
Ni 3.8 at® Al, 8.7 at% Ti alloy suggestive of the
formation of small regions or short range order. At
highzr ageing temperatures anomalous behaviour was
not observed, possibly because of the speed at which

the transformation takes place.

The following features are established

from the earlier investigations:

(i) Some decomposition occurs during the
quenching of Ni-Al,Ni-Ti, and Ni-Ti-Al alloys.

(ii) Resistivity and coercive force maxima,
small angle X-ray scattering and the X-ray analysis
of the electronic structure all show evidence of local

order in the solid solution.
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(iii) There is evidence of alignment in Ni-Al
and Ni-Ti alloys in the early stages which has been
attributed to spinodal decomposition.

The structure of the gquenched material:

In the prescnt work the presence of
superlattice reflections in the gquenched material
together with a range of Curie temperatures following
guenching from 1100°¢ similarly suggest that
decomposition began during the quench. The Curie
temperatures obtained after quenching from 87500
however suggest that the decomposition has at least
rartly been suppres=sed.

The effectiveness of the 875°C quench
suggests that there is a critical temperature below
which the initial decomposition takes place at 2 rapid
rate and it is considered that guenching from 87500,
whilst not giving an overall faster qguenching rate,
gives a very fast rate of cooling through this
critical temperature range. The effect may however
be due to the lower concentration of vacancies
associated with the lower quenching temperature. It is
assumed that the structure of material quenched from
875°C is very close to that of a homogenous
supersaturated solid solution.

The decomposition of this supersaturated

gsolution will now be considered in detbtail.
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6.2. MNodels for the phase transformation.

The indirect evidence described above
gtrongly implies the existence of inhomogenelty on an
atomic scale in solid solution alloys of aluminium and
titanivum in nickel, even when the solid solution
represents the equilibrium form of the alloy. In
presenting a model for the decomposition the following

phenomena must be accounted for:

(i) The changes in structure observed on the
agelng of solid solutions in the single phase
region.

(ii)  The short range order defined by small
angle X-ray scattering in the early stages of the
ageing of supersaturated solid solutions. (The
structure is described as local regions of high order
similar to that exhibited by ¥ 3 the ¥-ray
absorption results and the presence of superlattice
reflections in the early stages of ageing confirms

this interpretation).

(iii) The sinusoidel composition variations in
(100) directions described by Bagariatskii and Tiapkin

and others.

(iv)  The absence of an aligned structure when
/
% particles are first observed in the electron

microscope.

(v) The wide ranges of composition shown by the
Curie temperature measurements in the present work.
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(vi)  The smooth transition from the wide ranges
in Curie temperature to very narrow ranges as the

ageing proceeds.

The possibility of clasgsical

. P
nucleation of X .

A number of the pre-precipitation
Phenomena described above mey be inberpreted as
evidence for the formation of very small particles of
Xf in the matrix. It may be possible for these to
exist and not be observed clearly in the electron
microscope because of the visibility criteria
dicussed in the work of Ashby and Brown.

Xﬂparticles have a low interfacial
energy (see coarsening section); Christian describes
the composition profile associated with the classical
nucleation and growth of the particles in terms of
fig.6.2.1 . When the interface has a low cecnergy it
is highly mobile and therefore the composition Cy
in the recgion adjacent to the particle cannot be far
from the equilibrium concentration for the particular
alloy composition.

On this model as precipitation procceds
C y remains constant (ignoring the effect of
particle size on solubility) and Cm approaches
Cy . Describing this in terms of the Curie
temperatures this would mean that immediately
precipitation occurred the Curie temperature range
would be that characteristic of a range of
compositions from C,, to Cy . On further ageing



-130~

the higher Curie temperature of the range would remain
constant and the range would decrcase due to the

change in Cmn,  as solute depletion takes place.

Consideration of the Curie temperature
results on ageing at 400°C shows that the reverse
situation is true, i.e. the solute-rich Curie
temperature remains essentially constant whilst the
nickel-rich Curie temperature steadily rises. These
changes cannot be explained on a simple classical
model. Precipitation at higher temperatures results
in narrow Curie temperature ranges indicative of the
matrix composition. It may be concluded that the
composition ranges observed are not due to composition
fluctuations in the neighbourhood of particles but
represent a true fluctuation in the go0lid solution.
The composition fluctuations which will be present
when true precipitates form are therefore considered
to be so small in extent that they are not resolvead
by the apparatus.

A further feature is that on a classical
model a large volume of the matrix would be devoid of
precipitate and therefore a large drop in permeability
would be expected at a value of Curie temperature
corresponding to the matrix compogition. The actual
curve shapes suggest more gradual changes in the
early stages. The absence of an incubation time
prior to decomposition even at low temperatures is
further evidence for a decomposition process that
cannot be described in a simple clagsical manner.
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A modified classical nucleation model

The model described above is satisfactory
for many classical growth processes! -however in the
present work the interfacial energy between ¥ ana

‘g/is very low and thus very small nucleil will be
stable. The consequence of this is, if the Gibbs-~
Thompson equation is considered, the solute content
in contact with very small nuclei will be considerably
higher than the cquilibrium matrix solute content
given by the phase diagram.

Pig. (6.2.2) shows the matrix content in
equilibrium as a function of particle size for alloy
A at 400 and 600°C (using date from the coarsening
section). It may be scen that particles of diameter
less than 20 R have matrix solute contents, and hence
Curie temperatures, differing considerably from the
equilibrium values. It can also be scen from these
curves that the smallest nucleus that can form is
about 5 & at 400°C ana 10 £ at 600°C as the solute
content in contact with such a nucleus will correspond
to that of the supersaturated solid solution.

If now the classical model is compared
with the Curie temperature ranges obtained after
ageing at 400°C it may be seen that the change in the
solute poor Curic temperature could be explained on
the basis of an increasing particle size with time:
other features of the ecxperimental results must now
be considered to see if they fit in with the theory.

The rapid decomposition in one minute's
ageing at the higher ageing temperatures (500°C and
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above), as comparcd with the slower decomposition of
the 400°C specimens, could be cexplained on the basis

of C--curve type kinetics, the higher ageing temperaturcs
being close to the nose of a rather blunt C-curve.
Similarly the observed increasing transformation rate
with timc at 5OOOC could be explained on the basis of

a sigmoidal kinetic curve.

The absence of alignment in the early
stages of ageing is clearly the result of a random
nucleation process, the alignment occurring at longer
ageling times as described earlier. The observation
of widely spaced dislocation pairs in the early
stages implies a low degree of order in the particles,
but this is not unreasonable as small particles will
tend to adjust their composition to minimise the

surface cenergy effects.

The above features would seem to fit in
with a classical model of precipitation of small
particles with the modification of a lower degree of
order and a more diffuse interface. A number of
difficulties however remain with this model:

On this model the Curie temperature
ranges observed are interpreted in terms of the
concentration gradients around the small particles
and the diffusion distances involved are small and
proportional to the particle size. Although there
will be a largc volume of material having such
composition gradients because of the large number
of small particles, it is unlikely that the gradicnts
would be resolved by the technique as such gradients
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are not resolved for somewhat larger particles at
higher temperatures. (Assuming that the volume of2¢/
remains constant then the fraction of the specimen
volume over which the composition varies will be
similar at all particle sizes as the diffusion
distance is proportional to the particle size; the
magnitude of the composition differences will decrease
with particle size but would still be detected if the
technique allowed). Another likely possibility is
that, over the very small distances having composition
variations, the electron band structure will average
out over a number of atoms and an average Curie
temperature -should be obtaincd.

Whilst the comments above are not
necessarily quantitatively correct there is a more
damaging effect on the modcl if the solute-rich
Curie temperatures at 400°C are considerecd; these
suggest that there are regions of the matrix which
retain almost all their solute whilst the process of
nucleation and growth is occurring. Such a situation
would occur on a classical model only if very few
nuclei were formed; in such a case there would be a
large change in permeability at a temperature
corresponding to the solute content of the bulk of
the matrix; this effect has not been observed.

Whilst the above comments do not
entirely rule out some form of classical nucleation
process there are sufficient anomalies for other
modes of decomposition to be considered.
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Spinodal dccomposition.

The work of Gibbs showed that it is
thermodynamically favourable for composition
fluctuations to develop in certain solutions. This
can occur when the composition of the solution lies
in that part of the freec energy/oomposition diagram
where the second derivative of the free encrgy with
respect to composition is ncgative. The boundary of
the region in which this instability can occur is
defined by the locus of the second derivative
equated to zero and is called the spinodal.

Cahn (17) (4l)extended the ideas of

Gibbs to solid solutions by deriving an expression
for the free energy associated with the composition
gradicnts. He also introduced a term to account foxr
the strain energy associated with the difference in
molar volume of the regione of different composition.
The cffcecet of the strain contribution is to depress
the spinodal to lower temperatures than those
calculated from purely thermodynamic data. The
decision as to whether a particular alloy lies withim
the spinodal requires a knowledge of the variation in
free energy with composition at various temperatures.
This information is not available for the present
alloys and one can only speculate on the possibility
with reference to the phasc diagram.

The theory developed by Cahn shows that
on quenching a supersaturated alloy a range of
infinitesmal fluctuations of varying wavelengths 1s
formed. On ageing there is a ccertain wavelength
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favoured by the kinctics and this wave increases
in amplitude at the expense of the other wavelengths.

(17) shows that for cubic

In a later paper. Cahn
elastically anisotropic m?te;?als where 2044>'011—C12
the waves are parallel toil00; directions in the
crystal. A further condition of the thermodynamics
inside the spinodal is that uphill diffusion is
favoured; this is a necessary condition for the
development of the composition fluctuations. It
should be noted that Cahn's theory, as considered so
far, applies only to the early stages of the

decomposition.

A spinodal decomposition sequence for
the present alloys would be:
(a) Supersaturated solid solution with
infinitesmal composition fluctuations.

(b) Growth of waves of a certain wavelength,
dependent on temperature, in (100) directions in the
crystal.

(c) Formation of discrete XJ particles at the
solute rich parts of the waves when the kinetics and
thermodynamics of the reaction are favourable.

Comparison of the model with
the experimental results:

(i) Composition fluctuations:
(a) anda (b) above would require the
development of compositions both richer and poorer

in solute than the supersaturated solid solution,
the magnitude of these differences increasing with
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time. The results of ageing at £400°¢ certainly show
the gradual increase with time of the solute-poor
composition peak but fail to show the existence of

a solute-rich portion.of the curve. There are

several possible reasons for this:

(1) It may be a function of the experimental
technique in that a fall in permeability due to
solute-rich compositions will be superimposed on the
rising part of the curve due to increased domain wall
mobility with temperature. The fact that the
temperature dependence of the electrical resistivity
suggests lower Curie temperatures than the initial
permeability method lends some weight to this idea.

(2) The decomposition may not in fact be
spinodal.
(3) Another reaction superimposes itself on

the spinodal decomposition; the strong tendency to
order described by other workers and its possible
effect on the Curie temperature may explain the

(11) explained their

results. Ben Israel and Fine
results on nickel-titanium alloys in terms of
spinodal decomposition with preferred compositions
in the solute-rich waves. These preferred
compositions were confirmed by peaks in the
magnetization/temperature curves at certain

temperatures.

(ii) Alignment of the particles:

The theory also requires the waves to
develop parallel to (100) directions. Alignment in
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(100) directions is observed at a later stage in the
ageing and it was at first thought that this was
evidence of a distribution of nucleation sites
provided by spinodal decomposition. The work of
Ardell and Nicholson (10), COnfifméd fy observations
in this work, shows that pronounced alignment 1s not
present when ﬁg/is first visible in the electron
microscope. It has been shown that the alignment
observed in the later stages is a function of an
elastic interaction between the particles. The
guestion remains as to whether 'X"particles can be
nucleated in an essentially random manner following

spinodal decomposition in preferred directions.

Before modifying the decomposition
model there are tests which may be applied to decide
whether the decomposition follows spinodal form; in
addition, precipitation just outside the spinodal

must be considered.

Depression of the spinodal by strain.
Cahn gives an expression for the

depression of the apex of the spinodal curve by

AT, =

strain energy: qf‘E

(=YK a,

P

where q’ is the linear expansion coefficient
per unit composition change.

{? 1s Poisson's ratio.
k is Boltzmann's constant.

E is Young' modulus (in the 100 direction
for this system).
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N . .
v is the number of atoms per unit volume.

Calculation shows a depression of
approximately 700°C for alloy A and 500°C for alloy B.
To make any use of these figures knowledge of TC is
required. Tc nay be approximated by estimating the
maximum temperature at which the ¥ + ¥ 7 two-phase
region would exist in The absence of the formation
of the liguid phase. This may be done very crudely
by extrapolating the two-phase boundaries in the
nickel-aluminium and nickel-titanium binary diagrams.
A value of about 1400°C is obtained which would allow
both the alloys to be just within the spinodal at the
ageing btemperaitures used.

Cahn (17) has pointed out that at
temperatures that are just within the spinodal region
the rate of spinodal decomposition is too slow to
compete with a nucleation and growth mechanism. The
absence of any marked composition ranges on ageing
at Temperatures of 600°C ana above may be due to
this effect or it may be that the reaction is
proceeding too fast at these temperatures to be

observed.

Effect of imperfections:

Spinodal decomposition should occur
everywhere within a sample and should be unaffected
by imperfections. Nicholson uses the fact that
grain boundary denuded zones are observed as an
argument against spinodal decomposition in ‘Kﬁ
hardened alloys. The present work shows that the
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denuded zones only appear as the Xd’particles
coarsen, and precipitation in the early stages does
appear to be unaffected by the presence of grain
boundaries and other imperfections.

Whilst it is easy to see on Cahn's
argument that infinitesmal fluctuations can arise
unaffected by point defect concentrations, it is
difficult to see how vacancy depletion in certain
areas will not affect the subsequent growbth of the
spinodal waves. Possibly the short diffusion
distances involved may be the answer to this problem.

Nucleation and growth processes close to
and within the spinodal.

Hillert (42) shows that near the spinodal
the critical radius of a nucleus becomes very large,

its interface diffuseyand its composition non-uniform.
In the 1imit the radius of a nucleus becomes infinite
at the spinodal just as the critical wavelength for
spinodal decomposition becomes infinite at the same
point. The essential fact is that the idea of a
classical nucleus with a sharp interface is not
accurate as the spinodal is approached, and it
becomes very difficult experimentally to separate the
two mechanisms. An incubation time might however be
expected for nucleation just outside the spinodals
however; it may be very short as very small
composition variations are required even though a very

large nucleus is required.

Such a model would require the appearance
of compositions having Curie temperatures below those
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of the supersaturated solid solution. The majority
of the matrix would retain approximately its initial
Curie temperature; this effeet is not observed.

A modificd model for the decomposition.

An important aspect of the indirect
results of other worlkers which has not been considered
g0 fay .in the discussion of the decomposition is the
strong evidence for regions of high local order.

If it is assumed that decomposition initially takes
place by a spinodal mechanism then the possibility
that ordering can take place simultaneously in the
solute-rich waves of the decomposition must be
considered.

The work of Das and Azarroff (27)
that the tendency to form bonds characteristic of Y/

shows

increases with solute content in the single phase
region; it is not unreasonable to suppose that this
tendency increases as the composition approaches
closer to that of ‘X”, The solute-rich portions of
the waves will be able to lower their energy by the
formation of a structure similar to X~ ; +the
formation of such a structure will require uphill
diffusion of more solute atoms and the composition
variation along the wave will be consequently
modified. This mechanism need not change the general
shape of the nickel-rich parts of the curve and
uphill diffusion is legitimate as it has been assumed
that the alloy lies within the spinodal. To explain
the failure to observe the solute-rich regions by
Curie measurements it is not necessary to invoke
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complete ordering of the solute-rich parts of the waves
all that is required to explain the observation is for
the structure to become non-ferromagnetic and this
could be either bvecause of the effect of the

ordering on the band structure or by the absorbtion

of a sufficient gquantity of solute.

As ageing proceeds the ordered regions
will reach such a size (since these modified parts of
the wave will thicken rather than increase in
amplitude) that a classical growth process becomes
favourable. The wave-like nature of the nickel-rich
regions will disappear as down-hill diffusion takes
over and the Ef/particles rapidly grow. The model
is shown schematically in fig.(6.2.3.) and whilst
doubts must remain as to its feasibility it does
explain the observed composition fluctuations shown
by the Curie temperature measurements. The effect of
imposing an ordering reaction on the spinodal wave is
not known and may be such that the spinodal mechanism
ig completely destroyed, leaving the composition
gradients to be explained by one of the earlier
arguments. This model is only truly applicable to
the results of ageing at 400°C ana the early stages
at SOOOC; it has been assumed that the reaction
proceeds too rapidly at the higher temperatures to
be observed. It may be possible however that a
nucleation and growth process will prevail at the
higher temperatures as the alloys will be closer to
the spinodal boundary.

The absence of pronounced alignment
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when the Xﬂfparticles are first seen remains to Dbe
explained; particles were only observed on ageing

at temperatures of 600°C and above and therefore the
absence of alignment may be because at these
temperatures the decomposition process is nucleation
and growbth as suggested above. If however it is
assumed that spinodal decomposition does occur at
the higher temperatures the absence of alignment may
be described in the following manner: If one of the
ordered regions starts to grow classically its growth
will be much faster than that of the spinodal wave
(this arises from Cahn's asnalysis of the kinetics),
down-~hill diffusion will take place and a few Y/
particles will grow at the expense of the locally
ordered regions on the solute waves. This selected
growth will be largely random and a preferred
arrangement will not be observed. This description
requires some of the ordered regions of the waves to
reach a critical size for classical growth before
other regions.

The degree of order in small particles.

The structure of lowest chemical free
energy for the particles will, of course, be the
Tully ordered Y’ structure. In view of the strain
energy at the interface and the free energy associated
with composition gradients at the interface a stable
configuration may exist such that the reduction in
free energy associated with the ordering is balanced
against these two contributions to the interfacial
energy. The degree of order will be a function of



~145~

the particle size and larger particles will be fully
orderecd. This variation in order has been determined

(43)

indirectly by Gleiter and Hornbogen and is
important when considering the strength of alloys
hardened by small particles. The existence of a
diffuse interface would also account for the
observation that the degree of order in small
particles decreases away from the centres of the

particles.

The later stages of the transformation.

The Curie temperature results at 500 and
600°C show an increase in transformation rate prior
to the onset of the coarsening stage. The effect
is most noticeable after the low temperature quench
and may be explained in terms of the model in the
following manners:

The spinodal decomposition, with the
associated ordering reaction, takes place rapidly
essentially unaided by the vacancy concentration;
however at a later stage it is supposed that long
range down-hill diffusion becomeg favourable and this
will be aided by the presence of point defects and by
the ageing temperature: The 'platean' may be
associated with the transition from uphill to
downhill diffusion and the reaction will not proceed
very rapidly under these conditions because the
concentration gradients will be small. The increase
in transformation rate is due to the establishment of
dovmn~hill diffusion gradients and a rapid growth of the

¥" . The time over which this change takes place is
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expected and observed to be a function of temperature
and the point defect concentration.

The models considered have the same
qualitative result on the microstructure and only
differ in the very early stages of ageing. The
essential difference between the two models is that
uphill diffusion is favoured for spinodal
decomposition whereas downhill diffusion is favoured
for classical nucleation and growth. It is difficult
to separate the models experimentally although a
number of experimental observations in this and
previous work suggest the existence of composition
gradients over greater distances than would result
from a classical nucleation and growth process.
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7. The relationship between mechanical
properties and microstructure.

7.1, Solution treated mnterial

The flow stress of the solution treated
material is usually subtrocted from the total flow
gtress when strengthening by particles is considered,
as the solid solution contribution to the flow stress
is difficult to assess directly in the presence of
particles. Phillips (65) has recently suggested
that the sclid soclution contribution is about 30% of
the total flow stress in Ni 12.7 at % Al alloys,
although he apparently ignores the effect of solute
depletion during ageing.

The golution treated values obtoined
for the two alloys are very close,(2lloy A 24 Kg/mm2
and alloy B 22 Kg/im®). This is to be expected as
they have similer amounts of solute in solution.
Titaniunm has a slightly larger atomic diameter than
Alvninium (both are larger than Nickel) and this
would account for the slightly higher flow stress of
alloy A.

The increased flow stress (30 Kg/mmz)
obtained on gquenching fron 1100°C is attributed to
the appearance of regions of high local order in
the solid solution rather than to any defect
concentration effect. Although material showing
local order may be described as & solid solution its
strength relative to that of the solution treated
naterial will be considered as pnrt of the
precipitation hardening discussion.
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7.2. Alloys containing coherent ordered particles
in the absence of strain fields in the nmatrix.

There are three possibilities for the
behaviour of dislocations in these structures:

(1) The dislocations shear through the particles.

(i1) The dislocations bow between the particles
leaving rings of dislocations around the particles.

(iii) The dislocations cross slip to avoid the
particles.

Peak hardening is usunlly associated with the first
mechanisn.

Cutting of the particles
by dislocations

Kelly and Nicholson (49) related the
hardening t0 the work done in creating an antiphase
boundary in the cut particles and that done in
forming an additional area of particle matrix
interface. They point out that for precipitates
having high values of the antiphase boundary energy
(such as "X/ ) this vill be a much larger factor than
the interface contribution. On this basis they
derived the relation:

Lo,
AT = ¢ Qg ¥Yf L

where AT is the yield stress increase due to the
particles.
X’ is the antiphase boundary energy.
N is the volume fraction of the precipitate.

b is the Burgers vector.
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The derivation of this relation assumed
that the dislocations were pure single dislocations of
the matrix. Electron microscope observations show
that in these alloys dislocations move in pairs
during the stage during which the precipitate
particles are cut, in a gimilar manner to those
observed in fully ordered structures. The first
dislocation creates an antiphase boundary in the
particle and hence has a dragging force on it due to
the energy of the antiphase boundary it is creating.
The second dislocation recreates order as it passes
through the particle and thus there is a tendency
for the dislocation to be pulled through the particle.
The resulting dislocation configuration is of pairs
of dislocations, each having the perfect Burgers
vector of the matrix, separated by a2 distance which
is governed by the elastic repulsion of the
dislocations and the energy of the antiphase boundory.

A further assumption of the Kelly and
Nicholson derivation was that the cutting dislocaticn
remained straight; thus the average separation of the
precipitates along the dislocation line was equated
to the interparticle spacing derived from a knowleden
of the particle size and volume fraction. This
assumption would be reasonable for very small
particles but not for larger particles (and lower
volune fractions). In this situation the leading
dislocation will bow betveen particles before shearing
them and in the process will interact with other
particles lying in the slip plane in front of a line
connecting the two initial particles.
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Davies and Stoloff (50) considered that
as the passage of the superlattice dislocation
resulted in a complete recreation of order in the
particle the net effect on the flow stress would be
negligible. They related the strength of their
Ni-14 at% Al alloy solely to the strength of the
matrix and the energy of the new interface created.
The latter mechanism is however totally inadequate
to account for the yield stress observed, as the
interfacial energy is low (c.20 ergs/cmg) and the
strain energy contribution from the misfit will only
be effective at larger particle siges.

Two schools have been active in
analysing the propagation of the dislocations and
two theoretical models have been provosed.

The Gleiter and Hornbogen Analysis:
(51)

the following factors which they suggested could

Gleiter and Hornbogen considered
influence the shear stress increase over that of

he so0lid solution in the absence of elastic strain
fields around the particles:

1. Different elastic constants and different
stacking fault energies of the precipitate and matrix.

2. The increase in interfacial area due to the

cutting process.

3. Jogs formed during the interaction of
dislocations with vacancies.



4, The antiphase boundary energy.

5. Possible variation of slip system within the

particle.

They consider (as did Kelly and Nicholson) that, for
particles of virtually perfect order, (4) is an order
of magnitude greater than (2), (5) does not occur and
the other factors give a very small contribution.
Working with the following assunptions Gleiter and
Hornbogen set up different equations to describe the
shape of the dislocation pairs on the slip planes:

1) Spherical precipitates.
2) Random precipitate distribution.
3) Negligible elastic anisotropy.

4) TDislocation spacing in all cases allowing
the application of linear elastic theory.

5) Antiphase boundary energy constant within
the particles.

They considered as the factors controlling the
dislocation shape:

1) The effect of the extermnal shear stress on

the dislocations.
2) The elastic repulsion bebtween the dislocations.

3)  The antiphase boundary energy.

Their results are shown as curves of maximum and

minimum dislocation spacing under two conditions

namely of zero applied stress and of AT max (the
maximum shear stress sustained by the alloy).
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Their expression for the increase in
shear stress due to the ordered particles is derived

after making the following further assumptions:
rd

1) That the kinetics of the ¥ precipitation
follow an equation of the form

fo-f
t = T (1 - (1+ bt )3
where b is a constant.

Ve
2)  That the ordering kinetics of the ¥
particles can be described by a first-order rate

equation:

X = \6/00 - Yo eTEE

The equation that results is complex, but may be
reduced in the case of very small particles to:

o

ol

o b
AT= 0.28 X =~ &7 h=2 ¢

i

Gleiter and Hornbogen applied their
equation to a Ni-Cr-Al alloy (52) and their results
suggest that the scimplified equation above applies
up to about peak hardness. The assumptions made
regarding the precipitate distribution and the
precipitation and ordering kinetics make it difficult

to apply the theory widely to a large number of systems.

Castagné analysis:

After a simpler analysis, again assuming
a random precipitate distribution and again taking
into account the bowing of the leading dislocation,
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Castagné’obtains the result:

ol

.1 . _a _
A= 14 ¥ TFF &7F b T2 ¢

applicable only to the cacse where the particles are
cut by the dislocations. The difference between
this equation and that of Gleiter and Hornbogen is
in the numerical constant and the power to which the
volume fraction is raised. These differences are
rartly due to the model used for calculabing the
interpaerticle spacing along the dislocation line
and these are reviewed in appendix 11.

A change to equation (4) (appendix I1)
for calculating interparticle spacing gives for
Castagné's model:

' 1

% i . 1 _ s
At= 1,31 Y F 5 (,F b -2 B

which is some 4.5 times greater than the value
predicted by Gleiter and Hornbogen's model. Castagng’s
value is higher because he makes as one of his
assumptions that the dislocationg in the pairs do not
interact. This ignores the assistance given to the
leading dislocation by the elastic repulsion of the

second dislocation.
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7.3. The effect on the yield stress of misfittine
precipitates in the matrix.

(60)

Nott and Nabarro were the first to
congider in detaill the effect of coherency strain
fields around a precipitate. They determined the
shear stress in the matrix around a spherical particle

and the resulting equation for the shear stress at a

distance p away from the particle is E'Prywhere £
is is a function of the lattice parameter mismatch
anq\t%e elastic constants (it approximates to

1% )

They derive the average shear strain in
the matrix with a density of N precipitates per unit
volume as 8¢ ¢ W, Putting N in terms of the volume
fraction and assuming that the flow stress is equal
to the average of the internal stresses gives

This theory assumes that some bowing of
the dislocations occurs but that the precipitates e—-
finally cut. In the case of very small particles
where the dislocations remain essentially straight
the situation is analogous to that of a solid
solution; there is little effect on dislocation
motion because the elastic strain in some places
along the dislocation line will assist dislocation

motion and in other places it will impede motion.

Gerold and Haberkorn (°3) and Gleiter (1)

heve performed mere dgtailed analyéeé than Mott and
Nabarro. Gerold and Haberkorn calculate the



repelling force on a dislocation due to its elastic
interaction with the varticles and show curves of the
relative maximum interaction forces as a function of
the height of the slip plane above the centre of the
particle. The calculations show that there is a
greater interaction with edge dislocations than with
screw dislocations. Under conditions where the
particles are cut by the dislocations, they show that
the critical resolved shear stress due to the
interaction of edge dislocations with the precipitates
is given bys

AT= dLe*fE b b rd

where t is the Mott-Nabarro distortion
e i\si)
2w )

parameter ( ~

Only the result of Gleiter's analysis

has so far appeared in the literature and is:
(27 v ¢sgF T %
AT = . toUr
H -y -~
b Tl 2

where & is the Mobtt-Nabarro distortion parameter

.
L
-~

i
P~

T 48 the line tension of the dislocation.
&~ 1is Poisson's ratio.
A(L

(€™

, W = 0.33 and T=0.5Gb°

1_,bh",

by taking ¢ =

the expression simplifies to:

g’

AT =6.8 ( \ G b Eor e ot



_156...

Gleiter points out that the expression
is not directly applicable to ordered coherent
precipitates nor does it apply when Orowan looping
occurs. Gleiter's expression gives a value ~ 4x
greatgf than Gerold and Haberkorn's. In a later
paper Gleiter considers that hardening by coherent
ordered particles is a combinaticn of order hardening
and hardening by coherency strain fields. The effect
of the strain fields on the dislocation configurations
must also be considered as the use of the Gleiter
expression above gives a value about 5 times too great.
(Gerold and Haberkorn's expression would give a value
of the right order but is presumable superseded. by
Gleiter's result as all three have worked in
collaboration on parts of the theory).

The effect of strain fields on
dislocation configuration.

Gleiter comes to the same conclusion as
Nott and Wabarro, that there is a negligible effect
on the flow stress so long as the dislocations rema”. .
essentially straight. As the particle size increases,
depending on the position of the slip plane relative
to the particle, the strain field arcund the particle
can influence the dislocation pair configuration in a
nunber of ways:

Positive edge dislocations

If the slip plane cuts varticles on their
equator there is no net force on the dislocation line
from the strain fields as the positively strained



regions above the dislocation line are repelled by
the particle whereas the regions below the line are
attracted towards the particle. See fig°(7.3,1)a
taken from the work of Gerold and Haberkormn.

If the slip plane cuts particles abetow
thelr eguatorial plane then vhere will be a
resultan’ repulsion of the dislocation by the
precipitate strain Tield; similarly for a slip plane
cutting the particlesdbe¥ew the ecuatorial plane
there will be a resultant attracvion for the
dislocatbtions moving on vhet plane. The force dK
exerted by the particle on a scgment of cdge

dislocation dl is given by tne equation:

Vo z At
d:K: = 6G {. o & L‘\ g w ) },i— » . {0 .

where £ is the Mott Nabbarro distortion paramcter
and x,¥,2 are the coordinates of the dislocation

segment with respect to the centre of the particle.

Figs. (7.3.1) b and ¢ show the effect o
the strain fields on the dislocation pair
configurations in the two cases. It may be seen fr-
fig. (7.3.1.b) that a scgment of dislocation that
bows through between the partvicles, is then assisted
in separating further from the other dislocation in
the pair by the precipitate strain field. Because
of +this increasecd separatbion, a larger applied
stress is required before the pair can cut through
the particles. Gleiter points out that the extent
of the scparation can become so large that the
second dislocation has no effect on the first and



(a)

|
+

magnitude and direction of forces

on a positive edge dislocation.

(b) Diclocation in (o&{‘f.’on 1.
T —>
X be
i
z Y
, no steess on aLk\.oooJ'ioh.
(c ) k> » J)Vislau!-fon {n Pa;i}'.'on 2.

Fig. 7.31. Forces on edge dislocation pairs
near misfitting particles.
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the situation is that of a single dislocation
cutting the particles. The nmagnitude of the effect
increases with the mismatch and the particle size,
and since it is shown that the strain fields enhance
diglocation bowing an early transition to Orowan
looping can occux.

The situation in fig. (7.3.1l.c¢) results
in a reduction in the dislocation pair spacing making
it easier for the pair tc pass through the particles
and thus reducing thc applied stress required. The
net result of the two situations is an increase in
the flow gtregs with particle size and lattice
parameter mismatch. This increase is not as large
as given by a simple consideration of the strain
field effects because some of the dislocation pairs
are assisted by the strain fields.

Gleiter points out that screw
dislocations (which will always be repelled by the
precipitate strain fields as they have radially
symmetric strain fields) are able to cross slip
assisted by the strain ficlds. Gleiter (02)
analyses the cross glip mechanism in another paper.
The pair separation is not influenced directly by
the strains but rather indirectly by their effect
in aiding cross slip. The cross slipping of the
screw dislocations may raise the work hardening
rate by incrcasing the likelihood of dislocation

interactions.
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literature

Therc are two other sets of experimental
results in the literature that atbtempt to bring in the

stren thﬁning effect of the elastic strain fields.
64 )

(7)

Pine replotted the results of NMihilasin and

Dekker for a geries of Ni-Al-Ti alloys of
similar volume fraction. The results show an increase
of the hardness at peak ageing with an increase in the

lattice parameter mismatch.,

Fine's curve may be criticised on two
counts: firstly the misfit values were in one case
incorrectly calculated by Mihalisin and Dekker and,
secondly the hardness values themselves arce functions
of both the yield stress and the work hardening rate.
It is possible that the latter parameters will vary
somewhat differently with lattice parameter misfit.

Phillips (65)has recently attempted to
analysce the various factors controlling the flow
gtresgs in his Ni 12.7 Al ' alloy. By considering the
temperature dependence of the flow stress he
calculates the following contributions to the
observed flow stress:

Solid solution strengthening  28-36%
Dislocations 10-11%
Interface mismatch 12-18%
Modulus differences

—AT7%
Antiphase boundary energy 38-47%

L d
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The last three factors are those
included in the /A T expressions of the hardening
theories. Phillips' results suggest an elastic strain
contribution of some 25% to AT 3 +the mismatch of his
alloy was about 0.6% when aged at 700°C.

Dynamic Dislocation approach

An entirely different apprcach to
hardening by coherent precipitates has been adopted
by Copley and Kear (66 who attempt to take account
of the dislocation motion by the use of dynamic
dislocation theory. Their theory assumes that the
dislocation pairs remain essentially straight. This
assumption may well be reasonable for superalloys
with a very high volume fraction but for the alloys
in the present work the change in dislocation
configuration with particlce size must be considered.
The approach is physically realistic but the present
development of the theory is inadeguate to account
for the yieclding behaviour of the alloys under
consideration. Its usc to analyse the temperature
dependence of the flow stress may be more fruitful.

Transition to Orowan looping.

This transition corresponds to overageins
in X hardened alloys and will be only briefly
considered. At a critical value of interparticle
spacing the stress to force a dislocation through
the precipitates will be equal to that required to
bow the dislocations round the particles in the
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Orowan fashion. The stress reguired for the latter
process 1is given Dby:

Zl- . G fn - (3_ L // %;__,:__;L-S: w
“ T 4w U-2- L 26 /

o

Esgsentially the stress is inversely
proportional to the particle radius. Glelter and
Hornbogen's analysis shows that a loss of strength
can occur whilst the dislocations are still cutting
the particles; in fact they show that dislocations
will always cut the particles in the absence of
coherency strain fields in the case of their Ni-Cr-Al
alloys. Glelter has shown, as described earlier,
that the strain fields can assist the onset of
Orowan looping and the cross slipping of screw
dislocations.

In addition to the effect on the yield
gtress the crestion of Orowan loops gives a rapid
work hardening rate at low strains because the
effective size of the particles is increased by
the presence of the loops. The loops can however
contract under their own line tension and it is
possible for them to lie wholly within the particle,
the stable radius beilng determined by the line tension
of the dislocation and the area of the antiphase
boundary formed. The effect will be to mitigate to
gsome extent the rise in work hardening rate.



...163....

T.4. Application of theory to the present work
experimental results:

It is assumed here that the contribubions
to the flow stress arising from modulus differences
and from the increase in the particle matrix interface
when the particles are cut have only a small effect
(actually about 10%) on the flow stress. This
assumption has been made by nost workors in. the.field of
X/hardened materials.

Before it is possible to compare the
results with the theories the following features of
the present alloys must be considered:

(1) The effect of particle alignment and
distribution.

(idi) The effect of particle shape.
(iii) The degree of order in the particles.
(iv)  The antiphase boundary energy.

(i) The effect of particlc alignment
and distribution.

The strengthening theories are based
upon an assumed model of either a regular
Aistribution of particles throughout the volume or a
truly random distribution. Consideration of the
micrographs of material aged for long lengths of
time shows that the particles are eligned in rows
in (100) directions and are closely spaced along
these rows. At very long ageing times the rows form
into 'rafts' of particles. As the particles are very
close even at intermediste ageing times a reasonable



approximation would be to consider the rows of cubic
particles asj;ods, or at the later stages of ageing,
plates of Y in the matrix.

In the early stages of ageing the
alignment 1s less pronounced although it does become
evident before overageing cccurs; however the
particles are not closely spaced along the aligned
rows until after peak hardness. The stages prior to
reak hardness are those important for the application
of the hardening theories and therefore it is in these
stages that some assumption of the particle
Aistribution must be made. The slip system cuts the
aligned rows of particles at large angles and therefore
the effect of the alignment is not to provide small
regions of closely spaced particles on the slip plene
but rather to increase the effective interparticle
gpacing in the glip direction. This follows from the
fact that 1f the particles are closely spaced in rows
then for a given volume fraction the rows will be
spaced more widely apart. It is the distance between
the rows that the dislocations effectively "see! as
the spacing of obstacles in the slip plane.

On a simple model the increase in the
mean interparticle spacing would decrease the flow
stress from that predicted by a theoretical random
model due to the added help given by the line Tension
of a dislocation bowed to a larger radius. In the
case of paired dislocations however the increase will
allow the leading dislocation to bow further under
the applied stress; this reduces slightly the effect
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of the second dislocation in helping the first through
the obstacles and a small increase in the flow stress

may result. The increased bowing of the dislocations,
however, nay also assist the transition to the Orowan

mechanism and promote overageing.

At a later stage in the ageing the
closely aligned particles may possiblg hinder the
cross slip of screw dislocations by presenting an
effectively larger obstacle 1o be overcome by cross
slip. If the cross slip is hindered, then the screw
dislocations would h?gg)to bow by the Orowan

dislocations bow less easily than edges and it is

mechanism. Foreman has shown that screw

possible that alignment could resist to some extent
the loss in strength on overageing of the alloys.

(1i) The effect of the particle shape:

The particles, when clearly defined in
the electron microscope, are cubic and therefore
corrections are requlired to the equations for the
interparticle spacing which were derived for spherical
particles. There is the possibility of a spherical
particle shape in the early stages of ageing and it
will be assumed that such a shape exists prior to
peak hardness; the effect of particle shape will in
any case be small compared with the other
uncertainties in the interparticle spacing.
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(1i1) The degree of order in the porticles:

The model proposed for the decomposition
implies that the particles formed in the early stages
of ageing do not exhibit complete order nor are the
particle matri?4§%terfaces clearly defined. Gleiter

values of the degree of order and the size of the

and Hornbogen and. Castagn5’(67) have derived
small particles by counting the number of dislocation
pairs along a pile-up required to cut the particles
completely and by measuring the separation of the
pairs along the pile-ups.

Gleiter and Hornbogen show that the
degree of order is at a minimum at the particle
boundaries and increases to a maximum at the centre.
This corresponds well with the models proposed in
this work for the formation of the particles. Their
results show that the average ordering parameter of
the particles reaches 0.9 at a particle size of about
150 R and that the antiphase boundary energy follows
a function of the formEf=Xm'Xo£ %mere YormO . te¥a and

Ik is a temperature dependent constant. A better way
of displaying the Gleiter and Hornbogen result is to
plot the antiphase boundary energy as a function of
the particle size rather than the ageing time since
the results may then be used for different ageing
temperatures. A plot of the degrec of order versus
the particle size derived from Gleiter and Hornbogen
is shown in fig. (7.4.1).

In interpreting the results of the present
work the relation between degree of order and particle
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size will be assumed ;rom fig. (7.4.1) and it will also
be assumed that the t% law for the coarsening of the
particles holds down to small particle sizes.

(iv) The antiphase boundary energy.

A satisfactory value for the antiphase
boundary energy ‘Y is essential to allow any
quantitative application of the theorys values in the
literature vary from 150 to 250 erg/cm2 Gleiter and
Hornbogen assumed Williams (3) value of ¥ for
NiAl (164 erg/cmz), but Williams did not(éége details
of his quasichemical calculation. Flinn derived
-a relation for the antiphase boundary energy on a

guasichemical models

X Ao {t\
oo FTTTL T

a” AN
where a is the lattice parameter, N = h2 + k2 + 12,
and v is the heat of formation of ¥’ . Assuming

that v = kT where T is the disordering temperature
7

and if it is assumed further that & remains

ordered up to the meltlng point (1670 K) then

\/
§ = 218 ergs/cm for a (111) antiphase boundary.

Marcinkowski and Brown (69) using a more
comprehensive guasichemical theory derived the relation
1.41 kTe

2 for the (111) antiphase boundary, giving

a
sz 265 ergs/ch. Recent work (71 suggests that

the order-disorder transformation temperature is

somewhat below the melting point and taking the lower

end of the temperature range given, a value of

220 ergs/cm2 is obtained.
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S
The ¥ precipitated in the alloys in
this investigation contains titanium in solution, the
titanium atoms substituting for the alum%ni?m in the
70
that a 10 at% addition of titanium to stoichiometric
Ni,Al increased the hardness by about 50%, which they

3
attributed, at least in part, to a so0lid solution

ordered structure. Guard and Westbrook showed

strengthening effect. The effect of alloying on the
antiphase boundary energy has not been considered in
this paper but the results for a number of different
alloying elements substituted for aluminium showed a
marked increase in hardening only when a large increase
in the lattice parameter was observed. It may
tentatively be concluded that the strength of

alloyed }{/is due more to the solid solution
strengthening than to a change in the antiphase
boundary energy. The lack of knowledge on the
variation of the antiphase boundary energy on alloying
does put a limitation on the interpretation of the
differing strengths of alloys A,B and the Ni 12.7 Al
alloy solely in terms of the effect of the coherency
strains.
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Quantitative analysis of the results.

Having reviewed the current theories of
hardening by X particles and made some comment on
the possible modifications to the theory that might
be required for the present alloys, it should now
be possible to interpret the results on the basis of
these theories.

The form of the complete Gleiter-
Hornbogen curves for volume fractions corresponding
to the present alloys is shown, together with values
calculated from the present work, in figs. (7.4.2)
and (7.4.3). The assumptionsmade in the derivation
of these curves are given in table 7.4. The Gleiter-
Hornbogen curves predict a loss in strength for
particle sizes over ~s 110 £ but for the presEnt
alloys a misfit contribution proportional to 1=
mist be added and the results show good agreement
with such an addition.

The Ni 12.7 Al alloy does not show an
increase in strength over that predicted by the
Gleiter-Hornbogen theory although it has an 0.6%
mismatch; this may be explained by the increased
effective interparticle spacing due to the alignment
of the particles (a similar effect must be present
for alloys A and B but cannot be estimated).

The apparent higher strength of alloy B
(which has & lower misfit than alloy A) at 700 anad
750°C is due to the volume fraction difference between
the two alloys at these ageing temperatures. All the
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alloys show increasing strength with decreasing
ageing temperature for a given particle size as a
result of the higher volume fractions and misfit at
the lower temperatures. For a given volume fraction
and particle size the strength of the alloys increases
with the misfit.

The resistance to overageing may be
explained partly by the misfit stresses but it is
also possible that the particles will go incoherent
on deformation at the larger particle sizes. The
loss of coherency will not necessarily increase the
strength as the misfit contribution to the flow stress
will have been lost; it will however result in a
higher work hardening rate, due to the interaction of
8lip dislocations with interfacizl dislocations. This
would result in a higher work hardening rate which
would be reflected in the 0.2% proof stress measurements.
A loss in coherency would also explain the rise in work
hardening rate observed prior to peak hardness. The
possibility of Orowan looping occuring in the early
stages of overageing is unlikely since for a 15%
volume fraction of E’/‘the Orowan stress for 500 2
particles is at least 46 kg/mm2 (using A v = 3%2 )
This was calculated using a close packed partiéle
distribution model (equation 4 in appendix 2) and
therefore a lower value would be found when the
effective interparticle spacing of the aligned
structure is considered. The effect of alignment
would be unlikely %o permit Orowan looping in
preference to particle cutting in the particle size

ranges where overageing 1s first observed.
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A number of dislocation loops were,
however, observed in the presence of average particle
sizes of about 200 £ and above, prior to peak hardness,
and if it is true that Orowan looping is not possible
at these particle sizes, then these loops must have
arisen by the cross slip of screw dislocations as
described in the theoretical section. Stereomicroscopy
would be required to decide whether the loops were
rings of slip dislocation or whether they were formed
by cross slip of screw dislocations: the latter would
appear above or below the slip plane, whereas the
slip dislocation loops would appear in the slip plane.

The results are in good agreecment with
the current theories of hardening by misfitting
coherent particles showing a compromise bebtween the
strength of disordered misfitting particles and
ordered non-misfitting particles. The effects
described in the phase transformation section explain
the hardening at very small particlec sizes and these
are included in the curves calculated from the
Gleiter and Hornbogen theory; the loss in strength
whilst the particles are still being cut is a
consequence of this theory and is restricted to some
extent by the particle size dependence of the misfit
contribution. The work hardening behaviour of the
alloys has also been accounted for.

The behaviour of the alloys after peak
ageing is not unambiguously described, as it may be
a function of a loss of coherency or possibly the
onset of the Orowan mechanism; the micrographs show
evidence of both effects and both may well occur,
particularly at the larger particle sizes.
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TABLE 7.4.

Assumptions made in the calculation of the Gleiter and

Hornbogen curve :

The antiphase boundary energy = 220 ergs/cmz.

The shear modulus G = E = 7.5 x 103.

The Burgers vector v = 2.5 hid

The volume fraction = atom fraction.

Particle diameter = cube edge length extrapolated to
short ageing times by a (t)% law.

The degree of order in the particles follows the curve

in fig.7.4.1.

The interparticle spacing is as given by equation 4

in appendix 1l.
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Conclusions.

The phase transformation:
\,/ v

s \ !
supersaturated Z to Lo+ X .

1.

There is a rapid initial decomposition,
only retarded by a low temperature gquenching
technique, characterised by wide composition
gradients and evidence of regions of high
local order.

The initial stages of decomposition are
still in some doubt; it is considered, however,
that the best description is of spinodal
decomposition. with an ordering ‘reaction on the
solute-rich waves; this stage is followed by
classical growth of the X”’preoipitates.

At the higher ageing temperatures the
decomposition is too rapid for it to be studied;
the kinetics and thermodynamics are such that
classical nucleation and growth may be
prreferred from the start of the decomposition.

s 7
The \‘

order in the early stages of ageing.

particles do not exhibit complete

The morphology of the particles is in
agreement with the results of previous work;
there is no loss in coherency of the particles
up to the largest sizes observed, (i.e. 1500 ).

Grain boundary denudation occurs as a result
of the coarsening process and is absent in the
early stages of ageing.
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7. The aligument of the Kutparticles in (100)
directions appears to be ## a result of an elastic
interaction during coarsening confirming the results
of previous work.  The spacing of the particles in
the (100) directions appears to decrease as the
lattice parameter mismatch increases.

8. The alloy with the higher mismatch appears
to coarsen somewhat faster than the other alloy.

9. Independent values of the interfacial
energy ad the diffusion paramnceters have been
determined Fdom coarsening data:

(ergs/cmz) Activation cnergy(k.cal/mole)
Alloy A. 23 72.5
Alloy B. 20 61.4

echanical properties:

10. The yield strengths have been interpreted
in terms of current theories of hardening by coherent
ordered particles and in terms of the observed
microstructures and dislocation configurations.

11. An increase in lattice parameter misfit
increases the strength of the alloys for a given

miecrogtructure.

12. Increasing work hardening rates, prior to
peak hardness, have been interpreted in terms of a
loss in coherency on deformation.

Other conclusions:

Dynamic elastic modulus neasurenents are
sensitive to the changes taking place on ageing and
have been interpreted in terms of the microstructural
changes determined by other techniques.
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8.2. Suggestions for further work:

1.

The doubts remaining regarding the nature
of the phase transformation may possibly be
resolved using X-ray methods, particularly
small angle scattering and the determination
of absorbtion spectra. A refined and
quantitative magnetic technique may enable
the determination of the relative amounts
of material with a given composition.

The alloys form the basis of a series of
nickel based alloys used for high temperature
service and having described the low
temperature mechanical properties in terms of
the dislocation arrangements, the determination
of the dislocation structures after high
tenperature deformation should be made.

These studies are particularly important
in view of the observed increase in strength
with temperature of the X},itself,

The observation of the dislocation
structures after the addition of an element
such as Cobalt, which might lower the
stacking fault energy and give rise to
widely separated partial dislocations,
would be interesting and informative.
Cobalt-containing alloys might also have
interesting magnetic properties.
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APPENDIX 1.

Young's Modulus Mcosurcments at Elevated Temperaturcs.

A relatively simple technique was reguired
that would allow the measuremncent of moduli

at elevated temperature in order that

~ changes taking place during ageing could

be obscrved. In view of the fact that only
amall changes were anticipatced the apparatus
was required to have a high accuracy. The
apparatus described is similar in many rcspects
to that described by Lytton et al. (75 ).
The problen was readily separated into two
i.,e¢. the accurate mcasurcement of the modulus
and the application of the technique to high
tempceratures.

Young's modulus is related to the vibrational
frequency of prismatic bargmp% the

[T k.

formula F L TVR OV EL 8
"™ .

b g M

N &
where Fn is the resonant frequency
1l is the length of the prism
k is the radius of gyration of a
gsection of the prism about an
axis normal to the prism axis
and plane of motion.
B is Young's Modulus
/2 dig the donsity of the naterial
/2 is a comstant depending on the
mode of vibration
(1.5056 for the fundamental mode
with two nodes)
The only meagurcrment that is required other
than simple dimensional measurements is that
of the resonant frequency of the prism. The



apparatus uscd was invtended to mecasurc this to
a similar degrec of accuracy to that with which
dimensional measurcicents could be made. The
main requircments of the apparatus werc that
it should induce recsonance in the specimen,
dctect this resonance and measure the resonant
frequency.
A schematic-diagren of the apparstus is
shovn in Pig.(A.1.1.).

The main features are:
(i) Excitation of ogscillations in the specimens

A gfablc audio oscillator with an
output of a few volts intc 600 ohms was the
prime mover. It was connectecd via an impedance
natching transformer to the voice coil of a
moving coil loudspesker; a small hook was
attachecd to the centre of the loudspcaker
cone and one of the spccimen suspension wires
was attached to this hook.

(ii) Detection of the resonance.

The detection of the resonance 1is
carried out by measuring the amplitude of the
vibrations sct up in the specimen. A barium
titanate or Rochelle salt gramophone pickup
provided a very scensitive detector; the output
of the detector was connected To a vacuum tube
voltmeter so that the amplitude of the signal
could be neasured.

(ii1i) Measuremcnt of the resonant freguency:

A digital frequency counting device
was cmployed to measurce the freguency; it was
checked against an internal crystal standard
and was accuratc to better than one part in 10,000.
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(iv) Obtaining of high specimen tomperatures.

The specimen was raiscd to the
testing temperature by means of a linc-
gource image furnacc QZQJ. The
specimen was placed at once focus of a highly
polished elliptical stainless stcel reflcctor
with a quartz infra-rcd heating element at
the other focus. Stainless steel oxidises
at high toemperature and thercforc it was
necessary to protect the reflector by
housing the whole apparatus in a vacuun
chember.A Sypical performance curve from
the furnace is showm in fig. A.1l . 2.

The specimen temperature was
determined by suspending the specimen
from platinum and platinum-15% rhodium wires
respecetively; the hot junction of the
thermocouple is thus the specimen iteclf
and an average value for the specimen
temporature is obtained. Ordinary thermocouple
devices in contact with the specimen could not
conveniently be used due to the effect of these
on the spcecinen vibrations; the device was
however checked during blank runs on the
furnacc. The output from the thermocouple
was recorded on a Honeywell rccorder, thus
allowing the performence of the furnace %o
be asgesscd over a prolonged length of time.
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The accuracy of the nmeasuremcnts
obtained may be ascertained by considering
the accuracy of the verious paramebers in
the formula for the resonant freguency.
(i) Applicability of the formula

The formula supvoses that the
diametcer of the cpecimen is small compared
with its lengbh, and it ignores the effects
of rotary inertia and shear. Corrections
have been cvaluated, and an absolube value
of E 0.8% too low ies expcected in all cases
with the specimens used; there is a minimal
effect on the rclative values.
(ii)  Accuracy of measurement of the frequency

The frecgquency counter is able %o
measure frequency to + 1 part in 10,000 and
was not considercd to add to the inaccuracies
of the measurcments; however, an uncertainty
in the frequency measurcd exists because of the
difficulty in locating thc exact resonant
point of the specimen. Setting preciscly at
the resonant point depends on the damping
capacity of the spccimen itself =znd on the
restraint placed on the resonant system by the
supporting wires. The restraint may also
result in a slight chift of the resonant
freguency due to the speceiiten support wires
being also part of the resonant system. A
maximun crror of the order of 0.5% in the
resonant frequency is considercd reasonable
and is borme out by the rcproducibility of
the experinmnental results.
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(iii) Determination of the spcocimen

dimensions and mass

Kass: Veasurcd to better than £0.01%
Longths .. .. .. f0.02%
Diamcter: .. ... .. t0.14

These give rise to an error when comparing
different speecinens of 0.3% in the modulus.
(iv)  Effect of the change in dimensions

at high temperaturcs
Correcctions for the expangion of the
lcngth and dianeter of the spceeimens require
a2 knowledge of thce lincar expansion coefficient,
which is not known for these alloys. The

figure for purce nickel was uscd and it is simple
to calculate that a differcnce of 25% from this
value would only change the absolute value of
the calculated modulus by 0.3%
(v) Temperaturc

Although not featurcd in fthe formula,
it is of 1little use to obbtain highly =accurate
modulus data if the temperatures at which these

date arc obtained arc not known to rcasonable
accuracy. The Pt/Pt-Rh couple with the specimen
as the hot junction was found from blank
calibration results to indicate to within about
2°¢. the average spcecimen tomperature. It was
however difficult to mcasurc the thermal
gradicents, if any, in the spccimen, and hence it
ig considered that therc ig an uncertainty in the
absolute value of the specimen temperature of
some 10°C. fThe relative valucs however appearcd
from the reproducibility of the results to be
within 2°C,
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Lxperimental Proccdure

Bpecimens 10 ci. in lengbh and 0.5 conm.
in diametcer were usced. In the "as received"
condition these werc straight and of uniform
diameter, and the cnds were made as square as
possible. The specimen was heat treated as
rcguired, lightly smoothed with silicon carbide
paper to remove any traces of oxide, measured,
and weighed as accurately as possible 2nd then
slung on the support wires. The points of
support were at 2 cm from the ends of the 10 cm
specinmens,

The resonant frequency was measured at
room tomperature and then the voltage across
the furnacc was incrcascd gradually to give a
slow rate of heating. IlMeasurenents of frequency
and temperature were taken simultancously whilst
the speccimen was heating. As far as could be
ascertained there was little thermal lag of the
speeimeny if the specimen was allowed to come
to a constant temperature fairly rapidly therc
was little further change in resonant frequency
during the period in which it might have becen
ecxpected thet the interior of the specimen would
be attaining the temperature of the surface.

The heating rate was increascd in the
ageing temperaturc range so that as short a tine
as poseible was spent at ageing temperatures
lower than those of intecrest in any particular
run. There was little problem in heating
rapidly through the lower rcgions of the ageing
range as the furnacc was capablce of heating
rates of the order of 600°C per minute. The
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furnace tcmperaturce was allowced to romain
constant for considerablc lengths of tiuec
at selected ageing temperaturcs in order
to investigate the effeet of ageing on the
value of the modulus.

Results:

Typical curves of rcsonant frequency
versus temperature are showm in fig. (A.1.3).
They show the expected fall in froequency and,
hence, of modulus as the tenperaturc rises.
It riay olso readily be seen why useful results
at the ageing teuperature were not obtained;
on reducing the temperature to room temperature
after holding at ageing temperatures there 1s a
chenge in modulus similar to those in the room
tenperature measureuents reported carlier. A%
higher btemperatures the curves for solution
trecated and aged alloys merge and little change

may be detected.
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APPENDIX 11.

The effective interparticle spacing

in a precipitation hordened alloy.

Several different functions for the mean
interparticle spacing Q on a slip plane have been
used. Ashby (54)
which the spacing is related to the ares fraction

considered a planar approach in

of particles in a plane; if it is assumed that the
particles arc distributed on a simple cubic array
in space then the expression

e

R - 1

results. Alternatively, a close packing of particles

may be assumecd which gives:

= 55 oy T -2

Ashby considers that neither of these
gives the average spacing for s truly random
distribution of particles. He shows that the
separation can be evaluated as the radius of the
smallest circle, in a plane, in which the probability
of finding the second particle is unity; this gives:
;oad
TR - 3
This same equation was derived by Westmacott
et al. (55) using a more complex method.

Marcinkowski and Wriedt (56) attempted to
Justify equation 2 by saying that it is physically
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more realistic to consider the planar separation
of particles as the dislocations themselves move

on planes. Ansell and Hirschorn (57)

pointed out
that the assumptions of particle distributions used
in deriving equations 1 and 2 are too limiting for
randomly dispersed particles. They consider that
the only reliable means of obtaining 5; is by
direct measurement. They show however that
obtaining Ei by considering the mean spacing in

a volume gives the closest approximation to the
true value and they confirm this by experimental

obgervation. The volumetric approach gives:

\

fAT % L%

= (B et -4
\ J

ey

Using Ansell and Hirschorn's cxperimental
results the models may be compareds
Experimental 405 A

Equation 1 630 A
2 564 A
3 282 A
4 450 A

It would seem that equation 4 gives the closest
approach to the experinental value.

(59)

discussed the effective interparticle spacing in

Kocks (58) and Foreman and Makin have
terms of the nature of the dislocation movement
through the obstacles. KXocks discusses all the
models and comes to the conclusion that the value
given by equation 2 is the most physically realistic.
A more sophisticated calculation by Kocks suggests
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that the valuc given by cquation 2 should be
increased by about 20%. TForeman and Neakin analysed
the progress of a dislocation through a random
distribution of obstacles using a computer model.
They show that the effect of a random particle
distribution is to reduce the critical shear stress
(i.c. an effective increase in I is required for
use in the simple equation for the flow stress)
compared with a model which assumes a certain
particle distribution. The widely spaced particles
in the distribution can assist the dislocation
motion elsewhere by an 'unzipping' process alded by
the line tension. Foreman and Makin's results
suggest that the value of I given by equabtion 2
should be increased by 23%.

The ebove models would seem to conflict
with the experimental result of Anscll and Hirschorn
and, 1f the experiment is to be believed, then the
effective interparticle snacing will be that given
by equation 4 increased by about 20% on the above
arguments. The various ideas serve to show that
theoretical values of the flow stress may be varied
considerably by the choice of model for the particle

spacing.
The mean interparticle spacing will be taken

e

. il F ok
as { = 1.2 ( 3 1 h'{—- ’

Gleiter and Hornmbogen's analysis takes into account

the effective spacing along a dislocation line
assuming this model.
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