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» Santosh Kumar Das :
Inorganic Materials Research Division, Lawrence Berkeley Laboratory
- Department of Materials Science and Engineering, College of Engineering
University of California, Berkeley, California 94720

ABSTRACT

The nature of short range order (sro) has been investigated in
. on TR , : v

0t NipMo, Ni3Mo; Au.

electron microscopy and diffraction. The examination of the sro state,

the sysféﬁ; Auhdr, Au Mn and AuhV, by transmission .
in the hot sﬁage at temperatures above the critical temperature (T.)

. for order-disorder.traﬁsférmafion.and also in the samples that wefe
quénched from above Tg, ghowed "diffuse scafteriﬁg peaks centéred near
{l%Oj positi@ns in the fcé reciprocai latticé, whose‘shape changed
frombone'system to énother. Evidence for diffuse scattering ﬁear
superlattice ?ositions corresponding to the Dla structure was obtained in
.the higﬁ-iemperéture.diffraction patterns of Au—Cr and also in the
quenchea éamples. The Au-V systém also showed similar behavior. The
diffraction patterns of Au

3

diffuse scattering near the superlattice positions corresponding to

Mn gbove T. showed evidence for the presence of

Watanabe type two-dimensional long period superstructure. The sro

diffuse scattering in Ni_Mo and NihMo show presencé of weak Dla and

3
NieMo superlattice reflections, in addition_to the {1%0} peaks. The
existence of the diffusé scattering near these various superlattice
positions is taken as the evidence for the presence of microdomains

- of corresponding superstructures. The diffuse'scattering near‘{l%O}

positions is interpreted to be due to the presence'Of_imperfectly



—-vi-

ordéréd Db22 type microdomains. Thé dirécf e&idénce of thesé micrqf
domains is obtained by dark field iméges of the'corfésponding Super—'
lattice reflections only aftér a short time‘aging at low températures.
Using the pairwisé intéraction parameters_up to third hearést
neighbors'in the existing statistical thermodynamic model of Clapp
and Mosé one can pértially.account fbr the shapes'cfv {1%0} sro.spots
in Ni-Mo and Au-Mn alloys, but not in Au-Cr snd Au-V alloys. On the
other hand the diffusé STo scattéring in 811 these alloys can be
qualitétiﬁely explained by aséuming‘the presence of imperfectly

ordered microdomains of various superstructures that may exist in

the long range ordered (Lro) state in these alloys. For a particular

'stoichiometry, the structures of the microdomains that exist -above
T, may or may not correspond to theeuilibrium gro structure obtained
at that stoichiometric composition. This description of the sro state

to consist of a mixture of various types of microdomains is in accord

with receht theoretical probability variastional calculations of Clapp. .

The development of Zro in Ni Mo is associated with decomposition

3
into the metastable phases NieMo and NihMo, the microdomains
correspoﬁding'to which were present in the sro state. Evidence for
the presence of metastable NiQMo phase was alsc found during ordering

of NihMo. Thermodynamic justification'has been given for the

occurrence of these metastable phases.
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I. INTRODUCTION

A solid solution having short range order (sro) usually exhibits

diffuse maxima in the diffraction patterns.  In order to explain

the shape and position of these diffuse maxima various models of the
sro state havé been propbsed. These fall into ﬁwo main categories,

namely the statistical thermodynamic model and the microdomein or

more génerally the structural model. According to the statistical

thermodyndmic model the sro is said to exist when there is a'tendency
for each atom to be surrounded by more than an average number of
unlike afoms:and in the. microdomain model the sro stéﬁe is described
as an assémﬁly of ordered microdomains separated by antiphasé'domain
boundaries br other discontinuities. Both models can satisfaétorily
explain the ppsitions of the sro diffuse maxima, in"thé systems where
they coincide with the superlattice réflectiohs,vthat appear in the
long rangé ordered (iro) state. Iﬁ the microdomain ﬁodel the diffuse
STO maXima'are explained as due to the broédening of the superlattice
reflections arising from very small domain size. So'this model
requires that the position of sro maxime in reciﬁrocal space should
always coincide with that of the superlattice reflections.

Certain systems such as NihMo,l Nth,2 Au Cr,3 and several Ti-O

3

.alloys,h:have'been found to exhibit sro diffuse maxima at positions

oﬁher than the superlattice positions.' In the ordered state the first

three allqys are isoétructural and possess a body centered tetragonal

structure commonly known aé Dla, and are disordered f.c.c. above the
 critical temperature (Tc)' The s.r.o. diffuse maxima in these three

>Systems occur at all equivalent {l%o} pOSitions Of.th_evf-C-.C- reciproeal



lattice, which are not superlattice positions. So the microdgmain model
fails tp explain the position of érO'maXima'in thesg systems. On the
other hHand the recent statistical thermodynamic model of Clépp'and Mosss’6
is able to predict the shape and position of fhe diffusé {l %—O} maxima
in NihMo; which agrees well with the X-ray measurements of Spruiell and
Stansbury.l On this basis they réjected the microdomain concept of sro

at least for this Nij Mo system.

37 has used a Probability Variation Method to

More recently Clapp
determine the compiete frequency distribution of nearest neighbor con-
figurations for a number éf cubic alloys from their experimentally
determined sfo paraﬁeters. His calculations show that the mos£ enhan¢éd
configuration relative to the random state_oftén corréspondé to the
perfecfly ordered étate. Although no calculations_were.done fof the
system'NiLMd, the results for the system Suggest.thai the miérddqmain
concept of sro cannot he totally rejected. Recently Okaﬁoto and Thoma;s’?’8
haye»showh that the microdomain concept is stili validvfdr the system
NihMo and.the {l %-O} diffuse maxima éaﬁ be explained by‘the preSenéé
of non-ébnsérvative antiphase boundaries (APB's) within the mic rodomains
which give rise to imperfectly ofdefed regions with DO22 supefstructure.
The presence of microdomains was inferred from the diffraction evidénce
that samples.of NihMo quenched from.above Tc showed'weak superlattice’
reflections at Dla positions_co—existiné Withimuch stronger {l %—0} peaks.

On the other hand Taﬁner, et al.,3 whilé investigating the.AuéCr

and Au3Mn systems, the two other systems that also.exhibii {l %-O}»sro

maxima, did not report any evidence of superlattice reflections in the

sro state. However, in their at temperature electron diffraction studies



of Au Cr above T, fhey examined onli‘[loo] recibroéal lattice section
and as has been pointed out earliérS this reciprbcal lattice section is
not Qeryisﬁitablé for detection of weak Dla supgrlattice reflections
and it is‘éssentiai to examine other recipfocal lattice sections such .
as [i3OJ.  So it ié still uncertain as to whether microdémains exist in
these systems or not. Sinée the diffraction evidence for the presence
of microdomains in NihMo system is basedvbn the’examination of quenched
sémples énd quenching may have induced some ordering, there is some
question as to whether the observed scattering ac£ually represents the
sSro stafe at temperatures above TC or not. Thus? the microdomain model
still lééks generality. The primary objective of this thesis is to see
if the-miérodomain concept of sro ié true in genéfél or not, expecially
for the systems where the diffuse sro maxima are_ndt coincident with
thevsuperlattice réflections. For this éﬁnumber of systems such as

Mo; Au

3 3
behihd these different systems lies in the fact that all of them do

NihMo, Ni Cr, Athr, AuSMn, and AuhV were chosen. The choice

not have the same 2ro structure, and still they exhibit sro diffuse
maxima at the same position namely_{l %-O}. The systems Au Cr, AuBCr,

NihMo, AuhV are isostructural with Dla, Ni_Mo is orthorhcmbic where as

3
Au3Mn has:é two-dimensional long perio§ superstruqture. It_was hopeqv
'that a cbmparative study of these various Systems would reveal the true
nature §f.the>sfo'from the stfuéfural pdint'of'view.

The difffﬁction pattérns of these various alloy systems were examined
both in the specimens quenched from aﬁove TC and_wherever possible at
témpefatﬂreslabové Tc,:in.orderth.see'if there is any difference in the

diffuse scattering behﬁvior._ If the sro state_éonsists-bf microdomains



of a particular ordered structure, theré:must be s6mé scattering near
the superlattice positions corresponding to'thaf_strucfure.and thus a
difference in the diffuse scattering ﬁehavior will be expected in.the
systems>having different Rro structures. During ﬁhis'work.special'. 
attentipn was given to detect the presence or absegce of these weak
superlattice spots.corresponding to different Supergtructures. |
The‘re;ulﬁs of the study of the sro state éf NihMo and Ni3Mo_Sth
that ﬁhej'are similar in the quenched state and contain weak superlattice

reflections'cofresponding to NihMo and Ni Mo superstructures. This raises

2

the question as to how these alioys order at the very early stageé of

aging, because the Ni Mo phase haé never been observed in Ni, Mo, although
2 L e

8-13 bofh,by X-ray and electron dif-

14

there have been a number of studies,

3

2Mo when then N—hMo pre-

fractién_, on the ordering of Nij Mo X In the alloy Ni Mo Yamamoto et al.
found that on aging it initially decomposes to Ni
cipitates and-both,these'phases co—exiét. On prolonged aging these are
subseqﬁéntly replaéed by equilibrium'Ni3Mo, Thﬁs,.it is not clear_ﬁhy
Md phase forms at stoichiometric Ni

the Ni Mo composition. Since the

2 3
sro study shows weak superlattice reflections corresponding to both

NigMo and NiuMo to be present; in the quenched'éamples of Ni3Mo and.
NihMo, opeiwould éxpect thesg two élloys to bghavé similarly at the'ﬁery
early stages of the development of.iong range order; i;e; thé”NiQMQ phase
may also form as a metastaﬁle ﬁhaseain NihMo. In order tovrésolve-this,
the initial stages of ordering in both NihMo aﬁd Ni3Mo were'studied by

electron microscopy and diffraction for various isdthermal aﬁnealing

treatments., Attempts were made to answer whether the metastable NigMo

pre

&



or not, and if NieMo is present as a,metastable'phase, to find a possible
mechanism for its formation and to provide thérmodynamic Justification

for the formation of this metastable phase, both in Ni_Mo and NiuMo,‘

3

Although the main aim of this thesis ié understanding the nature

of sro, it is necessary to study the initial stages of ordering in Ni3Mo

and Nith, because the development‘of Lro dependsvvery much on what is
present‘in the sro stéte. Thus the information‘obtained from the %ro
structure'or.structures that_develop at the early stages can be used

for the understanding of sfo state. This is especially important for

a system like Ni_Mo Where'the diffuse sro scattering does not show any

3

evidence for the presence of Ni Mo superlaftice reflections.

3
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II. EXPERIMENTAL PROCEDURE | . |

2.1:'Alloy'and‘specimen Preparation: Bulk alloys. of Au3Cr, NihMo,

3

Ni_Mo andbAuhV were préparéd by mélting toéethef fequired proportions

of the individual compoﬁeﬁts in an arc furnace, back filled with argon.
The purity of all thé stafting matérials Wéfe 99;99% éxcépt for : ’ LR
7Vanadium which was 99.9% pufe: The alloys weré meltéd several timeé
in thévfurnace; Aftér éach melt; thé ingot was cut into small piecés i
and‘the §iéces were intermixed and thenvremélfed in ordér to obtain: ~

a homogeneous composition} Thé ingots Wéré encapsuléted in quartz

tubeé in vacuum and wére homogénized at suitable femperatufes for

three days. The compositions of thé.bulk alloys and their correspoﬁding -
homogenization téhperaturés aré shown.in Tablé 1.*¥ The ingots were

‘TABLE 1. Composition of the Bulk Alloys

Alloylb‘v - Atomic % Solute ' Homégénization Temp (°C).
NihMo' o Mo - 19.7 . | 1200 |
Ni3M5 | Mo - 25.1 1270

AuCr Cr - 23.5 900

AuV - v - 19.1 IR 900

quenched into water -and then cold rélled~ to 6 mil stfips with iﬁtef—
mediéte anneals. The foils were then finally.hbmogenized iﬁ an inert
atmosphere and quenched directly into iced brine from their homogeﬁization
temperature.

:Thé thin foiis of Ni—Mo alloys for transmission electron microscopy : ” #

were prepared in two stages.. The 6 mil foils were first electrolytically

|
i
|




7=

thinned to 1;2 mils by window technique”using a solution eontaining
396cc ethylene glycol, Sch perchlorlc ac1d 5Tce hydrofluoric

a01d and 27cc dlstllled water._ The temperatnre»of the solution was
maintained_at’lO°C and_the apélied ﬁoltagexwas 9-11 volts. From
these 152.mil foils 2.3 mm discs were ?unched out and were finally
jet'polished in.an electrolyte containihg two'psrfs of sulﬁhuric

acid.and_one part water, keeping the total current below 10 milliamps.

" The thin f01ls of Au alloys were relatively difficult to prepare and

the w1ndow method was again used with an electrolyte containing 88 gms

of chromic oxide, h65cc acetlc a01d, 25cc water.

2.2. Preparation of Single Crystal Thin Films: For high temperature

transmission electron microscopic studies it is necessary to have

thin foils with large‘transparent areas, because at high temperatures

_holes start forming and thin areas are gradﬁally eaten up. Because’

of the difficulty in obtaining large thin areas in the thin foils of

, bulk‘Au—alloys by electropolishing, it was decided to grow epitaxial

single'crystal thin films of Au~Cr alloys. This method gives

‘large single crystal thin films of desired thickness and such films’

have been‘used by many wquers in the past'fbr the‘order—disorder'
studies ef Cu-Au and other alloys. The alloy single crystal films

can be brepared elther by simultaneousvevaporation of the two elemeﬁts
or by evaporatlng separately one on the top of the other and then §
dlffu51ng them. In the present case a dlfferent method the evaporatlon
ef bulkvAu3Cr alloy was emplOYed.v This method will be successful

only if the vapor pressures of the two elements in the blnary alloy

are same at the evaporation temperature and in thls case Au and Cr
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‘have éimilar vapor pressures.
The weight of the bulk alloy (W) requirement was calculated from
the simple expression,

W= LR

to ' - _ -
whefé R is the distance of thé'subétrafe from the filamént; t is the
requir;d'thiéknésé of the film énd p is the dénsity-of the alloy

Au3Cr.. Thé thickness of thé thin films wgrg in fhe'faﬁge'300-6OOX;

and so the weight of the alloy required wasvvery small and was welighed

accurately up to 0.1 milligrams. The réquiféd amount of bulk alloy o

was first prémélted on a hair-pin type tﬁngstén filament in a vacuum ‘
bell jar. A small furnace was built inside thé:bell Jar td heat

the substrate. Freshly cleaved lOO faces of NéCl were used as the
substrate to grow films in [100] orientation. .The substrate was first
degassed at 550°C for 1/2 hour and then cooled'ﬁo.h5000 and was held i
at that temperaturé. The substrate temperature is very critical for -
obtaining good‘singlé crystal films and 450°C was found to give the
bestvresults for AuBCr. The premelted alloy was flash evaporated Ll
.on to the substrate_in ordér to oﬁtain a film of the same compdsition
as the bulk alloy, the evaporation time being about 30 seconds. At a
‘slower evaporatioﬁ rate the film composition may changé due to £he
différence in mobilitj‘of the Au and.Cr atoms. The films wéfe : | » i
homogenized at L0o0°C for abouf 2 hours. Théy were thén stripped

off the substrate by dissol#ing the rock salt in distilled water

and were mounted on platinum grids. Further annealing was done
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inside the microséope. Thé composition of the few films were
chécked‘by méasuring the critical temperature (Tc);for order-
aisorder transition and was found to be close to that of AusCr.

The composition of the rest of the films vere assumed to be close to

‘stoichiometric Au3Cr because of the identical evaporation procedﬁfe

employéd; o

The thin films of Au,Cr were prepared in a similar manner by
melting tbgéther réquired amounts of Au with thé bﬁlk Au3 on the |
filament to form the alloy AuhCr and theh evaporating on to thé héated
rock sélt. The evaporated thin,films bf.AuéMn wefé,qﬁtained from
Mf. Leé Tﬁnner of Kennecott Coppér Corporation and were similar to

those employed in his studies.

2.3. Electron Microscopic Techniques:' All the microécopy was done
on a Sieméns Elmiskop IA operated at 100 XV. A standard Siemens

hot stage was used for the high temperature electron diffraction

work. The hot stage was calibrated outside‘the microscope in a

vacuum béll_jar at a vacuum similar to that insidé @he,microscope.
The tempefature on the grid was récorded diréctly on a Honeywéli
Electronik‘19_recorder by épqt_yélding a chromel—alumel thermocquple
to the plaﬁinum grid. The steady state femperafﬁre and the time
required to reach it were.méasured as a fuﬁction of the app;iéd'
voltage. Figure 1 shows fhe calibration curve obtained which is

similar to that‘obtained'earlier.
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III. RESULTS

3.1. The Short Range Ordered Alloys: The short range order study ' E
involved the examination of the electron diffraction patterns of the .
3 3Cr, AuhCr, AghV and‘Aﬁ3Mn either in the

specimens quenched from above‘Tc or at temperatures above Te or both. Ve

six systems‘NihMo; Ni Mo; Au
Becausé'of the large numbef of sysfems involved the results obtained
on éach,systém'will bé présentéd séparatély. Thé:important crystallo-
graphic featurés of each of thése systémsvwill be péintéd out first
and then the diffuse scattering results will be described.

3.1.1. NigMo: TIn the Lro state the stoichiometric NilMo has a body
centerea tetragonal structure16 (space group - Czhv-I 4/m) commonly
referred to as Dla in the strukturbericht symbol. Figure 2 shows the
partial phase diagram of the NiuMo s&stém and it canvbe seen that :
NihMo does not have a true order-disorder transition temperature but'
undergoes a peritectoid transformation around 865°C. However, at ﬁhis

- 3

disordered o transforms to NihMo as in any other order-disorder

peritectoid temperaturevthev(u + Ni_Mo) range is so narfow that

transformation. The crystallographicbfeatures of the ordered NihMo_ .

8,9

structure are well known, but a few aspects that_aré important to
this sfﬁdy will be described here. Figure 3a éhbws the unit cell of
the ordefed NihMo, where the dotted lines outline.the original f;cfc.
lattice."It is easier to visualize this ordered structure in relation
to the original f.c.c. lattice aﬁd Fig. 3b shows the projecﬂion of
atoms‘on thé (001) plané.r The b.c.t. cell is“outlined by the dotted 
lines.. The projection of atoms on thé‘plané %-abdve aré shown by

the opén c¢ircles. The important feature of this structure is that

if one considers the stacking of atoms oﬁ‘{hZQ}*vplanes, every fifth

Unleés mentiocned, all the indices refer to the f.c.c. lattice.

N
A
:
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plane COntains only Mo atoms.and in bétween planes contain only Ni
atoms. Thus, thé réciprocal lattice fdr the ordéred structure can
be constructed from the fundamental f.c.c. lattice, where the
supérlattice reflections appéar at éver&.%<h20$‘re¢iprocal lattice
vector of f;c;c; unit céll. | |
Thé*oﬁher structuré that is impqrtaht to thié‘study is the

structure of Ni Mo phase in the phase diagram (Fig. 2) but occurs

2

as g metaétable phase during the ordering of Ni3M6. The atomic

_ arrangeménp is isomorphous with the ordered Pt Mo (space group -

25

D2h

- Immh) and Fig. lba shows the body centered orthorhombic unit

cell. The dotted line outlines the f.c.c. unit cell and the relationship
between the disordered cubic lattice (o) and the ordered orthorhombic

Ni, Mo lattice are:

2
LlOO]NieMO (/_[llo]a
“[o10]

- "Ni Mo

o 1/ 1110],

{oo1] // [001]

i Mo | o

Figure Lb shbws the projection of atoms on the (OOi)‘plane where the
dotted liné outlines the orthorhombic NiéMo iafticé and as before, the
open circles represent atoms on a/2 layer above. Like the Dla
structure this structure Canvbe described by the'Stacking of atoms

on either {420} or {220} planes where every third plane contains all

Mo and in between all.Ni atoms. Thus, the'regiprocal lattice of the

ordered structure can be constructed from the original f.c.c. lattice,
where the superlattice reflections will appear at every %<220> or
%<h20>‘ reciprocal lattice vectors. -Thié'gives rise to six orientation

variants of Ni,Mo corresponding to six variants of {220} and because of
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the twd-fola degenéracy associatéd with stacking_oh'{hQO} planes.
Figﬁré 5a and b show the [001] and-[iBO]‘reciprocél lattice sections
constructed in the abéve ménnér. Heréﬁthe positioﬁé of Dla and NigMo ‘ ' .
supérlatticé Spoﬁs are shown togethég with £he {1%0} s.r.o; spots.
'As has been pointed out earliér;S.the-[i3O] orientation is very I
important for the detection of weak Superlattiée refléctions in the . ‘ i
: - A i

s.r.o. state, becausé this réicprocalvlattice’section_does not contain
any {1%0} §.r.o. spots; as can be Seen in Fig.,Sb; It is to be ﬁotéd
that éaéh {1%0} s.r.o; spot is surroundéd by foﬁrlDia spots in the
form of avtétrahedron with thé'{l%Q} éir.o. spot at thé'céntér and
the spots éré nbt‘very'far from each othéf. The small open circles
in Fig. Sa represént the projéctibn of Dla spots that aré locatéd
at ¢ = %bth of [002] reciprocal lattice vector and the open squares
in Fig. Sb are the progectlons of the neighboring {1—0} S.T.0. spots. 
Keeping these crystallographic features in mlnd we can now examine
the diffuse scattering results. |

Figure 6 shows a [001] diffraction pattern,ofva freshly quenched
NihMQ éample. The diffuse s.r.o. maxima can be seen at the'{l%Q}
positions.‘ In the study of the quenchéd samples of NihMo Okamé?o
and Thomas8 found weak scaftering to be present near the Dla superlattice
positions b& examining [130] orientation, becausé in the [OOl]‘_
diffraction pattern it was‘difficu;t to detect théﬁ for the reason
that they are very close.to the'{l%O} s.r.o. spots as shown’béfore

(Fig. 5). However, if these Dla spots are present there should be an .
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enhanced écétfering of {I%Q}_spots'towardé thé Dla positions and as.a
result the shape of the {.l%'oz}sspots should be spméw_hat like the dotted
triangle>in Fig: 5. But thé’X—rgy diffusé scattering measureménts
by Sprﬁiell ahd Sténsburyl on qﬁénchéd sampiles of NihMo show thé shape
of{l%O] spotsvto be quité différent from thé ékﬁééted shape. Figure T
is a répfoduction of their diffuse scattering maps for NihMo‘quenched
in iced brine from lOOOOC; In fhis fhe outer cdntours at (l%O) are
s'lightly_belor‘lgated towards the (100) and (210) positions and similarly
for other equivalent'{i%O} spots. In order to resolve this apparent
discrepancy isointehsity contourvmaps'wére drawn 6n an isodensitracer
from a nuhber»of diffraétion ratterns of thé queﬁchedvsamples of .
NihMo and Fig. 8 shows one such. The original map‘usesba color code
for the reiative intensities and Fig.>8 has beénzredrawn from the
original for easy re?roductioﬁ. .The relativevintensities are in. "
arbitréry units. On this map the positions of the Dla and the NiQMo_
superlattice reflections are also marked. It can be seen that the |
maﬁ is’very siﬁilar to the X-ray map in Fig. 7. Héré, the diffuse
intensities near.eaéh of the'{I%O} ﬁositiohsvgre pot exactly the same
because the optic axis being at the origin (000), the deviations of |
each ofvthev{l%O} spofs from-the exéct Bragg positionsbare different;‘
Howevef, the distribution of'diffuééfintensity in Fig. 8 suggests

tha£ there may be ﬁéak scatterihg presehf ~not only at the Dla positions
“but also af:the superlattice posiﬁions_corresponding_to the.NiQMo‘ |
structure. The observed énhanced'scattering of.(i%O) spot . towards

(100) ana (210),poéi£ions'in [001] pattern isvmost likely té be due tg

the presence of weak scattering near the Ni Mozspdts. In order to

2

check this several other reciprocal lattice sections were examined and
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Fig. 9 svh;:ws' a [I30] section. The diffuse peaks observed in this
pattern aré not entirely due to the weak Dlg spots aé was-réported_
earliér by Okamoto and Thomas..8 Careful.measureménts show that the
centér of these diffuse ﬁéaks do not lié eiactly.at thé pbsitions
where the Dla.spots ought to occur. It cah be seénkfrom Fig. 5b
that thefprbjection of the {1%0}‘spots on tb the [I30] reciprocal
lattice section'lies_very close to that of the Dla spots. The diffuse
peaks at. A in Fig. 9 are, in fact, eiongated towards the préjection
éf {1%0} spots and have fhe shape oﬁtlinédvby dottedblines in Fig. 5b.
Thus , thg diffuse Dla péaks are not isolated frbm the'diffuse {1%0}
S.r.o. maxima, but merge together with them. Tﬁe diffuseiscattering (Fig. 9)
near 'B' is different f?om that ét 'A? and haé two Qings on either.éide

(marked by arrows) that extend towards the positions of the Ni_ Mo spots

2
[Fig. 5b]. This shows that in addition'to the diffuse scattering near

- Dla positions, there must be scattering near Ni_Mo positions. This

2
has never been reported before. This was further confirmed by examining

Mo spoﬁs and no

a [110] section [Fig. 10] which contains only the N12

{1%0} s.r.o. or Dla spots. The arrows in Fig. 10a point to the weak

peaks that appear at the Ni Mo positions as indexed in Fig. 10b. It

2
must be pointed out that the detection of such weak peaks depends very
much on ﬁhe exposure time. In the underexposed plates these may be
missed altogether, and the presént invesiigation éxposure times up to >.
10 minutés (with a well—défocussed sécond condensor lens)-wére necesséry
to bring'out.the details.. The reason_thé Xeray results (Fig. 7). do

- not show any diffuse scattering near the Dla positions is not gquite

clear at present, but could be due to inadequate X-ray counter



annealing the-NihMo and Ni
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resolution. Thus, in the quenched state NiLMo samples exhibit weak
scattering near Dlévand Ni

oMo superlatticeVPOSitibns coexisting with

much stronger scattering at'{l%O}_. The scattering at Dla and NigMo

. positions are not isolated peaks but emerge from the‘{l%O} peaks

that lie close to it.
3.1.2. ’§13Mo: The equiiibrium Lro structure df_NiBMo has been

determined by Saito and Beckl7’to be orthorhombic and isotypic with

5 — Pmmm). The stotchiometric

Ni_Mo also does not have a true T, and decomposes peritectoidally

3
at 910°C to a + NiMo (Fig. 2) and is disordered f.c.c. at high

that of o?dered Cu oh

Ti (space group - pi3

' températures in the single phase region. On fast quenching from the

single:phase fegion the decomposition to Ni-Mo can be suppressed.

14,18

It has:been mentioned that the s.r.o. state Qf Ni_ Mo is similar

3
to that of NiuMo, but no detailed study as to whether ény weak super=

lattice peaks are present‘or not has been done. During the isothermal

2Mo'phases appear as metastable phases at

én early stage and finally the equilibrium Ni_Mo forms. Thus, it

3

would be interesting to see whether any weak supeflattice spots
are present in the s.r.o. state or not and if so of what type.

Figure 1lla shows a [001] diffraction pattern of Ni3Mo quenched

into iced brine from 1270°C. This pattern is similar to that of
Nith (Fig. 6). Here the diffuse scéttering appears to extend from
one {I%O} position to the neighboring ones in the form of an arc,

that passes through the Ni2Mo position. . This means that the diffuse

scattering near Ni2Mo position mayfbe'mdre prominent in.Ni3Mo than

in NiuMo. The fact that this is so can beﬂseénvby comparing the
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oMo spots are

[110] section of F_‘ig.; 11b with Fig. 10a whel;e 'oni‘y.Ni
.present. The [130] diffraction pattern (Fig. 1llc) of Ni3Mo'is also
similar to that of Ni;Mo (Fig. 9). Here also the diffuse scattering ,
at A is'elongatedvtowards the projection of {l%O}es.r.o. spot and

that at B is smeared out towards the neighboring Ni Mo positions.

2

In all the sections examined no evidence for difque scattering

near Ni_Mo positions was obtained. Thus the quenched state of NiSMo

3
is similar to that of NihMo and there is weak scattering present
near the superlattice positions eorresponding to the Dla and NigMo
structures in addition to the_{l%O} peake. Although it may be

surprising that stoichiometric'Ni3Mo_does not show Ni_ Mo superlattice

3

Mo and NijMo superlattice spots, the reason this

_spots but rather Ni2

may be so wiii be discussed later. Hence, in the Ni-Mo system as the
stoichiometry changes from NihMo to Ni3Mo the diffraction patterns
of the guenched samples do not change very much except on increased.

scattering near Ni

2Mo positions with increased Mo content.

Now the question arises as to whether these quenched samples
repreeeht the s.rfo; state above Tc or not. ItviS'quite poéSible
that some 2.r.o0. might haﬁe been induced during the quenchvitself. Ih
many ordering systems the development of z.r.o.;state is associated |

with the appearance of tweed contrastlg’zo

in the images of quenched
samples show that there is hardly any tweed contrast developed in

NihMo (Fig. 12), whereas in Ni_Mo there may be some weak tweed contraet

3
(FIg. 13). The different images were taken with different T vectors
operating in order to distinguish the tweed contrast from the surface

roughness. The weak tweed contrast observed in Fig. 13 for Ni3Mo

el
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_could-be due to the small amount of ordering induced because of

quenching from a higher température of 1270°C;” At,higher temperatures
therequilibrium thcentration of vacancies will be higher which may
aid in enhancing Qrdering during the quench. -Even though there is

a slight»incréase in the degree of order in Ni3Mo'compared to NiuMb,

the diffraction patterns are basically the same. iThus, we believe

that in thg S.T.0. étate these Ni-Mo alloys do ¢ontain weak scattering
near NihMo aﬁd NigMo superlattice positions. = This will be further
Suppofted by the results to be discussed in‘the next section. In
fact,vﬁo proye conclusiveiy fhat these weak superléttice feflections
are present in the s.r.o. state it is necessari to examine at tempéra~
ture‘éiffraction ﬁatterns; In the Ni;Mo system,‘Sincézthe disordering
temperatures are rafher high, at temperature eléctfon diffraétion
studie§ are nofvvery helpful because of the eQéeééiVe thermal diffuse
scattéring; Thué, the Au—Cr and Au—Mn systemsbthat h;ve relatively
lower'Tc were chosen forﬁhigh témperatufe electron diffraction studies,
to see whether there are any weak superlattice refiections co-existing
with {1%0} maxima. |

3.1.3.- Au3Cr: The equilibrium £.r.o. structure of Au3Cr is not

definitely known and the phase diagram of Au-Crvsystem shows (Fig. 1k)

that an.ordered phase may be present belbw_‘330°C; However, it has
been,established3 that in thin films it transforms to Dla supersfructure.
S ) _ .

Current'experiments on bulk alloys show that the L.r.o. structure is

. . ' ' 1
not Dla but the exact structure has not been identified’yet.2 Thus,

the thin film and the bulk alloy may behave differently similar to

22 ‘ o : - .
Au3Mn.- In the present study s.r.o. state was studied both in the
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thin films'and:in fhé bulk alloyé. Since fhe important crystallographic
féatures of Dla structure have beeﬁ described. earlier, they need not..
‘be repeatéd here.
Figure 15a and b show the [001] and [I30] diffraction patterns

respecti&ely, dbtained from a thin film of Au3Cr, affey aging for
67 hours at é?OCC. Thé patterns consist'ofbsuperlattide-reflections
vdue to Dla strﬁcture (see Fig. 5);vt5géther with‘tﬁé'weak spots thét
are due'to the dogblebdiffraction. The_spots marked 'T' in Fig. iSb

are due to the fiﬁe {111} f.c.é; twins that are invariablylpresént
" in such epitaxially grown thin_films; As the o?derea structuré
was heated fhe Dia spots suddenly beééme weak and the fl%O}'s.r.o.
Spots'appeared around 330°C. This temperéture is the same as'that

3

a good check on the'compositiOn_bf the thin film as mentioned earlier.

reported by Tanner et al.3 fbr Au Cf. This critical temperature was

Figuré 16a shows a [001] diffraction pattern obfained after holding
for 30 minutes at 330°C + 10°C. Diffuse peaks can be seen at (130}
positions. 'Accuféte.measuréments.ofsfhe.size and shape'of-{1%0} spots
on eﬁlafged prints show that it is triangﬁlar shaped with fhe edges
extending towafdsvthe neighboring Dla supefiatt&éé_positions,,-In-factv
the area of the triangle covers alszt the entireba}ea outliped by
‘the. dotted lines in Fig. 5a. Figure 16b shows a [130] pattern taken
at SYC?C, ,Simiiar to the_caée.éf.NihMo, here’alé@ thevobserved'diffuée
peaks'(marked by arfows) are not entirely dué to the weak Dlé Spéts
but are eiongated'towards'theIprojeCtién Of_{léﬁj épots.and,hgve the _
shape outlinéd by dotted lines in Fig. Sb. .Sd“hére agaiﬁ the diffuse

Dla peaks are not isolated from the diffuseA{l%O}'maxima, but merge
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togethef with them. This gives riSe to a tetrahedral.distribution'
of the: dlffuse S.7.0. scattering centered about the {1—0}, but |
enveloplng the Dla posltlons.

It has been reported3 that the ordering reaetien in bulk Au,Cr
is very sluégish and does not show any evidehce'of'g;r.o; even after
annealing'for 550 hours at 270?0; ‘Thus; on fast'quenching from above
Tc it should be possible to retain the S.T.0. state_without inducing
any ¢.r.o. In order tp}check this ahd also to compare the high tempera-
ture resulﬁs described above on thin films with that of the bulk, samples
of Au3Crswere quenched from various tempefaturésfabove Tec. Figufe 17a
and b shqw‘[OOl] and [130] diffraction patterns respectively obtained
on specimens that were water quenched from 550¢cf These patterns are
- very similar to the high temperature electron diffraction patterns
shown in‘Fig{ 16. The {l—O} spots in the quenched samples (Fig. 17a)
are sharper compared to the at temperature diffraction patterns
(Fig. 16a), but the shape remains more or less the same. The [130]
pattern (Fig. 17Tb) is also identical to the hiéh temperaturevpaﬁtern
shown in Fig. 16b. Here again the diffuse peaks.near Dla positions
elengatedtowards the {1%0} spots. in addition to the diffuse peaks
there are exfra spots due to»reifods from the (111) and (200) reciproeal '
lattice points abo{re and below this section.

Iﬁ'Order to arrive conclusively at the shape of the'{l%O} spots  :
some -other reciprocal lattice sections Were also examined. Figure 18af
shows & {121] pattern, that has been indexed in Fig.;le. bThe symbols
used in»indexing are the same as ih'Fig. 5. The Dla pos1tlons marked

3 and &4 in Fig. 18b are espec1ally 1mportant in determlnlng the shape
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of'{l%O}.5pots. Diffﬁse péaks can bé.observed near these and its.
- equivalent positions. They are elongated in thé ;210> directions
shown by the full and dotted lines on the indexed'pattérn and are x ,
shifted in the direction”of thé arrows shOwn; which.pdint towards |
the projecfion of the'{l%O} spots. The diffusé-scattering near the. .
Dla positiéns such as 1 and 2 aré difficult to'diétinguish from thé
broad diffuse 4{:1%0} spot that lies very close to it. Based on the
information gathered above a three-diménsiohal reciprocal'lattiée
model of the s.r.o. state was constructed and Fig. 19a shows the
intenéity distribution around each'{l%O} position. It can be seen
that each {1%0} spot is stretched out into two‘tfiangular shaped | » é
sheets of intensity that are normal to each other. For comparison
the three-dimensional reciprocal lattice of the fully ordered Dla
structure is also shown in Fig. 19b. It is clear fhat ﬁhe shapes of
the {1%0} s.r.o. spots have resulted from the presence of weakvscattering
ﬂear thé four Dla positions sufrounding it.

. The comparison of these results of quénched bulk samples witﬁ
that of the at température diffuse scattering fesulﬁs show that no
2.T.0. haé béen induced in Au3Cr during the quénch. The ordefing

reaction is so sluggish that even the thin films that were cooled from

above Tc just by switching off the furnace show difffaction_patternsf

that are no different from those obtainéd on quenched samples.

‘Figure 20a and.b show such diffraction pattérns from é thin film V,' : ' ;
Qooled from hOO°C, which aré identical tb those in Fig..l7 obtained | i
from quenched bulk samplés except‘théﬂinténsity of thé'{l%O} spots

may be slightly highér inrthe slowiy cooled samplé. Thésé résults

conclusively show that wesk scattering is present near the Dla
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superlattice.reflectiéns in the s.r.o.'statévabove Te in'AuBCr. On
this basis it is quite reasonable tofassume that in'thé Ni-Mo alloys
also weék-scattéring is préééﬁt néaerla anvai2Mo éupérlattice
positiéné in the s;r.o. stété abo&é Tc; Thé fast éﬁénching may

have just slightly enhanced their intensities.

3.1.L4, AﬁgCr: The équilibrium 2+.T.0. structﬁré‘of AuhCr has béenv
established23 to be Dla aﬁd on héating it disordefes to f.c;c. structure
around 32500 (Fig. 14). To the author's knowledgev£heré has been no
report .of the‘study of the s.r.o. staté above fc; but one would expect
it to belave similar to thevsystem Au3Cr. In'Qrder‘tovsee if £hey |
exhibif diffuse scattering centered éround’{I%O}_poéitions; similar to

that of Au3Cr, thin films of AuhCr were examined above Te. In the

' fully ordered state the diffraction patterns were identical to those

in Fig. 15. On heating to a temperature above-Tc (7325°C) the Dla
éupéfiatfiée spots vanished and were replaced by aiffuse {1%0} spots.
Figﬁre521 shows ‘a [001] diffracfidn pattern taken at 340°C. This |
pattern is identical t§ the at tempefature diffraction pattern of

AuBCr shown in Fig. 16a. The triangular shape of the {1%0} spots

eitending‘towafds the Dla positions can be clearly‘seen. Examinatioﬁ
of othér;feciprocal lattice sections aiso showed that the shapes of
the diffuse {1%0} spots in Au) Cr. are identical'fo;thaf of AusCr and 1
shows diffuse scattering near Dla bositions._

Thus, like the Ni-Mo alioys where both Ni_Mo and NihMo are similar

3

in s;f;o.Jstate, the Au_,Cr and AuhCr alloys are similar in the s.r.o.

3

state although the 2.7.0. structure of Au

30r in bulk alloys may. be

different.



3.1.5. AyV: The alloy AuhV also possesses Dla structure23 in the

fro state andvthis structure exists over a compoéition range as can

be seen .in the phase diagram in Fig. 22. The stoichiometfic AuhV has

a criticai température of 565°C'ahd is fce aboveATc. So far there has
been no report of the eléctron diffraction study of ordef-disorder
transformation in this systém. Since this syétem is d&sostructural with
NihMo and Auhcr it would be inféresting whether it behaves similarly

in the srqlstate or not. In cother words whéthér it exhibits diffuse

sro peaks at {1%0} positions and_whether there are any weak supérlattice
reflections. present or not. Figure 23 shows a [OOi] electron diffraction
pattern of a bulk sample quénched in iced brine from 900°C. Wéak peaks
can be qbservéd in this pattern at'{léo}'positions (marked by arrows).
There is an enchanced scattéring of eachf{l%O} spot towards the neigh-
boring Dla’positions. As a matfer of fact the diffuse intensity extends
beyond_the.Dla position towards the fundaméhtai fcc'Spoté. Examinat;oﬁ
of othervfecipr6cal lattice sectioﬁs such as [121] and [i30]vis consistent
with this observation. The reason for this is‘not quite élear at present,
but in any caserthe important observation is that diffuse scattering i§
present.near the Dla positions. Althbﬁgh no diffraction patterns were
examined at fempefatures above TC, cémparison with the results on Au3Cr
suggesté that the quenched state represents the sro state above T,, fairly
‘ well in this alloy. Thusﬁthe Sro state.in this alloy is véry similaf :
to that in the Aﬁ—Crvallost

3.1.6. Au3Mn: The system AuMn shows a DOpp stfucture [élso described

3
as a long period superlattice of the type L1y (M=1) i.e. an antiphase

derivative of CusAu structure where an APB is introduced at every unit

-
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'celi] ﬁith long bériod stacking modulations, in the bulk matérialgzvand
in thin films it has a two-dimensional long period superétructure
~analyzed by Watanabe.?h. Thé'alioy Auth shows Dla structure both

in the thin films>’ and in bulk.?? In addition to these two a number
of ‘other structures have Beén'found22326 iﬁ.betwéenbAu3Mn and AujMn.
Figure.eh‘shows the Au-rich portion of the Au-Mn phase diagram. The
hexagonalkof phase occur526-at'23.8%Mn; and thé o' phase has the

27

Watanabe type two-dimensional long period superstfgcture. In addition
to these;Morris et al.28 reported two complicated structures AuBMnI, an
orthorhombic metastable phase, and Au3MnII; a tétfagonal phase; at thé

stoichiometric Au3 ‘ .

conditions. Thus in this narrow composition range between Au3Mn and Auth

Mn composition, depending on the heat treatment

at least six different structures exist at various éompositibn. and
'temperafure ranges. Thi$ makes this system Very interesting for sro
study, in order to see whether the diffuse scatteriﬁg above T, shows
any'evidence for thé‘présence of Weak.superlatfice;reflections corresponding
to aﬁy of.the‘complicated ordered structures obse?ved below Tc.

Figure 25(a) shows a [001] diffraction paﬁfern from an evapofated

thin film of Au_Mn showing only the Watanabe typévtwo—dimensional long

3
period supeérlattice and Fig. 25(b) shows a similar pattern butcontaining
additional Dla spots, indicating aimixture of AuuMn and.Watanabe type, 
Au3Mﬁ. Aszmentione& earlier tﬁe stfﬁéfure of these Au—Mn alloyé is

very sénsitive to:composition and depgndipg on composition it ié possible
to get a mixture of both Dla and Watanbe type’tWO-dimensiénal long pefiod
superléttice structures. In'thé pfesent case singe the composition of the
thin films are unknown it is quité likéi& thét thé f£iim corrésponding. |

to Fig. 25(b) has a different composition than the film c¢orresponding
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to Fig. 25(a). The [001] reciprocal lattice section corresponding -

to the Watanabe type structure is shown in Fig. 25(c), where the filled

small circles are the'superlattice spots cOrresponding'to the two-
dimensiogal long périod supérlatﬁicé with périodicites my (iiai—) and

my (= ;42); Here a*; and a¥, référ to the réciprocai lattice iectors

‘and Ml and M, correspond to the periodicities in real space in a1 and

ap directipns respectively. .That is; in réal space thé periodic APB's
occur‘étievery Mj and Mé unit'célls in thé alvéna‘aQ directions reépectively.
The valﬁes of M1 and M, measured from the diffraction patterns Vére

found to be 1:2 and 2-3 respectively; which afé'close to those obtained

by ‘/Jat:a.nbe.gh The occurrence of these supérlaﬁtice reflections in the
two-dimensional long period superstructures and the significance of_-

non~-integral periodicities have been reviewed by Sato and Toth29

and
need not be discussed heré. In addition to the superlattice reflections
fhere are weak satellites presént (marked by small open circles) which
are thought?h to arise from the,lafticé modulatidns such as variation.
in lattige spacing or scattering factor and hence have the same periodicity
of the APB's. Figure 25(b) shows some additiOnal'streaks joining pairs
of superlattice spots, such as A.and B [Fig. 25(c)], the origin of which
isvnot quite clear at presenﬁ. |

In order to examiné the_sro state; the two different kinds of
orderea states, one containing the two-dimensionalIbng_périod sﬁperlattiée
[Fig'ZS(a)] and the other.a mixture of Dla and Watanbe type strUcturév
[Fig. 25(b)] were heated ébové T, £o examine the.differences in the
diffuée‘scattering behaviors, if thére is any. During heating it was
observed that the Dla spots disappeared compléiély around 450°C and only

the Watansbe type structure remained and Fig. 26(a) shows a diffraction

i
|
1
|
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pattern taken at 4L50°C. This pattern correspondé to the film that

contained a mixfure of Dla and Watanabe type strﬁcture in the ordered
~state before heating [Fig. 25(b)]. The streaks are still present at

- this temperature. On further heating to 475°C all the sharp superlattice

reflections vanished and wére replaced by diffuse scattering around {1%0}

positioné and Fig. 26(b) shows the.pattérn taken at 500°C. The samples

_containing only the Watanbe type ordered structure, such as in Fig. 25(a),

showed diffraction patterns ebove T, that were identicél to Fig. 26(p).
Thus fhevsrb state- above T, in these samples containing different initial
ordéred structures are identical. Although.thevactual compositidn of these
films are upknown the low To("k75°C) suggests that.the composition is

closer to Auth than Au

3Mh. It can be seen from Fig. 26(b) that the

'diffuse‘intensity is not so much concentrated around {1%0} as was

observed iniAu—Cr and Ni-Mo élloys, but is faifly spread out in the <100>
direcﬁions.. Measurements shoﬁ that the diffuse intensity extends. from
the superlattice position marked P [Fig. 25(§)j fb that marked Q, which
shows thaf'there isvdiffuse scattéring present near most of the supef—
lattice reflections>in.Fig. 25(c), excép£ those near A and C and their
equivalent positions. If there is any scattering present near A and

C it must be very weak. The shape of the diffuse scattering is quite

different from that of Au.Cr and shows no enhanced séattering towards

3
the Dla positigns. There is also no diffﬁsé scattering observed near
the sa£eilite positions.of Fig;;25(c>.

Thus the‘diffuse scéttéiing“results abqvé T, in thin films of Au~Mn
alloys of cbmpositions betWéen 20-25 at%Mn sho&.thevprésénce of weak

scattering near most of the superlattice reflectipns of the Watanabe type . .

two-dimensional long period superstructure.
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3.2: Development of LiR.0> in Ni-Mo Alloys: As méntionéd earlier,
thé diffréétion gnd microstructural stﬁdiés at fhé_?éry éarly étages
of the developmént of fro are véry helpful in undefstanding the

sSro state;' In this study thé détailéd study of the dévélopment of . "y
2ro was réstricted to Ni-Mo alloys, as this system.is particularly
interéStingubecause of the discovery ofvweak NiQMo superlaftice ’ - i
reflectiqns in the sro state, both in Ni3Mo and in NihMo.

3.2.1; §i3¥2; The isothermalvaging studies of NiéMo were carried
out at 650°C aﬁd all the results to bg described'bélow correspohd

to various aging times at this temperature. The choice of this
temperature is based on pfevious s%udies on NihMo,8 which indicate
that aging at 650°C is associated with some interésting diffractionl
effécts at the initial stages whereas ordering feaction at high i
temperatures (~750°C) is extremely fasf and tﬁese diffraction effects

are missed altogether.

The aiffraction pattérns and the microstfuétures of the as quenéhed
alloy have been described eérlier in Figs. 11 anq 13. In the as quenched
conditioﬁ it was not péssible to obtain any aéfiniﬁe images by dark field:

:imagiﬁg the {1%—0} spot. On aging for 30 mins. fhe {1%0} spots becbmé
sharper as can be seen in the [121] diffraction pattern in.Fig.'ET(b);
For thé sake of coﬁparison a éimilar diffractidn from the.as quenched | . .
alloy is shown in Fig. 27(a). In addition to thé sharpéning of fl%O}
spots,‘pronouhéed diffusé streaké can be séen in the <210 directions.
Thé {1%0}_spots still éxist aftér_aging for 1 hour. At this gﬁage;

it is possible to obtain definite dark field images of the {1%0} spots
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and Flg. 28(a) shows a dark fleld mlcrograph of the" {l—O} spot encir-
cled in the diffraction pattern in Flg 28( ). The'brientation of the
foil is [120]. The microdomains are about SO—MOZ;in'diameter and
appear as a,random array. It can be seen.from the'diffraction pattern
that the v{l-zeL-O} spots are associated with diffuse Streaks similar to
that ohserved after 30 mins..' .of agi_ng in [121] pa;tite:rn [Fig.. 27(v)].
‘The dark field image of {1%0} spot in Ni3Mo in Fig. 28(&) is similar

to that'obtained by Ruedl et al.gin quenchedPNihMo. In the present

study on N1 Mo and in the previous study on Ntho,a it was not possible

3
to obtaln deflnlte dark field images of the mlcrodomalns using the
{1—0} spots in the quenched condltlon This 1mplies that in the quenched
condition the degree of order within these microdomeins is very smail
andvonbaging for short time the‘{léo} spots become g little sharper
asvthe degree of orderbincreases. The microdomainsdobserved by

Ruedl et al. in quenched NihMo could have.been due to a slower quench

in their samples compared to those employed in the present study. Never-
theless, the fact is that microdomains sre visible in the dark field
micrographs of.{l%O} spots, when the.superlattioe reflections are still
very diffuse snd weak , even though it is quite 1ikely that a part of

the diffuse streak nay also'contribute to the dark field imsge; It is
“to be notedlthat at this stage the microdomains do not hare a well-
defined shape and have a rather dlffuse boundary

On prolonged aging the {1—0} spots dlsappear ‘and the Ni Mo and

Ni)Mo superlattice spots become stronger. Flgure 29(a) shows a-[OOl]



diffraction pattern obtained after aging for L hours..fThe'pattern

con31sts of superlattice reflections from both Ni Mo and Ntho phases

2
as 1ndexed in Fig. 29(c). The N12Mo reflectlons appear to be arced
towards the nelghborlng Ntho reflectlons with the main dlrectlon of
streaklng belng <llO>, Whereas the Ntho reflectlons are streaked 1n:‘
<210> dlrect;ons. The streaklng of NijMo spots, in thls case after

L4 hrs. of aging; is similar to that obtained by Okamoto and Thomas8
in NihMo after 5-10 mins: of aging at the same temperature; implying

a slower kinetics for the decomposifion of Ni.Mo cbmpared to that of

3
NijMo at 650°C. There is also some intensity that appears to be
present near the'{I%O} positions (marked by arroﬁs)'and is elongated'

in <100> directions. This intensity is not due.to the presence of

{1%0} spots (as they do not lie precisely at {1%0} positions) but.ariSes
from the relrodsvfrom the other two NiuMo_Spots'phaf are also streaked
in <210> dirgcﬁions end lie at positions 5(002] above and below this
[001] reciprocal lattice section [see Fig. 5(a)]} "Thus, they extend
from {1%0} position to the projection of the NijMo Spofs, along <100>
directiens. ~On further aging the NihMo spots become rounded as can be ’

seen in Fig. 29(b), whereas the Ni Mo spots are still arced. The

2
previous study on NihMo has shown that.the streaking_of NihMo superlattice
spots in <210> directions is not a shape factor effect because the

streaking is asymmetrical and the dark field images show equiaxed doma&ins.

This streaking of Dla.spots in <210>_directions was explained to be

due tovthe presence of non-conservative APB's on {420} planes. If ther




APB's afeVSpacéd périodically then one would obéervé satellitéé, as
mentionéd béforevfor Au3Mn stfucture;'but if the séacing is irregular
thesé saté;litesvwiil be broadened intd‘stréaks{ On'aéing for longer
timés, whén these non—consérvative APB's, whichihavé>a relativély
highér énérgy than thé consefvative APB'é; are éliminatéd and‘the
streaks Wili disappéar as seén in Fig. é9(b). Hoﬁever; some of them
may still remain and it will be Séen later that thé& give riéé to |
very wéak streaks. AlthpUgh the NihMo spots are not Streakéd after

aging for 49 hrs. [Fig. 29(b)] the Ni,_Mo spots are still streaked.

2
This makes.it doubtful whether an eXplanation based bn APB's, similar
to that of NihMo can be appliéd to Ni2Mo or not. vIn order to see the
actual reason for the arcing~of NigMo spots and_to_détermine their

- true shape several other reciprbcal latticé sections were examined

for varibus'agingvtreatments. Figﬁjés 30 and Bltshow [130] and [1P1]
reciprbcal lattice respectively; It can be seen from Fig. BO(a) that
the NiQMp spots [as indexéd'in Fig. 30(c)] are stfeaked along <210>
direction and not along <110> as was abparent from the [001] pattern.

A dark fiéld micrograph of the NieMo-spot [aé shown. by the position

of the objective aperturé in Fig. 30(a)] reveals that the Ni Mo domains
havé_alplaﬁe-like.shépe forming on (héO) pléne. Thus;‘the'stfeaking

of NieMoiSpoﬁs in <210§.diréctions*is 8 frue shape'factor’effect due -
£0 plate;liké domains; The'[1§O]_diffraction pattgrn in Fig. 30(a)

also contains some qdditional relrods from the NihMo spots whose posiﬁions

are shown in Fig. 30(c) by open squares. Their intensities are fairly .
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strong becgﬁse they lie very close to this section_aﬁd-are stiil
elongated. The [121] sections (Fig. 31) further confirm that the
Ni2Mo spoﬁs are stréakéd aloﬁg <210> diféctions.v Figures 31(a) end
(b) show_thé”diffraction'pattérns after 4 hrs. and 1k hrs; of aging
reSpéctively{ Out of thé threé variants of NigMo thst are ?résént,
each oné iS'stféaked in different <210 diréctions. Thé variant
marked by open triangle [Fig. 31(5)] is streéked'in_a <210> direction
that intefsects the [I21] section at an.angle and so this spot appears

slightly elliptical [Fig. 31(a)]. In fact, the streaks in the <210>

directions appear to extend continuously from one reciprocal lattice

point to another [Fig. 31(b)] with maexima at Ni,

Now after establishing that the NizMo spots are streaked in
<210> difectipns due to a shape factor effect we can examine why in
the [OOlj diffraction pattern the streaking appears tb be along s110>.
It was mentioned earlier in Section 3.1.1 that the NigMo structure
has a two-fold degéneracy with respect to.stacking sn {420} planes,
for exam?le, stacking on (420) and (2L40) gives rise to the same

variant of Ni.Mo [Spot 'A' in Fig. 29(¢)]. Thus if plate-like

2 .
NieMé.ddmains form with equal probability on (L420) and (240) planes

the NiMo spot at 'A' will be streaked both in [420] and [2L0]

2
directions, as shown by the thick lines [Fig. 29(c)]. Since these
two directions are faifly close to each other and the streaks are
fairly wide, these two streaks are not discernible from each other

-~ in [001] orientation and give rise to an apparent streak in <110>

direction and an arcing towards the neighboring NijMo spots. However,

Mo and NihMO’pOsitions.
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the_[léo] éection cohtains oﬁlj one direction bf thé.stfeak as can
be séén'from the trace in Fig.'29(c) and it is péssible to seé that
the Ni2Mo spots are, in fact; stréaked in {210> directions. Simiiar
is the césé with [121] orientation ﬁhoée tracé oﬁ'[OOl] séction is
the same as that of [130]. These résults show that it is absolutély
nécessafy té éxaminé cértain partiéﬁlar reéiprocal 1atticé séctions
such as [120] énd [121] in ordér to revéal thé'origin of thé diffraction
éffects'associated with NigMo spots, or else erroneous conclusions
may be drawh. |

, The NiQMo and NihMo phases appear to coexist for.a ldng time
and Fig; 32 shows the structure obtained after 163'hrs. of aging.
Figure 32(3) and (b) sh§w fhe'dark field microéraphs of Ni Mo and

NihMo.spots, marked A and B respectively inlthé'cbrresponding diffrac-

Mo particles

tion pattern in Fig. 32(c). It can be seen that the Ni,

are elbngated normal to [éiO] direction [Fig, 32(a)], whereas the
NihMo_particles are more or less equiéxéd.‘ In Fié. 32(a) some NihMo
particles are also imaged,'becausé the NihMo spot 1ies.very'close .
to the Spot A. The diffraction pattern‘[Fig.~32(é)] shows that the> 

Ni2Mo spots are still fairly elongated along <210> directions and

there is a weak streak running.along <210> direction continuously

'from_one éuperlattice reflection to the other. If this streak is

due to a'shapé factor effect of the NiEMo phase;,this‘would mean that

the Ni, Mo domains are only a unit cell thick, whereas the dark field

2

micrographs show much thicker domains. Theforigin of this streak
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cén'bé exﬁlained as due to the’présénée of APB's in NigMo whigh give
rise to a monolayer thick NieMo. An antiﬁhase bogndary model that
can account_for this sffeaking as well‘as the resulfsion NihMo to be
describéd in nekt section will bé presented later.iﬁ Séction 4.3,
On'furthér aging'thé NieMo and NihMo phases_diéappéar and the
equilibfigm_Ni3Mo phase appears. Figuré 33 shows the fuliy prdéréd
structure of NizMo obtained after aging for Ehh'hrs;. Sévéral thérmai‘
APB's can‘be séen in oﬁe singlé domain in thé bright field micrograph
in Fig. 33(a) and also in the corresponding dark fiéld micrograph - ‘

[Fig. 33(b)] of (200)N superlattice reflection.: The diffraction

e .
pattern from this area is very similar to that shown in Fig. 34(a).
This shows & sihgle domain of NiBMo and ﬁo double diffraction spots
are seen. The reflections obey the eitinctidn fuie.that all reflections
with h + k = 2n + 1 have iéro'structure factor and are absent. The
orientatiqn relationships between the Ni3Mo(Y) énd fcc phase (f) can be
derived as»féllows:
[100]Y // 11011,
[o10] /7 [11n],
| [oo1l, // [121]f
» Thus , the stoichiometric Ni3Mo first decomppses_to twb_métastabie 
phases NieMo and NihMo. Ih the initial siages'of deoémpqsition the |
Ni Mo phase forms plate—like domains on {420} planes that give rise

to pronounced streaking in the diffraction pattern, whereas the

NihMo phase does not form plate-~like domains but still shows streaking
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in the diffraction patterns in <210> directions. - At intermediate

stagé of.aging thé.stréaking of NihMo spots disappegr; whéréas those

of NigMo_spéts.remain: On proiongédvaéing both the metastable

phases NigMo_and NihMo are replacéd By»thé equilibfiﬁm»Ni3Mo.

3.2.é. gigggf The previous study8 on the initial stages of ordering
shows that intereéting'diffraction effects ére assoéiétéd with short
aging times (5 ~ 10 mins) at 650°C and so no attempt was made to repeat
the preVious observations. In this study main emphésis was on the
microstructﬁral cﬁaracterization ﬁith respect to thevpresence dr

absence of Ni.Mo pahse. Because the discovery of weak scattering near

2
Ni2Mo positions in the quenched samples, as discussed before, makes
one suspicious that this phase may be presenf as a metastable phase,

similar to the case of Ni_Mo. The aging treatments.were all done at

3 .
650°C, as before.

Figure 35'sh§ws the_microstructure after aging.for 2 hrs. In
Fig. 35(a) the typical tweed contrast, Characteristic of the high volume
fraction of misfit particles is seen. In this [012] foil, as seen
from the“cbrfesponding diffraction pattern in Fig..35(c), the directions
of the situations apﬁear to céincidé with the projections of (101) and
(T110) Plénes respectively,:similér to1thaﬁ obsérved in'Cu—Be.30 This
type offcoﬁtrést has beénvobserved egrlier iﬁ NihMo and has been
found8 to_éhange contrast with the opéfating reflectidn; very similar.
to that of Cﬁ—Be. Figure 35(b) shows the dark field micrograph of

one variant of NihMo superlattice reflection, encircled in the diffraction
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pattern of Fig. 35(e). The indexing of the diffraction pattern is the

same as tHa¢ in Fig. 30(e) and no Ni_Mo spots are apparently visible. .

2
The dark fiéld micrograph shows domaihs of about 704803 in diameter
and it is iﬁtéresting to noté that these domains align up in a way
that foliéwé closely fhé contour.of the"twééd stfiationsf The

small arfows in Fig. 35(3) and (B) point to the iééntidal.positions

in the im;ge and if is seén fhatrthé domains of the ﬁarticular

variant tﬁat is imagéd do not révérée contrast [Fig.'35(b)] exactly

at the same position where the black tweed striatién is in PFig. 35(a),
but align up nex£ to the tweed striation. This aiignment of domains

can be further seen at a later stage of aging and Fig. 36(a) and (b)

show a bright and dark field pair obtained after aging for 8 hrs.

The foil_orientation is [121] and the corresponding diffraction pattern’

is shown in Fig. 36(d) where the foil has been slighfly tilted from
the strong two beam caSevin Fig. 36(&5 to obtain £his more symﬁetrical
diffractién pattern. Here agein the directibn.of thé tweed striationé
[Fig. 36(a)] coincide with the trace of (101) plane. The dark field
micrograph [Fig. 36(b)] of one variant of the.NihMo_superlatticé
reflection [marked 'B' in Fig. 36(4)] shows an alighment of the dbmains
more'or'lgss in the diréction of the tweed striationg. Some'typical‘v
areas are marked by arrowvs. Thesé results showvthat the ordered
domains are not in a random afray of particles bgt are arranged in

some ordéred fashion in three diménsions. At fhis_stagé it is not

possible to describe further the exact nature of thé_orderedvarray;
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Figure 36(c) shows a [001] diffraction pattern containing two
variants of NijMo superlattice reflections [see Fig. 29(e) for
indexing]. In addition to the NihMo‘supeflattice:fefiections there

2Mo superlattice reflections present, as marked by

are also‘ﬁeakrNi
the single arrows. This pattern is very 51m11ar to the pattern

obtained from Ni Mo [Fig. 29(b)], except that Ni,Mo reflections are

2

very weak. Similar to the case of Ni3Mo, the weak NigMo spots are
arced towards the neighboring NihMo spots. There are also some

L 1002]

relrods (markedvby double arfows) from the NihMO.SthS that lie )

above and below this reicprocal lattice section. In the [121)
diffraction pattern [Fig. 36(d)] it can te clearly‘seen that the
different variants of the NigMO reflections are streaked in different
10> directions. The indexing of this pattern is similar to that
in Fig. 31(c). Here the <210> streaks are elongated continuously
from one snnerlattice reflection to another witn'a maxima at the
NigMo poeition, eimilar to the weak <210> streak observed in Ni3Mo
at a later stage of aging (Flgs. 31 and 32). This means that the
Ni Mo .phase exists &s very thin- platelets whose thlckness is of the
order of a unit cell. There are also some weak double diffraction
‘spots preaent (marked by double arfows), from the different variants.
of thevNihMo reflections;v itvmust be pointed'outathat the detection
of these weak Spots‘dependsvﬁefy much on' the eiposnre time, foil

contamination, etc. In relatlvely thicker f01ls, these weak Spots

are difficult to detect at lOO kv because of the presence “of the Klkuchl
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lines or bands. The:: préséncé of tﬁe Ni2
was also detéctéd at other aging tréatments'at 6SO°C; and Fig; 37
shows thé diffréction pattérhs from two extreme c0nditions; At the
early stagé of aging [Fig. 37(a)] the diffuse streak in the <2105
direction ié pfesent; which passés through thevNizMo_positién, but

2 . .
 earlier in Fig. 36) the Ni

the Ni Mo péak is not so distinct; A£ the intermediate stage (shown
. 2Mo peaks aré clearly récognizable and on
prolonged aging up to 24 hrs. ﬁhese NigMo peaks in the <210> streaks
do not grow.into sharp superlattice reflections and-the pattern
remains»esséntialiy unchénged, as'seeﬁ in the [l2l]v§att¢rﬁ in

Fig. 37(b). This pattern is slightly underexposéd, fut still the
.<2lO> streaks can be seen énd the NizMo peaké can be clearly seen on
the negati#e. Figure 37(e) shows a [120] pattefn after 24 hrs. of
aging, Which is very similar to Fig. 30(a) and he?e also the NieMo
peaks (ﬁarked by-arrows) can be séen, Since these 210 stresaks

'tthugh’the Ni Mo reflections do not vanish even after aging for

2

24 hrs., it implies that the Ni Mo phase does not grow beyond a

2

thickness of a few atom layers. It will be shown later in Section 4.3

that this monolayer thick.Ni Mo phase arises from the presence of

2

nonconservative APB's on {hEO} planes in Ni)Mo phase.

Aging treatments beyond 2k hrs. is dominated by the heterogenéous -

reaction at the grain boundaries and Fig. 38 shows an example. The
heterogeneous reaction starts at the gfain»boundary and advances

into the next grain (D). The structure inside the heterogeneous

Mo superlattice reflections

i
i
|
i
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componenf (c) contains a dense array of dislocations and APB's.

The disiogéﬁion pile ups in gfain D indiéate.fhe stféss field

ahead of»the.migrating interface. It is interééting to nofe that
this heﬁefogeneous reaction doéévnot start at the twin boundary as
seén in Fig. 38(b). Here; the lower gréin 1is iﬂ_[lio] orientation,
whereas the upper grain 2 is in [ilh] orientation and the hetero-
geneous: component is.migfating into grain 2, but.thefe is no

' heterogeneous component_at.the twin boundary marked T.' The tweed
éontrasf is‘seen in grain 1 where a strong [220] beam is operating.
In these’héterogeneously decomposed areas neither the <«210> streaks
nor any'évidéhcé for‘NizMo phase was obtained. Similar heterogeneéus

31 and it has been found that

reaction mode has been observed in Ni,V
this heterogenéous reaction at thevgrain boundary is the predominant
- decomposition mode aﬁ lower temperatures. 1In NihMQ'aged at 650°C, the .
'heterogéneous decompositionvmodé becomes predominanf,only after

2k hrs,'ahd until then the domains grow to é size df about 100% and
also thé degree Qf order within these domains increases. On the
other hand fhis heterogeneous décomposition was ndtvobserved in
Ni3Mo'uﬁ§il 163 hrs. of aging at the same temperatufe of 650°C

and after 2LL hrs. fully ordered Ni Mo was obtained. It is possible

3

that the»Ni Mo phase heterogeneously'nucleated at grain boundaries

3
and migrated into the matrix containing NigMo and NihMo phases.,
The important observation on NihMo isvthe presence of weak

superlattice reflections corresponding fo Ni2Mo phase. The pronounced



sﬁreaking of Ni

;Mo reflections in <210> directions imply thet this - j

phase arisés from the présencé of non consérvative‘APB's on {h20} planes
of NihMo'ddmains. At.a latér stage of aging hetérégénéSus reaction. 
starts at thé grain boﬁndary and this héférogeneously nucléated phase
migratés'from-thé grain boundary into the whole.gfain. There is no
NijsMo phase present in thé‘fiﬁal équilibrium Nij Mo phasé.

3.3. Summary of Experimental Results: The most impoftant results

.of this investigation can be sﬁmmariiéd as folloWs: v : : - j
(a) In tﬁe Au-Cr alloys, in addition to the {1%0} sro peaks, diffuse
superlattice'fefléctions corresponding to Dla strﬁcfufe ére obsérved
both in the as quenchéd state and at temperatures  above Tc;

(v) The.AugV system shows diffuse scattering near{l%O} as well aé Dla :
positioné in the as quenched state. ) |

(e) At temperatures above Tc the diffuse {1%0} ﬁEaksvin_Au—Mn alloys
apbear to extend to most of the superlattice reflections 6f-the;two |
dimensional’long reriod supeflattice of Au3Mn.

(a) The'as quenched Ni-Mo allqys show weak péaks at Ni2Mo positions,‘
in adaition to the Dla and {120} pesks. | |

(e) The stoichiometric Ni3Mo first decoﬁposes to metastable NiQMo and‘;
Ni)Mo phases. The Ni Mo phase forms as plate-like domains on {h2d}. |
planeé but the Ni) Mo does not. On ?rolonged aging both Ni_Mo and NihMo . !
phases.ére replaced by Ni3Mo. : ' _ ' . vv _ L _ ~;

(f) The stoichiometric Ni Mo also shows the presence of a small amount of

Ni Mo domains. At a later;stage of aging at 650?C heterogeneous -reaction

takes over and no Ni2Mo phase is present.
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Iv. DISCUSSION-
The'results of the sro alloys presented above show conclusively

that in the systems that exhibit diffuse {1—21-0} sro peaks, there is

additional weak scattéring present near the superlattice reflections.

These sﬁperlattice reflécfions are not ;solated from the {1%0} péaks'
but_merge with the néighboring {l%b} bééﬁs. Thé éuperlattice
reflectioné:that'are obséfved in the sro state ih‘a-particular alloy
cdrrespond to one or more of the ro phases that appear in that
system,valthough they maj 6r may not be the equilibrium fLro structure
at that particular c0mposition._.Forvexample iﬁ_the Ni-Mo alloys

weak scattering is observed near NihMo and Ni, Mo superlattice positions

2
both of.which'appear at some stage or other in ﬁhe fro state. 1In
Au;Cr aﬁd Au-V alloys weak scattering appears ngar.Dla.positions which
is aléo"the siructure in the ro state. 1In thiﬁ fi1ms of Au—Mn alloyé
diffusé'scattering appears neér Watanébe type superlattice positions
whiéh is also one of thé structures that are observed in the ro state
in tha£ ¢5mposition range:‘ Thus, 'in different systems the {1%0} peak
assumeé different shapes, so as to give rise to scaftering near these
varioué superlattice positions. Now,'first an attempt will be made to
account for the various shapes of these4diffuse.{1%O} spots by using
thé statistical thermodynamic médéi~of Clépp and Mosé.5 It will be
showh‘fhat this model in its présént féfm is uﬁabie to_éccount for

all the features of the observed diffuse scattering and then it will

be examined whether the structural interpretation of the sro state can
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explain the Observed shapes or not. The occurrence .. of the Ni Mo phase

2

in stoichiometric Ni_Mo and NijMo alloys will be justified thermo-

3

dynamically and also interms of a structural model.

4.1. Statistical Thermodynamic Model of SRO: In the high.temperature
approximationbof the statistical thermodynamic model developed by
Clapp and Moss, the diffuse intensity,'I(E) at any reciprocal lattice

. e .
point, kK, can be written as v

-1
o v®

(%) = ¢ |1 - -
T vk

where Cbis a normelization constant, T, is the éritical temperature‘
for order;disorder transition, T is ahy temperature above Tc where the
diffuse 5cattering.ié measured, and V(k) is the Fouriér transform of
the paifwise interaction potential. vFor avfcc crystal, coﬁsidering
the interaétion potentials Vi's only up_to third nearest neighbbrs

. .
V(k) can be written as,

2 3 3 11

V(k) =,th [Cos ﬁhl,_Cos 7h, + Cos ﬂhQCOS mh. + Cos- mh.Cos mh.,]

+ 2V, [Cos 2 mh, + Cos 2 1h, + Cos 2 1h

1 2 3]

+ 8V3 [Cos 2. mh,Cos: mh Cos: wh, + Cos 'nthoé 2 mh,Cos m h

2 3 3

]

+ Cos ﬂhg

2
Cos’ ﬂh3

where-{hl; hé’ h3} are continuous varisbles in reciprocal spacé. V(Em)

corresponds to the value of V(K) at that poéition in reciprocal lattice,
Km’ where'it takes an absolute minimum value. The intensity I(g)'has

a peak Where V(K) goes to a minimum and in the present case, since we:
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afe'conderned with the diffuse pesaks at'{l%O} positions, the wvalue of

L o =o0. N¢w'using equation (1)

V(km) is the value at hl =1, h2 =5, 5

we can-calculate the diffuse intensity at any point in reciprocal

. : v : Y Va ~
space for various values of the ratios vg and vé'and then plot out
R | ) 1 1 .
isointensity contours. The limits over which the ratios vﬁ and v;
‘ Sl 1

‘can be varied for the minima of v(k) to occur at {l%O}have been

calculated by Clapp and MoSs5 and is shown in Fig; 39. A computer
program was written to plot out the isointensity contours for [001]

reciproéalvlattice section with ?fg 7 and 7o as the variable parameters.
‘ 1 1 '

Iso-inténsity contour maps wWere plotted for all'posSible values of the

2 s : . . . .
ratios v—jand vi- within the enclosed triangle in Fig. 39, keeping a
B 1
constant 55 = 0.95 close to the experimental value. No matter what

valueé:of the ratios of the interaction pﬁrametefs:were chosen, it was
not posﬁible to match the computed shape with the tetrahedral shape

of {l%ﬁb}éro spots in Au~Cr alioys [Fig. 19(5)] aﬁd'also in.AuhV. In
the cése'of NihMo, Clapp - and Moss tried to match:the computed curves
with the‘X—ray reéults of Spruiell and Stansbury . [Fig. T] and obtained
a good:agreemeﬁt. But as pointed out earlier,’thé X-ray results failed
to detect any scattering near Dla positions and so also the computed.
curves; fSimilar attempﬁs wefe madé to obtaih avmatch for Ni3Mo and
Fig. LO shows the best possible match with thet of Fig. 11(a), by

T v v :
using TS :_0.95,.v§ = 0,4 and V% = 0.00. The intensities are in

relative units. Here, although the diffuse scattering near NieMo'

positions is reproduced well in the!computed curve, it is still not -
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possible to obtain any scattéring néar Dla posifioﬁs,' Thus; by
using only the'first threé nearest neighbor intefaétion parametérs
_ Vl’ V, and V3 it is not possible to accoﬁnt for the diffuse scattering
that is present near‘the Dla positions in thé sfo stété in sevérél
alloys. It‘may be neceésary to inéorporaﬁe highér neigﬁbor (>3) inter-
action péfameters in order to fully aécount for the shapes of {1%0}
sro diffﬁse scattering, which.implieé that long rangé inter-atomic
interactions are necessary.

The .shape of the {1%0} spot in Au3Mn [Fig. 26(b)] is quite
different from other Systems and is in the form of a cigar elongated .
along 100 . The theoretical diffusé scattering map obtained by

v : )
Moss and Clapp6 for Au_Mn using Vg = +0.08 does not match very well
' 1

3
with our expérimental result. A better match was obtained by using
, Y, V3 .
a large negative 3= = -0.7 and 7= = -0.2 as shown in Fig. 41, On
" 1 1 S

the basis of this agreement between theoretical and experimental
shape of {1%0} spots in Au3Mh and the apparent agreement in NihMo
Clapp and Moss ruled out the microdomain concept of sro for these

alloys, and said that the sro state can be best described by the

statistical theory. The present results show that the theory fails to

3
the diffuse:scattering in Ni;Mo alloys. This theory also fails to

explain the sro state in Au,Cr, Au Cr, Ay V and the fine featurés of

explain scme of the features of the diffuse scattering observed in

Cu-Au alloys in the sro state. For example the weak splitting observed

32,33 3L 35"

in the diffuse scattering in Cu3Au, . in CuAu and in CuAu3
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sfructure is an antiphase derivative of the L1

S =h3-

above T, canndt be»reproduéed:from the theoretical calculations from

this model; In the following section it will be shown. that the

structural model can account for the observed results and at the
same timé”gives a better physical description of the sro state than
the statistical theory.

4.2 Structural Intergretation of the SRO State: Any structural

model for the sro state in_the systems investigated has to account
for the preéence of all the weak superlattice reflections observed

and

and the 1%0 5pot. There are two structures, namely the DO22

0-

L1, (M= 1) that give rise to superlattice reflections at {1%0} positions

in the fcc reciprocal lattice. Figure 42(b) and (d) show the unit

cells of these two structures.'_The'ng(M =1) of‘also known as DO,

2(Cu3Au) structure

[Fig. k2(a)] where an APB occurs.at every unit céll. Similarly

LlO(M éii) is obtained.by introducihg an APB at every unit cell of

the LlO'(CuAu) structure [Fig. 42(c)]. A perfectly ordered DO,
structure exhibits éuﬁerlattice péaks at {1%0} and also at 100
positibnsvand the experimental results do rot. show any diffus¢ peak»
position. .It has béeh shdwh8 that if there existé é sinusoidai compo-

sition fluctuation within the DO,, structure the {100} reflections

are extinét and thus the diffuse. sro peaks at {1%0} positions has beén 

explained to be due to‘the presence of such imperfectly'ordered
_micrddomains in fhe=sro stéte. It’may_seemvthat it is equally likely

that the‘éro state may have microdomains with le(M ='1) structure, , 
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which also givé rise to péaks at'{l%O} foéitions,sbﬁt this structure
is rarely observed in the ordered allo&s and ohiy recently Lin et al;36
have indicated that this structure miéht exist in Au;hO at %Pdvalloy:
Moreover fhe LlO(M = 1) strﬁcture corrésponds to a stoiéhiometry of

50 at% solute and so its probability of occﬁrfencé will bé less than

the D022lsﬁfucture containiné 25 at% éolute; inlfhe composition range
investigated. Thé présence of LlO(M = 1) type,miérbdbmains corresponding
ﬁo 50 ét% solute at this 25 at% soluté concentration will necessarily
mean a very large composition fluctuation to eiist: Although it may
appear. to be difficult to decidé as to‘whethér thé_microdomains possess

DO,, or L1 (M = 1) structure, the reasons given above and the additional

0
' reasons td be discussed shortly it is more likely that fhe imﬁerfectly
orderea microdomains with DO22 structure.are responsible for the diffuse
{;%0} spots. |

The bresénce of weak scattering présént neér'Dla positibns in
-Au

Cr, AuhCr, AuhV, NiLMo and Ni_Mo in the sro state can be due to

3 3

the presence of microdomains with Dla structuré.' In the NihMo and Ni3Mo

allbys there is additional diffuse scattering preseﬁt near Ni2

Mo positions

which implies that there are microdomains with NigMQ type superstructure.

3

there may be a larger volume fraction of NiQMo type microdomains present

Since the intensity of NieMo spots is greater in Ni_Mo than in NiuMo,

3

from the difference in Molybdenum contents in these two alloys. Since

" in Ni_Mo than in NihMo. This is in accord with what one would expect -

no superlattice reflections at NisMo positions were detected, theré may
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not be any microdomains present with Ni_Mo structure, although this

3

is the equilibrium fro structure of stoichiometric’ NigMo. Thus, it

. appears thét in the sro state Au.Cr, AuhCr and AuhV alloys contain

3
‘predominantly microdomains of imperfectly ordered DO22 and Dla

3MQ addifional microdomains of

Ni9Mo type structure will exist. The reason why Ni Mo type micro-

structures,'whereas in Ni) Mo and Ni

domains do.nbt.exist in Au~Cr and Au-V alloys'is probably because

there is no ordered phase in theéé systems with NieMo type structure.

Thé atomic size effects may also be very importaﬁt iﬁ deciding
Vhat‘structures will exist in fhe sro state. Thé'fhree structures

D022, Dla and NigMd are very clsoely related to éach other aﬁd it has‘
been shoﬁﬁ”earlierg'that D022‘structUre can be dérived from Dla by

simply intjdducing a periodic distribution of {hQO}'%<liO> type APB's.:
It w111 bevshown in the next séction“how the NiQMo phase can be

similarly dérived from NihMo and vicé—versa. In fhe sro state above -

Te if the diffusion is fast enough, tipy regions Vith these various

types of ofdered structures may.be continuously fbrming and disappearing
in order to establish an equilibrium distribution. .Statistically, |
there exists a finite probabiiity for some other closely related
structures to exist other than the above three, but their volume fraction
may be:very'small to givébfise to any appreciablefdiffréction effect. |
The degree of order within théée;variousrtypes.of microdomains must
bevvery iow as it was‘impossible to réverée their coﬁtrast in;the dark“

field of these diffuse spots. On quenching fast_enough from above
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Tc, thé high.temperatufgdistributiqn of varioué types of,microdoﬁaiﬁs
is essentially retained and depending on the guenching rate the degree
of order within these microdétmains may‘be slightly enhanced'as is re~
flected in the iﬁtensities of Dla spoté in diffraction patterns of quenched
Au_Cr cdmpared to those taken abové_Téﬁ Thevevidence for the presence

3
of various types of microdomaeins is primarily based on their diffraction

effects.” Although.the'dark field micrographs do ﬁot reveal directly tﬁe
microdoméins Wheﬂ the spofs'are very diffusé, tﬁey”do reverse contrast
for res;ective_microdomains aftér short time agihg when the degree of
order has increased slightly.  TFor example the microdomains observed in
-‘Fig. 28(a) by dark fielding thé'{l%O} spot togethér with the stréaks_may
consist of predominantly Imperfectly drdered DO22 regions.

The_aboye discussion leads us to propose a.structural modei of the
sro stéte that is different from the classical ﬁicrbdomain concept wﬁére
the structure of microdomains was simply assumed to corréspond to the
equilibrium Lro structuré. vIn this modified microdomain coﬁcept thevsro
state consists of not oné but several types of microdomains whose.étruc—
tures do not necéssarily~correspond to thé équilibrium fro structure. In
same cases, as in Ni_Mo, the eguilibrium fro st}ucture may not exist at

3
all in the sro state. It has been mentioned earlier that Clapp37 has

nsed a Probability Veriation Method (PVM) derived earlier by him,>° to
determine the complete frequency distribution of nearest neighbor con-

figurations for a number of cubic alloys from their experimentally
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detérmined sro parameters;. He used'thé'word "cluster" in the general -
sense of thé térﬁ to mean a groﬁp of atoms A and B afranéed in some
ordéred fashion, and has beén terméd ﬁmicrodomain"jiﬁithis thééis., he
calculatéd the "enﬁancement'factor," defined as the ratio of a cluster's
.populationfin the sro state to its population in an ideal random allby‘
of the sam¢ composition, and also the percent of:atoms in the lattice
of & givéh kind (say A or B), that have that pa?ticular cluster
'configu?ainn. His calcuations showed that the'mOst enhanceq con-
figuration relative to the random state often cdrréspoﬁded to the.
perfecfly ordered state, although its volume fraétiqn may be very
small.: There\were also departures from this simple expectation,
althouéh.it is not clear how many caséé (if any).feéult from data
limitationi His'calculations on Au3Cﬁ (Ll2 st?ucture) show a raﬁher
Surprising fesult that tﬁe most enhancéd clusters are the LlO (Cuhu)
type and the fourth most enhanced clgstérs are‘Cu3Au typé. Unfortu-
'nately5 for the systems investigated in this Vérk theré are no
three-diménsional-sro parameters available and so”éuch:probability
célculaﬁions cannot be performed.. Héwever, there are some three-
dimensiona; sro parameters‘available 39 for Wi f‘lO‘at% W, which is’,J 
quite_similaf‘to the Ni-Mo alloys. Clapp's calcﬁlationsho using thesé_
bsro parametérs of Ni - iO af% W‘Show'thé most‘énhénced cluéter to be |
D622 typej> The hextk most_enhancéd cluster is the Dla with one misﬁaké
ie one'atom is in'thé wrong place as comparéd to the perfectly |

ordered state. It is not unreasonable t0 expect a similar distribution
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in Ni-Mo alloys and so the previous chqice for Doeévﬁype microdomains

to be présent in the sro staﬁe of Au-Cr, Au—V% and Ni-Mo alloys inéteaa'
of LlO(M =.l) type is justified. Fuftﬁermoré, thé pr0posed modification
of the ﬁiCrodomain concept of sro is in 1iné with Clapp's théoretical
calculations..

Thé résults of diffusé scattering.iﬁ Au3MnICan also be explained'
qualitatively by struétural models. Thé cigar shaped 11%0} sﬁots give
rise to diffuse scattering at the superlattice réfléctions P, Q, R, S
and their equivalent spots [Fig. 25(¢)]. The superlattice reflections.

in Fig. 25(c) can be thought of as formed by the splitting of the

"reciprocal lattice points with mixed integefs hy, ho, and h3, the splitting

m . mo v .
distance being i'§l'along [thO] and * 52 along [Oho0], which arise
: a* a*

from the presence of periodic APB's at every M (=._£ ) and M, ((2) cells
) 2

along the respective directions, as described earlier in sec..3.l.6.

At temperétures abdve To» if there exists'microdomains_with'the Watahaﬁe
type structure, but withoﬁt any fixed periodicities M; and My then there
Will be no strong superlattice réfléctions, buf.a bréad diffuse scattering
near posifions corresponding to all possible péfiodicities that are L
present as observed in Fig. 26(b). The superlattice reflections such

as at A and C [Fig. 25(&)] that arise from the periodicities both M;

and M2vmay be washed out if none of them are definité; and ipstead show

a very ﬁroad SCattéring néar all poésible combinations of Ml and_Mz, |

which may be difficult to detect above the backgrouhd level. Since

the origin of the satellites in Fig. 25(c) is most likely to be due




i _)49_ |

‘to pefiddic lattice modulation 6r composition modqlétions in the

ré statg,'these will be‘completély washed out in the sro state because
thén thére will be hardly any such périodic modulétién présént. This
éxplains.fhe‘abéence.of any scattéring near satellite positions above
Tc. Thus the diffusé_ééattériﬁg in Au3Mn caﬁ also bé accounted for
by the'prééénce.of microdomains.with Watanabe type gﬁructuré.

| .Thé presence of the microdomains of such long period Watanabe typé

structuré in thé sro state would ﬁecéssarily impiy that long range
interatomicvintéractions aré presént. This would cénﬁradict the usual
idea of short range'intéractions being présént ih fhe sro state. The
Justification for long range inteféctions being ﬁresent in.thersro state
haS'been given by Cowieyhl and it hés beén arguedithat the presence

of flatvregions on the Fermi surface give rise to iong range inter-
atomic interactions. Mossye and Hashimoto and Ogéﬁa33 have tfied to
explain the.diffuse split spots in Cu-Au alloys;.énd”also Scéttergood

et'al.h3

haye tried to explain the diffuse scattering in Cu-Al

alloys in terms of these flat regions on the Fermi surface. Although
the presence.of flat regioné on the Fermi surface can explain some of
the obsér&ed diffﬁse STro scatteringAin many systéms, the structural
aspeét of'the érovstaté should not be neglected.. On the other hand

the presence of long range interatomic,interactiénS'séppérts the idea
that microdgmains with Watanabe typé long period sﬁperstﬁrcturé may be B

present in sro Au-Mn alloys. In all these descriptions of the micro-

domains it is notvat all implied that they possess the perfectly orderéd
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structufe, But an imperfectly ordered structure within which the degreé
of order may be very. low.
4.3. The Formation of Metastable Ni Mo Phase: In this section we will

try to give some thermodynsamic justificatioh for the occurrence of the

metasta?le NiQMo and NihMo phases at stoichiometfic.NigMo compositions.
Usually. during the decompositioﬁ.of a.supersaturated solid solution ifv
the structure of the final equilibrium phase is'hot.simply related to:.
the parent phase a metastable phase may form. In some cases, it may go
through,sé&eral transition phases before the finai equilibrium phase is
reached as is well known in Al-Cu system. The.struéturé of NiBMo is not
Very simply related to the fecc o solid solution.. On the other hand,
are very simply'

the three fcc based structures NijMo, Ni Mo and DO

2 22

derived’from the basic fecc unit cell as described earlier in Figs. 3, 4
:and L2 reséectively. Recently Richards and Cahnuh-haVe outlined a pro-
cedure for'deriving ﬁhe ground state of binary 6rdering alloys as é.,
fuﬁctiqn of composition and the second neighbor_interaction parameter V.
The ground state for_a given basic crystal structﬁré, composition and V
is the state‘that has léwest cpnfiguratibnal energy. Thé energy'of‘

as a function

QMQ and DO22

of composition of solute B (C) and the first and second nearest neighbor

mixing (E) for the three structures NihMo, Ni

interaction parameters (Vl and V2)bcan be written as,

v . ' -
E __3_3- 2 o< C<
o=~ 53¢ zc(vl)for_o.z C<0.3 (-,2)

For NihMo,
— 1




. A : : :
.—E—'— = - .-3- — - -3— —-2—- . < < . )
T, 5~ 3C -3 (Vl)for 0.3<C<0.k ‘ (3)
. For Ni Mo —=—= - BC+—J—3C(—)fomﬂW<c<a33 (k)
_ o NV, P v, _
. E - 3, vé 1
For DO, ﬁ‘\q = (-3C + ;;) - (v—l—) (3C - 5) ‘f.or 0.25< €< 0.375 (5)

Using these equations the energy of mixing was calculated for the

: A _ » , v . o
three structures for different values of the ratios vg'and Figs. 43 (a) -
- , ' | 1V )

(c) show some typical results. It can be seen that for vg-= 0.1, the.

D022 structure has the lowest configurational energy and NihMo the next
v ‘ - : .

~lowest and then NizMo. As vg-is increased to 0.4 the energy of Ni
. 1

becomeéilower than NihMo.v The main result that comes out of these cal-

2Mo,

culatioﬁé'isbthat the energies of these three structures are very close
.to.each.othér‘for a ratio of gf-bétween 0.k and 0.5. If we>recéll the
results of'cdmputed diffuse scatteriﬁg msps fo ‘Ni3
theory,vit.will be seen.that.d ratio of Vf-= 6.H.gave reasonablg a%;eement
with the;experimental diffuse'scattering results.  Thus the ratio vf-:

3Mo and:fdr this valﬁe the cpnfigurational

energies for NigMo and NihMo almost dégenerate at 25 at. % solute [Fig.

Mo using Clapp-Moss

0.4 is a good estimate for Ni

h3(b)j, and that of D022'is slightly lowér; Because of the approximafions
involved‘in arriving at tﬁe configurétiopal enérgies3 there may Be an:
error 6f 10-15% in the estimated ?alues, and so it is rather difficul£

to say yhicih, of the three structures. Doézv, NiQMo and NiuMo,‘ha's‘ the
loweét enérgy. All we can really say is that the energies of the three
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structures are close to one another. Of these three'Dng structure being
the simplest may nucleate first. Thebmicrodomainsvobserved after short
time aging predominantly consist of Imperfectly ordered regions ef'DO22

“with somevNiuMo,and Ni2Mo. On further aging local composition fluctuations

may contihuously transform the DO regions to NigMo and NihMb that have

22

similar energies., The st01chlometry is easily balanced if both N12Mo

and NihMovform simultaneously side by side. This explalns why N12Mo and

NihMo coexist together during decOmposition of N13Mo. Similarly the

presence of NiQMo phase at NihMo composition caﬁ be explained because
the configurational energies of the two structures degenerate at 20 at. %
solute. {(the stoichiometric NihMo composition)., The similar configurational

energies of DO structure with those of NiQMo_and'NihMo further support

22

the earller choice for the Imperfectly ordered DO type microdomains to

22

be responsible for {l —-O} sro'spots, rather than the L1_ (M = 1) type.

0
Apart from the thermodynamic reasonings, a close examination of

Mo can be present 1n '

the two structures NLZMO and Ntho shows why N12

NihMo, It has been shown earlier8 that the DO22 structure can be formed
from Dle,bj introducing APB's of the nonconserrative type. In a simllarv
manner ﬁigMo structure can also be created from NihMo. Figure'hh shows
an example where an APB of the type (h?O)%{lOl]ehas been introduced on
the (h20) plane in the fully ordered Dla structure.' Thevnotatlens used
are the saﬁe as those in Figs. 3 and U, Therihfroduction of such as

APB is equlvalent to removing two layers of {420} planes containing‘pﬁre
Ni atoms. A comparison of the area in.the vicihity of the APB with

Mo type, as if

Fig. 4 shows that the structure locally transforms to Ni2
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there is a platelet of'NigMo on (420) plane with'a_thickhess of 3d) .-

Some of these local regions may act.as.nucléi for NizMo phase and may
gZrow or some nay stay as such, .Thé~obsérvation_of the weak.<210> streaks
extendiﬂé from one superlattice refléction tb another with a maxima at
jMo and in.Figs. 36(d) and 37 for

NihMo can now be explained to be due to these thin plate~like NieMo regions

the NiQMd position in Fig. 32(e) for Ni

formed Qh:{hQO} planes. The NiLMo structure can be formed in a similar
manner from the NizMo strﬁcture by'introducihg éﬁ APB of the type

(hQO)%{lOlJ as shown in Fig. 45. In the stackihg“df (420) planes near
the APB,.heré there are five pure Ni planeé in between the two pure Mo

planes, which is typical of Ni) Mo structure (Fig. 3).

boL. The Origin of Twéed Pattern: Although the tweed sfriations ébserved
in Figs.-35, 36 and 38 hehave as if the displacément vector § is prin-
'cipally”aloné <110>, the exaét origin of the tweéd is not quite cleaf.
In théléu—Be‘alloys this has been thoughtso to arise from the high eléstic
anisotrbpy of copper (A = 3.2).. The elastic ahisotropy isirepresenfed

by the anisotropy factor (A) given by

A=G / G

<100> ¢ ), (8)

=20y, /(Cyy = Cpp

<110>
‘where G§100> and G<llO$ are the shear modulii for»{lOO}<OlO> and {110}

<110> respectively and Ci are the stiffness constants. In Cu-Be the

J
tetragonal distortion associated with the disc shaped GP zones give

rise to elastic shear strains on {110} planes, because of this elastic
anisotropy of Cu and these elastic shear strains give rise to striations

~parallel to {110} planes in the images. For nickel the anisotropy

factor is also high (A = 2.5), but it is not certain whether the tweed
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contrast ih'Ni~Mo alloys can aléo bé attributedi§o elastic aniSotropy}

: Receﬁt wbrkh6 on computer simulation of electroﬁ transmission images'has
questioned thisrorigih of thé tweéd and_the théoretical calculations-
show thét fhe primary origin of the-tweed:striations mayliie in somé
form of'ordered arrangement of.the~misfit particleéxand the role of
anisotropy may not be so important. _The.éhiéotropy‘is, of coﬁrse, im-
portanf ip deciding the habit plane of the-particiés énd when a cubic

»éarticie precipitates in a cubic matrix the-partiples usually have a
{100} hahit if A > 1. The results of this stud& leﬁd good sgpport to‘v
the.origin of the tweed striations as being some périodic arrangement
of the prdered domains. In the very early stages of ordering when the
strain‘is ninimum the partigleS"may bé random [e.g. Fig. 28(a)] and_at;

~a later stage when thE'misfif is high and so also the strain energy

the pafticles arrange in an ordered array so as té minimize the strain,

thus give rise to the tweed.
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V. CONCLUSIONS

1. The high temperature electron diffraction pattérns-of Au Cr and

3
AuhCr'abové chshow a tetrahédral inténsity disfribhtioﬁ around
thé'{l%O}vpositions which gives risé to diffusé écgttering at Dla
pos{tions. vThe Compgrison of thé as quenched sﬁéte with diffraction
patterns”fakéh above TC show that thé sro sfaté iSféssentially

retained on quenching in this alloy.

2. Thé diffractioﬁ'pattérns of AwV in the sro state also exhibit“.
‘diffuéélscattering at {1%0} and Dla positions. |

3. The diffﬁse scattering iﬁ Au3Mn above Tn giveé rise to an intensity
distribution centéred around {1%0} in suchia way.that weak scattering
is pfeSent near mbst.of the Superlattice'refléctiéns cprfeSponding
to.Wataﬁabe type two dimensional long period éﬁperstrﬁctuﬁe.

4. The sro state of NihMo and Ni:Mo.show diffuse_scatteringbnear

3
Dlg ahd.NiéMo.superiattiée positioﬁs in addition to that at {1%0}
position. |

5. The stétistical thermodynamic‘model df Clapﬁ and Moss is unable
to exﬁlain the shape of {1%0} spots in Au-Cr and'Au-V alldys but cah1
explain the gross,fésturesvof diffuse scattering in'Au—anéﬁd Ni-Mo =
alldys. ' N

6. ‘The microdomain concept isvvalid in génerai, bpt the sro sfate
may nét COntainvonly one type of mcirodomain. vThe sr6 state ié

best described as a mixture of imperfectly ordered microdomains withj

various types of superstructures in different proportionS. The sro



Au-Cr and‘Au—V alloys contain predominantly imperfectly ordered

22
ordered DO Dla and Ni

DO and Dla typevmicrodomainsf_ The Ni-Mo alloysvéontain impérfectly

Mo type microdomains whereas Au-Mn alloys

2’ 2

may cohtain miérodomains with a strucﬁgfé qlosé to:that of Watanabe
type lbngvperiod superstﬁucture;b)On the whole it is éoncluded that

the structﬁral model givés a better physiéal désgfibtion of the sro-
staﬁe‘and ét the sémé timé accounté'for the>obsef§éa.diffuse scéttering
resulfs;_ | | |

T. Both NizMo and NihMo phases occur as metastable phases, during -

‘the initial stages of decomposition of Ni.Mo, where NijMo forms as

3
plateliké'pérticles'on {420} planes but NihMo is‘more_or'less eqUiaxed.
8.v The;NiEMo phase also occﬁrs as a metastable pﬂase during thé
decomppéition of NiuMo, but its volgme fraction is restricted.

9. A structural model based on the presence_ofiﬁon conservative

Mo'in Nith and vice-

APB's, shows that such APB's are nuclei for N12

versa.

. 10. Thermodynamic calculations show that the energy of mixing’ofv

NieMo;phase is very close to that of NihMo and this explains why this’

NieMo phase occurs as a metastable phase.

11. The origin of the tweed structure during ordering is most probably .

due to somé sort of ordered arrangement of the domains and the aniso-

tropy of the lattice may not be so important.

— ._-.4.._4}‘:«..“___
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FIGURE CAPTIONS

Fig. 1.  Ca1ibration curve fér tﬂe Siemens hot,sfége.

.ﬁig. 2.i‘féftial phase diagram'of the ﬁi-Mo sys£ém{.

Fig. 3. Tﬁe crystal structure of ordered Ni)Mo Ka) the body centered
tefragonal unit céll és_rélated to thé disordeféd fee lattice,
(b) at6ms on thé'(OOl) piané,-thé'full circles»represént atoms on
thézerqthlayer and'thé opeﬁ circles repfesenﬁ'atoms'on a layer %
above or below. _

Fig. 4. .The cristal stfucture of ordered NiéMqv(aj the orthorhombic
unitbcell as.derived from the original fcc lattice (b) atomic
baCking'onb (OOl) plane.

Fig. 5. (a) [001] reciprocal lattice section containing Dla, Ni,Mo,

2
{1%0} sro spots, (b) [I30] recipfodal lattice section.
Fig. 6. [001] diffraction pattern of NijMo quenched in iced brine from

- 1100°C.

O}plane

Fig. 7. The X-ray diffuse intensity at 86°K in the{hl3 h2,

ofvreciprocal space for a sémplé of NihMO Qﬁénched from 1000°C in
iced brine (after Spruiell‘énd Stansburyl).

Fig. 8.;.Iso-intensity contour map of the‘[001] electroﬁ diffraction
péttern of quenched NihMo. The dotted line‘quﬁlines the portion
tfécéd.

Fig. 9. [130] electron diffraction pattern of quenched NihMo..

Fig. 10. (a) [110] diffraction pattern of NiuMo,_:

(b) the indexed pattern.

- Fig. 1l. Diffraction pdtterns of Ni3

Mo after quénching in iced brine
from 1270°C (a) [001] pattern (b) [110] pattern (c) [I30] pattern

Fig. 12. (a) Bright field micrograph of quenched Ni) Mo (b) another area

with g<220>.
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Fig. 13. NigMo after quenching from 1270°C in iced brineb(a) B.F.

gloo21; (b) D.F. 30031, (c) B.F. 2[113], (&) B.F. 2131,
Fig. lH.VPartial_phase diagram of Au-Cr system. - . |
Eig. 15. Eyaporated thin film of.AuBCr after aging for 67 hrs a@ 270?0
(a) [001] orientation, (b)‘[i30] oriéntation; L
Fig. 16. (a) [001] diffraction pattern of AuCr film taken at 330° i!lO°C

3

(b) - [130] pattern of same Au
Fig. 17. Electron diffraction patterﬁs of bulk-Au3Cr after quenching in

Cr film taken at 370°C.
water from 550°C (a) [001] pattern (b) [I30] pattern.
Fig. 18. (a)l[lél]rdiffractioh pat£érn of bulk Au.Cr, quenched into water
(b) the indexed pattern.
Fig. 19. Three-dimensional reciprogal lattice mbdels of Au3Cr showiqg
(a) the distribution of diffuse sédtteringvin.the sro étate,
(b) thé six variants of Dla in fhe fro state.
, Fig. 20. Diffraction.patterns of ﬁhin £ilm ovau3Cf slowly cooied from
Lo0°c (a) [001] (b) [Iz0]. | |
Fig.in; [001] electron diffraction pattern of thin £ilm éf AuyCr
taken at 350°C. . |
Fig. 22. Partial phase diagram of the Au-V sysfém,
Fig; 23, [001]_diffractioﬁ pattern of bulk AuyV guenched in iced b?ine
from 900°C. | o
Fig. 24. Au-rich portion of the Au-Mn pﬁase diagram.
Fig. 25. (a) [001] diffraépion pattern of evaporated thin film of AuMn
showiﬁg two-dimensional long period superstructure (Watanabe tyﬁé)
(b) another [001] pattern showing additional Dla superlattice épéfs
| (¢) sketch of [001]‘pattern.cofrequnding to Watanabe type structure.
Fig.v26f (é) [001] diffraction pattern of orderéd thin fiim‘of'AuBMn taken

at ¥50°C (b) the same pattern as (a) but taken at 500°C.
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3Mob sample'(a)vafter

quenching in iced brine from 1270°C, (b) afterISUbsequent aging

Fig. 27. [2121] diffraction patterns of Ni

for 30 mins. at 650°C.

Fig. 28. Microstructure of Ni_Mo sample after aging for 1 hour at

3

650°C, (a) dark field'microgfaph of the {1%0}_spot encircled in

(b), [120] diffraction pattern corresponding to (a).

Fig. 29. [001] diffraction patterns of Ni_Mo sample obtained after

R 3
;aging at 650°C for (a)‘h hrs.; (b) 49 hrs., (c)-the_indexéd pattern.
Fig.HBO;"NisMo samplé aftér aging forvh9 ﬁrsa ét 6SQ°C, (v) [130]
diffraction patterﬁ, (b) dark field micrograph of Ni_Mo spot whose
position is shown in (a) by the superimposéd image of the objective
apéfture, (e) ﬁhe indexed [120] pattern. |

Fig. 31. [121] @iffraction patterns of Ni_Mo sample after aging at

. 3
650°C for (a) U4 hrs. and (b) 14 hrs. (c) the indexed pattern.

Fig. 32;"Microstructure of Ni_Mo sample aftér‘aging for 163 hrs. at

_ 3
650°C, (a) dark field micrograph of Ni Mo spot [marked B in Fig. (c)],

(¢) the corresponding [121] diffraction pattern.

Fig. 33. Antiphase boundaries in Ni_Mo after aging for 2LL hrs. at

v 3
650°C, (a) bright field micrograph, (b) dark field micrograph of
thé éa@e~drea. Fpil orientation [l2l]f or [OOl]f |

Fig. jh." (a) [121] diffraction pattérn from a single domain of»Ni3Mo.
£rom an area éimi1ar to that in Fig. 33,'tb) the indexed pattern

wheré y refers to the Ni3Mo phase.
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.Fig. 35. Microstructure of NihMo after aging for 2 hrs. at 650°C

Fig.

.Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

(a) bright field micrograph, (b) derk field microgreph of

Ni Mo superlattice reflection encircled in (é);v(c) the
ééfrésponding [012] diffraction péttern. '.

36. NijMo samplé aftér»aging for 8 hrs. at 650°C, (a) bright
field micrograph, (b) dark field micrograph‘of NihMQ supérlattice

spot marked B in (a), (e¢) [001] diffraction pattern taken from

another area, (d) the [121] diffraction pattern correéponding

to the area in Fig. 36(a), the foil has been tilted from that
in (a) to obtain a symmetrical diffraction pattern.

37. _NihMo diffraction patterns after aging for variousvtimes’

‘dt 650°Cc. (a) [121] patterﬁ after 1 hr;’aging, (b) [121] pattern

after 2L hrs. aging, (c¢) [120] pattern after 24 hrs. aging.

38. (a) and (b) microstructures of Ni)Mo after agiﬁg for 2b

‘hrs. at 650°C showing the heterogeneous reaction at the grain

boundaries.

39. Locations of the minima of V(k) at {ll positions for

20
v v '

various values of —g-and 3 for a positive_Vl in an fcc lattice.

V1 vy
40. Theoretical diffuse scattering map for NiBMo.

_hl.' Theoretical diffuse Scatteringvmap for Au_ Mn.

3 .
k2. (a) Unit cell of Ll, structure,(b) unit cell of Ll, (M=1),

the antiphase derivative of Lle.structuré,.(c) unit cell of Llg-

struéture, (d) unit cell of Lly (M=1), the antiphase derivative

‘of Lly structure.

|
f
i
i
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Fig.

Fig.

Fig.

" the type (420)=
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43, The theoretical curves for energy of mixing versus compogi-

tion for DO, NihMo-and Ni, Mo structures calculated.using (a)

22°. 2.7 .

v v Vs
——2--01 (p) 2-0h (c)—2"=0.5.

vV, Vi vy |

L4,  An APB modelbshowing'how the NigMo structure can be derived
from Ni)Mo structureﬂby introducing a non—conSérvaﬁive APB of
?[101]

L5, An APB model showing how NihMo structureican be derived from

the Ni oMo structure by an APB of the type (hao) [101]
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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