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‘The electron diffraction pétternsféf the as-quenched
alloy exhlbits both sharplléo SRO sbots and veryrweak v
Satellites near superlattide poéitions.. However, the
latter are deteépable oniy in m1050photometer traces and
then dhly ih.diffraotion patterns of certain favorable

oriéhﬁétions. These satellites were not observed on <002

}dlffrédtibn:patterns as they are obscured by neighboring

léo-SRb spots. As ordering proceeds, the satellites
éventﬁally sharpen into superlattice refleotions at the
expense of the 130 SRO spots. During the very early

- stages the satellites are streaked in the <2107 directions
- of the fco 1attloe; however, satellites which eventually:

de#eiop into superlattioé reflections corresponding to
domains df a particular orientstional variant are not
initially streaked in the same <210> direotion.

| An explanation for this is given in terms of a
compos;fion modulation normal to the {420} planes of the
fec lattice. A_diffraétion“mcdel based on this idea’
explains not only the 130 SRO intensity maxima but also

the presence of the weak satellites near superlattice

 positions. The model is also compatible with the FIM

results and suggests that the bright well defined groups

of atoms correspond to planes possessing a hlgh‘Mo

concentration., A physical basis for the diffraction
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’modellis;éiven in terms of a recent Spihbdal approach to‘
order-hisorder'transformationé. The physical connection ‘
between ‘the present results and the theoretioal predlction.
or the Clapp-Moss theory of SRO 1is also disoussed.
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1. INTRODUCTION

' Many stoichiometric solid solutions exhibit loég'rahge
order'(LRO)'belbw a oritical temperature and short rangé
order (SRO) above it. The conceptual meanihg of LRO and
1ts mathematical definition based on diffraction intensity
measurements are well understood. The state of LRO in an
alloy oan be specified in terms of a syétem of interpene-
trating sublattlces and a complete set of occupational
parémetefs desoribing the distributionvot‘the atomic specles

on each éublatticeQ‘ Moreover, all completé sets of LRO

 parameters are equivalent regardless of how they are defined

or obtained. Henée, a state of LRo}is uniquely defined.
On the other hend, there is no unique definition of SRO.

SRO parameters based on'diffraction'phénomena are not always
equivalent to those obtained by other methods. However,
since‘they have the advantage of belng directly related to
the conditional pair probabilities used in statistical-
thermodynamic theorieé of.solid solution énergetics, they
Afe at the present time the most widely employed parameters; |

~ While the conditional pair probabilities obtained from
diffraétlon intensity meaéurements-do desoribe the state of

SRO, they do not provide a olear physical pioture in terms

~of a uniQue structural model. At the presént'tlme one cane

‘not on the basis of diffraction effects alone distinguish



between the following structural models‘of SRO:

(a) The statistical thermodynamic model which views
'SRO in terms of a liquid-like arraﬁgement'of unlike neighbors
~ around each atOm.l-B’ In terms of diffraction effects LRO and :
SRO  are considered as distinct phenomena. During the tran-
sitlon'to.the ordered state the gradual sharpening of diffuse
SRO maxima into superlattice reflections is viewed as a
competitive process between SRO and LRO 1hfwhioh.sﬁper1attioe
réflectiohs_appear superimposed on the diffuse SRO maxima.

(b) ;Thevmicrodbmain model which views'SBo in terms of a
: contiﬁguoﬁs distribution of tiny, highly ordered sabtiphase
domalns;u-? A somewhat different version of this view known
as the disgrete particle model oconsiders SRO as consisting.
of'a'very high density of tiny, highly ordered regions anti-
'pﬁaﬁs:#azéiﬁﬁfntthr embedded in a nearly random matrix. In
terms of diffraction effects the two are similar in that
both cbnsidervthe diffuse SROImaxima as a broad superlattice
reflection, the broadening being essentiaily a small particle
effeot;, As the domain of particles grow in size the SRO -
maxima peaks up into a superlattice reflection. |

ThéAdistinctioh\between the two vlewpoints is of criti-
cal 1m§or£ance since.they lead to quite different predictions
for the mechanism of the transformation itself. On the one

“hand, the miocrodomain concept implies that the transition



from SRO to the LRO state occurs by a single continuous

process, namely domain growth; no distinct rucleation step

’ appears necessary. On the other hand, the statistical-

thermOdynamic concept appears to iequire some form of a
beginning in the transition to the ordered state. A dis-
tinction between the two viewpoints would also be of maJor
1mpor£ance in any attémpt at correlating SRO with physical
and mechanical properties. | - |
The'strqngest experimental evidence in favor of the
microdomain'concept'orvitS'disorete particle version haé
been provided by electron rathér_than X-ray diffraction
studies. In the case of disordered»CuBAu,’several investi-
gatoréIQéihg electron diffraction8’9 have observed diffuse
satellité crosses about the positions of the superlattice
feflectibns. Such observations can only be explained in
terms of a distribution of antiphase domalns.v‘Moreover;

the direct observation of an irregular antiphase domain

- structure in transmission electron dark’field images in

- partiallyibrdered Cu3Au provide'additiohal support.lo The

diffﬁse éatelllte crosses in disordered Cu3An'have not yet
been clearly resolved using x-ray diffraction techniqﬁes.-
The discrepancy can bé'explained if one admitélthé possi-
bility of lpoal fluctuations in the}degree of SRO or LRO,
X~-rays which scatter over a much larger volume of»sémple :

would tend to average out the preéenee of large fluctuatiohs;'
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The diffuse satellites repofted by elccﬁron diffractionists‘
could'thén:be representative of regions where the degree of
order happened to be very high. | |

Since the early work on Cu3Au, considerable evidence
has been accumulated 1n favor of the microdomain model in
particular for 1ts discrete particle version in many alloy
systems_other than CuBAu. However, much of the evidence is
__st111 cf an indirect nature based on diffraction effects or
by coherency strain contrast 1mages in transmission electron
' micrographs.ll-l%_3 7 Direct observation of a fine scale
_ domain Structure has not yet been observed in disordered |
5110y8'and only very rarely in alloys in the very initial
stages of ordering; The only major exception to this has
been the fleld Yon microscope studies of Pt-Co alloyslu in
which the disordered state was found to consist of tiny,
highly ordered domains embedded in a random matrix.

In this respect,:the\Optical diffraction experiments of
" Taylor, et al.,lS and nmore recently_the computcr simulation ’
experiments of Gehlen and Cohen16 are of scme significance.
Taylor;sﬁudied the optlcal'diffract;on patterns from masks
in which gold:cnd copper atoms were‘repreSeﬁted by holes of a
different sizes. Initially the holes were distributed at}
random corresponding to (100) planec of dlsordcred CuBAn.

Order was ﬁhen introduced in stages by interchanging pairs;




| of holes eQuivalent to reducing the numoer“of gold atoms in
contaot.,_The‘reeulting optical diffusevscattering‘pattern
was verynsimilar to x-ray results of'Cowley17 for CuBAu above
the oritical temperature. The final arrangement of the holes
'corresponded to a very high density of antiphase domains
embedded An a random matrix.

Similar results were obtalned by the recent computer
eimulation experiments of Gehlen and Cohen. In this type of
‘experiment a three dimensional orystal of disordered CuBAm
'is simulated in a.computer; The interchange between palrs

'_of sites_is guided by comparing oaloulaﬁed SRO parameters
with those determined by experiments; The interchanging

‘ prooedure ie allowed to oontinue until the two agree. The
computer print out of the final atomic arrangement shows
very tiny, highly ordered regions'in a nearly random matrix,
The ordered regions are plate-like in shape lying on (100)
planes with the smallest having dimensions of a single unit
cell, | | |

In spite of what may,appear as overwnelming experimentall :

and theoretical support for the microdomain model or for its
disorete‘particle version, it possesses a'maJor weakness..
Since‘it'interprets the diffuse SRO maxima as'a.broad supers
lattice reflection, their positions invreoiprocal spaoe.

' should‘alwajs'ooinoide. This is actually observed in
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diffraction patterns of the‘nore'common.ordering systems‘
examined in the past, but there\are a number of others in
which coincidence is not observed.

This anomaly cannot be explainedlby the microdomain
model. It 1is however compatible with a recent statisticale
fhermodynamio theory of SRovdeveloped by Clapp-end Moss.la-zo
In fact;'ﬁheir theory predicts that certain alloy systems
which heve an fce structure in the.diSQrdered state should
exhibit SRO maxima only at tne'peculiarj(léo) positions in :
the foc reciprocal space. This prediction has now been well

. ' o 21
documented experimentally 'in several alloy systems: NiuMo,

23

AuBCr,22 end Ni,W. All these’allcys have the fcc structure

in the disordered state and the Dla bctrstructure when
ordered. It has therefore been claimed that the microdomain
concept. is not valid at least for these :s:,rstems.zo'z2
However, Sprulell and StansburyZ; have concluded that
the results of their diffuse x-ray scattering of disordered

24
NiuMo favor the microdomain- model. Moreover, Ruedl, et al.,

have recently reported direot transmission electron microscOpy B

evidence of a domain structure:in disordered.N14Mo, with a
o .0 | ’ : R
domain slze on the order of‘lOA. On the other hand, LeFevre,

25,26 were unable to obtain evidence for such domalns

et al.,
in their field ion imases of disordered NipMo. They therefore.
~concluded that SRO in the alloy is best described by the

stetisticel-thermodynamic model.
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In view of the present controversy surrounding N1, Mo

and its potential role as a'decidiﬁg'faQtOr.betweenfthe two

opposing views of SRO, 1t was considered worthwhile to re~

examine the disordered alloy and to follow the changes which
~ ocour during the very initial stageg'of'érderlng using both

" transmission electron microsdbpy'(TEM) éﬁd_field ion =

microscopy (FIM) techniques. |
The ordered structure of - NiuMo 18 rather complex and
there are several crystallographic'features which are of
critical importance in interpretihg fiéld ion'lmages and'
electron diffraction patterns;'.érnée some of'the‘more

critical experiments were planned with these features in

‘mind the next section will desoribe in detail the structure

of NiMo.
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2. CRYSTALLOGRAPHY OF NigMo

The phase diagram of the Ni rich portion of the Ni-Mo
system is shown in Fig~o 1. The N14Mo ordered phase B 9 does
not have a true ordering tempefature. 'G,L_lt’hrie.and StanSburyz?
have shown that a peritectoid reaction occurs before the
oritical temperature is i'e“a.ched involving the ordered S
phase, the disordered a phase and the order.ed‘v)" phase.
~ Upon' slow cooling from the a phase the alloy with the
'oompds.ition’ Nij Mo passes through the a+y i‘egion prior
to transforming into the A phase. At the peritectoid
temperature (865°C) the a and 8 phases have almost identioal
cbmpositiqnl and the a + Y range "is verﬁr narrpw.._ The result
is that the @ —@ transformation occurs on slow cooling as
‘thoug‘h lit. were a classical Ordér-disorder tra.nsformation.
However, upon flast quenching the a phase 1s retained and on
isothermal aging below the critical orderixig temperature
(8.6o°c), the a phase tranéfo'rm's,directly ‘1.:.0 the ordered B8
phase. | ' | | |
" The lattice pai-ametér of the.disordre‘red fee ( a phase)
at the composition Ni 20 at fo 18 ., = 3.6086%. Upon
ordering, a slight oontractiori ocours along oﬁé of the |
,originai <100> cube ax;'s so the original foo lattice becomes
.fct: with (c/a)rct = 04986. ‘i‘hé Bravais lattlice changes from
fco to bOdy-'oentered tetré.gonal (bet). A plan' iriew of the



NijMo structure is shown in Figs. 2a and 2b. The most
salient‘féatures of the structure can be summarized as
followsz | ' | B
. (a) The bet unit cell contains 8 Ni and 2 Mo atoms,

The structure may be viewed as a singlé bet laﬁtlce'ﬁith 1

Mo and 4 Ni atoms per Bravais lattice polht or in terms of 5
interpenetrating bet sublattlces one with a single Mo atom

- per léttice“point,'the other 4 wiéh a single Ni atom per
lattice point. | |

(b) The c-axis of the bet unit coincides with one of
the <100> oube axes of the foc unit cell.

(¢) For a given choice of c-axis, the Ni and Mo atoms
can be arranged in two ways resulting in the bet unit cell |
rotated in elther a clockwise (Fig. Zbltor a counter~clockwise
(Fig. 2a) sense with respect to the foeo uﬁit deil.' Henceforth
these two ordering schemes wlll be referred to.as Type II énd
Type I,‘reSpectlvely. ‘.

\(d) All superlattice planes are léyered with every fifth
plane containing only Mo atoms,'thebintervening 4 containing
only Ni'atoms, The most promfnent superlattice planes, 1. e.,
those of_highest'symmetry and largest d{spaoing are the |
(110)y, and (ilo)bct" In the Type I structure (120), ., |
(l»éo’_)‘f co 80d (I20), 4y | (240)p,,. In the Type II structure
(110)y,, I (#20)5. o and (110)pgy Il (2B0)pgee |
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Itiis readily apparent from Figs. 2a and 2b, that the
orderedfﬁ14Mo phase can "nucleate® in 30 crystallographically
equivalenﬁ ways giving rise to domains possessing 6 distinct

orientation‘vafiants with respect to the.parent foc phase.
| The c-axls can align itself with any one of the 3 original
{100) cube axes. Por a given cholce ofvc4sxis we can have
| either a Type I or Type I1 structure.' ?orheach qf'the 6
orientatﬁon variants the Mo atoms can chooserto occupy any
ohe'of,s-sublattices; The 6 orientational-varlants may be
v rsgarded?as "transformation twins", The.symmetry planes
relating the twins are of the {110}, family.

The;superpositisn‘of the reciprocsl iattices of all 6
vtwins resﬁlts in superlattice reflectléns’arranged symmetri-
. 0ally in groups of 4 about all equivalent lép positibns in.
the feo reciprocal lattice (See Fig. 3). Thé'(ooz’);cc |
(121);cc sections of the fcc reciprocal lattice are shown
in Figs. Y4a and 4b, respectively. The structure factor for

lthe'Tundamental and superlattioce reflections are given by:

oDla . o (for B+ K+L=2n (n=0,1,2....)
Fp® = 2lfyo + ¥y) (" anda 26+ K=50

Dla. o | (for H+ K+ L = 2n (n = 0,1,200.0)
Fg'~ = 28(fyo~ fyy) ~ (. and 2H + K # 5n e

where S is the Bragg-Williams LRO parameter and H, K and L
refer to the bot unit cell, If h, k and 1 refer to the foo



r
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unit cell then for the Type I struoture h = 3(33 - K),
k : = E(H + BK) and 1 = L.

Because the principal axis of thefordered and disordered
phases,sre not aligned, the essential crystallegraphic
featuresrheve been desoribed in terms of the bet structure.
For laterlpurposes it will be more eonrenient to discuss
structural features using the fce lattloe as the frame of
reference. | |

The metastable domain structure oonsists of an assembly

of domains or transformation twins having any one of 6

orientationel varlants. - The symmetry planes relating to the

trensformation twins are of the form {110} These twins

fee®
may‘elso be viewed'sS'domains in which layering occurs along
particular pairs of'{#ﬁo}fdc type planes. Our particular
frame of reference will be the Type I structure shown in

Fig. 2a in which case the c~axis ooinoides with the z-axis

"of the fcc lattice.

Referring again to Fig. 2a, it is readily apparent that

‘the Type 1 strueture can be generated by perlodic composition

- fluctuations normal to the (240)fcc or (4§O)f°6 planes 1n |

" which every fifth plane eontains only Mo atoms, the other 4
only Ni atoms. Now suppose within some small spherical

region_the composition fluoctuations happened-tevbe normal to

the (420). or (280),,,. A4s shown in Fig. 5, the resulting
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domain is equivalent to a Type II structure; In this case
the two domains are sinmply mirror images'acrOSS either the
(110)f°°~or_(i10)fc° planes. The orientational relationship
between the principal axes of the matrix (Type I structure)
and twin crystals are:

For Twinning on (110)s,, For Twinning on (110)p.,
(1003 twin || [010] matrix [1001 twin [ (0101 matrix
0101 twin || 11001 matrix [0101 twin || 11007 matrix
10011 twin |l 10011 matrix [001]1 twin Il [0011 matrix
(430] twin Il [250] matrix  (430] twin | EEOi matrix

201 matrix

[240]1 twin || [4201 matrix - [240) twin Il

Therefone;‘tha formation of a small spherical domain by
chance fluctuations within the matrix can also be regarded
as equivalent to a twinning process. For this particular
'icase the-two;dOmains are in antiparallei twin orlentation
since their c-axes, though aligned along the reference z-
axes, are nointing in opposite directions. It should also
be noticed that, although the'twin is a Type II structure
‘with resnsct to the feference foe iattioe; relative to its
own - principal axes it will regard itselfl as a Type I
structure. This 1is because although the composition fluctu-
ation within the twin is normal to the (420) and (240) matrix
planes, relative to 1ts own princlipal axes the fluctuations
will be normal to the (320) and (240) planes which by

definition generates a Type Ilstructure;
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. axes, the fluctuations occur normal to the {(420),(240)}-
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Similar fluoctuations along appropriate matrix directions
of the form <420> will generate other domains or twins in
which the twin ¢-axis 1s at 90° with respect to that of the
matrixit:Tne o—axes of the matrix and twin can meet head-to-
head or'head?to-tail'depending on whether.the twin-regards
itself'as_having Type I or II struetures;i'For each domain
this willrdepend on whether,;relative to‘its\pwn principal .

- _ . _ twin
or {(420), (ZEO)}twin pairs of planes. Stated somewhat
differently, ordered domains with the proper twin orientation‘
relative to the matrix will have one of their 4 special L |
planes lying‘parallel-to one of the 12 matrix planes of the'
form.{bﬁo}. | - | |
These speclal pairs of planes will have particular
signifieance in the analysis of FIM images. The physieal
significance of the planes 1s that they are parallel to the
(110) and (110) planes in the ordered bct structure. These
are the superlattice planes with highest'symmetrj and largest ,
d spacing. Moore and Ranganathan28 have shown ‘that the size
7 and hence the prominenee of a pole in a field ion image |
decreases with decreasing d spacing. Therefore, the (110)
and (110) bet superlattice planes will be the most prominent -
in FIM images of NiyMo. This is readily apparent in the PIM
29

images of NiuMo reported by LeFevre. 'However,_these were
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images essentially of single domains and hence readily
indexed. In the case of a domain structufe consisting of
a random distriﬁution of very tiny domains or transformatlon . 4
twins, the domains may be too small to be recognized as such.
The ability to identify domains on the order of 10A is
the eritical problem for the present study. Since only the
Mo atoms give rise to image point’s3 »31 the best chance to
obtafﬁ‘evidence of domalns is therefore to look for planes
on which Mo atoms are most densely packed For‘a particular
_ domain, these planes are the special pairs {(420), (2#0)} and
\{(bzo), (240)} | Moreover, we should focus our attention to
those regions on the speoimen tip where these planes will lie
parallel to the surface. ~ The preceding description of the
domain structure in terms df'oomposition’fluctuations
indicates that such regions will lie about the poles of the
) form <h20> of the matrix. However, a domain lying in one of
these regions will have only one chance in threejef having |
the proper orientation for observing one of its 4 specisl
planeé;b | | |
Therefore, 1f’tihy domains are present; then by foousing
our attention to the <420> type poles we should while field
'evapefeting, periodically observe tiny, well defined planes

corresponding to one of the four specialltypes. 0f course,

since there are other superlattice planes which are also

/\
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layered, well defined planes can also be expected in regilons R
other then around the <420> matrix polee;. However, these
reglions can also'be predicted by an analysie similar to the
-one abefe. However, the overall effect should be strongest
around the <420> matrix poles.
It is possible that well developed groups of atons

‘would be observed even if a domain structure were absent.
prevef;bin thie cese we woﬁld not expect their distribution

to have any strong orientation depehdence{'
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3. EXPERIMENTAL PROCEDURE

3Q1 Alloy Preparation

- Alloys of nominal composition Ni 29.1 wt% Mo (20 at% Mo)
were prepared from 99.9% Ni and 99.9% Mo by arc melting in
argoh. In order to obtain a dense, gas-free alloy, the 1ngot
was swaged into rod form then remelted four times in an
electron beam zone refining furnace. The rod was inverted
between. each pass to ensure uniform mixing‘ofvthe constituents.
The}finél homogenlzation treatment consisted of holding in
:vacuum_fér an additional 90 hours at 1250°C. The composition
of thé'homogenized rod was determined by wet chemical analysis
to be Ni 29.3 wt% Mo (20.2 at% Mo). Sheets .005 in. thick
were produced by cold-rolling the rods at room temperatuie

using intermedlate lanneals at 1100°¢.

3.2 Heat Treatment

Samples with dimensions 0,25 X 0,005 X 1.0 in. were

sealed in evacuated quartzvtubes and placed in a verticai
tube furnace for 3 hours at 1100°C. Quenching was performed
}by releasing thé quartz tube into iced brine.

.Ispthermal aging t;eatments were performed in a salt
bath solution of BaCl,, NaCl and CaCl,. Heating rates were
measured using .005 in, diam., Pt-10% BRh thermbcouples spot
welded to the sample with the output connected eifher to an
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oscilloscope or a Honeywell Electronik 19 strip recorder.

The minimum aging time used for any heat treatment‘was
arbitrarily chosen to be twice the time required'for‘the
sample'temperature to reach eduilibrium.v For_example,;for
650°C-and1750°d the average time to_reach equilibrium was 2
and § Seconds, respectively. Henoe for these aglng treat-
ments the shortest aging times involved were 4 and 10 seconds,
respectively. ' | |

For aging times less than one minute, the maximum

'temperature fluctuation of the sample was +5°C. For 1onser

times, the fluctuations were generally maintained below

$29¢. The ‘quenching rates during the transfer from the salt

‘bath to an iced brine solution was also monitored and the

time to reaoh zero output on the strip recorder was_kept

consistently belowfone second.

3. 3 Specimen Preparation '

Specimens for both TEM and FIM were: prepared from the
same heat treated sample. FIM specimens were prepared by
cuttingqlo.to 15 strips 1 inch long and approximately .005"
inch wide from each sample using a specially designed

precision shearing device. In order to check whether

_spurioﬁs*effects were>introduced by the shearing process

several strips were precut from an as-quenched sample.

:These together with another as—quenched sample were sealed"
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in quartz'tubes and aged for 125 hours at 750°C to develop
the fully ordered state, FIM images from the precut strips
and those cut from the sample after aging were identical in
that neither revealed any evidence of disorder. Any deforma-
tion ﬁhich'may have occurred during the shearing process was
vthereforesconfined to the surface and suoSequently renoved
during electropolishing. | N '

| Thin foils sultable for TEM were prepared by electro-
polishing using standard window techniques. FIM tips were
preparedmbx thevdouble layer method in which the specimen is
,dipped_into a thin layer of electrolyte'floating on top of a
batn of carbon-tetrachloride. The same_electrolyte.was used
-for both'techniques., The composition of the electrolyte as

well as the polishing conditions are listed in Table I.
/

3.4 Electron MicroscOpe Technigques

A Siemens 1A electron microscope operated at 100kv was
used to make all TEM observations. Tilting and.oontrast
experiments were performed with the aid of a Valdre type
double tilting stage. Magnifications were calibrated by
,taking a series of micrographs of a calibrated replica grid
at various settings of the objective lens. Errors in
magnification were minimized by taking all_micrograpns at
the sanehintermediate and projector lens settings and using

the eane'Specimen holder throughout the study.

A
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3.5 Fileld Ton Mieroscopy

The principles and techniques of field ion microscopy
_ i

have beenfextensively'rsviewedvby Muller’“ and more recently

by Hren”and Bangansthsn'33 For the purpose of the present .
study it will suffice to point out that very little progress
has been made in interpreting FIM imagesvfrom disordered |
concentrated solid solutions. The difficulty 1is mainly due
to the inability to distinguish between different atoms and
' hence their distribution in the highly irregular images that
" are obtained. However, such detailed information. is not
necessary for the' ‘purpose of the present study which is to
‘seek»evidence of ordered domains. Such evidence will be
based'meinly:on observatiOn of'macrOScopic features such as
_domein"boundaries'or clustering of well defined planes whose
distridbution and frequency of appearanoe have ‘a particular
orientational dependence. Confidence in the'interpretation'
of such effects in disordered alloys wiil‘be based heavily
“on oorrelsting FIM and TEM observations at various advanced
stsgeslof ordering where‘the structural features'are within
the resolution capabilities of the transmission eleetron
'microscope. ' |

The basic field ion microscope used in this. study was
originally designed by P. Petroff.Bu Several modifications

were mado,during the oourse of this study. The major changes
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were: (a). the construction of & new varlable tenperature
cryot1p~désigned to operate with liquid hel#um or cooled
heiium~ga§. Temperature control was dbtaiﬁed by varying
the rate_of transfer of cooled helium gas.f The minimum

~ temperature obtainable being approximétely 15°K; (b) the
cohstrubtlon of a multiple high tension feed-through whicﬁ__
enabled mére than one specimen to be viewed dufing each

: experiménﬁal run; and (c¢) the construction of a stainless
steél vieﬁing port_ﬁtiiizlng a 4% inch diameter fiber optic
pléte.f6r the output screen. This allowed FIM images to be
obtainéd.by direct contaot photographlc recording on 4 x § 1
sheet film. | |
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TABLE I

5f_Perchiorie Acid

'Ethyl Glycol
 lHydiof1uoric Acid
" Distilled Water

' Polishing Conditions

 Temperature:

'.FVBItage:

 E1eotrb1yt1c Solution for N3, Mo

-15%¢
1l volts

- 16ce

132ce
vlécd'

9ee
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4. EXPERIMENTAL RESULTS

4,1 Transmission Electron Diffraction and Microscopy

The prel;minary aspects of the TEM portion of this

study were concerned with:establishing an overall view of

. the kinetics of the ordering reaction over a range of

temperatures. The aging témperatﬁres_finally.chosen for

detailed study were 650°C and 750°C. The former was used
by Spruiell and Stansbury in their-diffuse X-ray

scattering studies of SRO in Ni,Mo and the latter by
, e p | _
LeFevre and Newman2 in their FIM study of NiuMo.

b.1.1 As-Quenched Alloys

,’?13; 6a is the 0o2], ., diffraction pattern obtained

‘from an alloy which had been held at 1100°C for 3 hours

prior to quenching into iced brine. In agreement with the

4 xyray'fésults of Spruiell and Stansbury, SRO maxima are

observed at all equivalent 130 positions of the fcec
reciprocal lattice. The asymmetry in the intensity distri-
bution of the {200} fundamental reflections is also in )
agreement with their x-ray work. They attribute the higher
intensity on the low angle side of the {200} reflections to
a slze effect, in this case 1ndioating that Mo atoms_have‘a ‘
larger diameter in solution than Ni atoms. Fig. 6a 1is also

similar to the <002> electron diffraction pattefné of Anacr



reportéd by ‘I‘gnner.22 However, their patterns were obtained
at 800°C almost 500°C above the critical ordering temperature
for AuBGr, So that the 130 SRO maxima were quite broad
compared to those in Fig. 6a. |

Pig. 6b 18 the [121] diffraction pattern of the same

fce
alloy. Again SRO maxima are observed at 130 positions,
Howevér, it also exhibits a quite unexpected feature of
the presence of very weakvintensity maxima near but not

exactly at the equilibrium angular positions corresponding -

to superlattice reflections of the fully'ordered'Niuﬁo.

These ihtens1ty maxima are not directly observable on the .
fluorescént screen in the mioroécope viewing chamber. 1In
fact,-they are generall& not discernible even on the original
photographic plates and were discovered accidentally on

'micfdpﬁotometer traces dﬁring attempts to measure the

intensities of the SRO maxima.
In due course it was found that the optimum conditions

for observing these weak maxima were to defocus the second

~condenser lens to the polnt where the diffraction pattern

| was'Just barely visible and then exposiﬁg for times between

1 and 2 minutes., Fig. 6b is a reproduction of the best of
maﬁy'briginal‘photographic plates obtained during this study.
The microphotometer tracing obtained from the original plate

is shown in Pig. 7. The weak intensity maxima near the
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220 and 330 bet superlattice positions are clearly detectable
while those near the 110 and 450 positions are all but
obscured by the neighboring 1%0 SRO 1ntensity peak. These

weak 1ntensity maxima were not observed on the <002>

, diffraotion patterns. This 1s not surprising however, sinoe

in-thisvparticular orientation they would all lie very close
to and hence obscured by one of the 140 SRO maxima. As

1ndicﬁted in Fig. 7, the weak maxima are readily deteétable

‘only when their neighboring SRO maxima does not lie on the

reflecting'Sphere. This will occur only for certaln févor-

able orientations and the most favorab1e of all would be one

- where §nly superlattice reflections lie on the reflecting

sphere. Fig. 4c shows that the (5.30);cc i1s one of these and
the actual [I301. diffraction pattern (Fig. 6c) shows

quite élearly weak intensity maxima near all superlattice

.positions.

To the author's knowiedge, the existence of wealk

1ntens1ty maxima near superlattice reflectlions in as-quenched-

"N14Mo has not been previously reported. This 1s obviously
“due in ﬁart‘to the weakness of these particular maxima but )

more likely due to the fact that past diffuse scattering

studies for this alloy have been confined almost'exolusively i
* ' . »
‘to‘the (Ooz)foc’reciprocal lattlce section. As just pointed-

out, this particular orientation is the least convenlent one
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of ell for such purposes. The existence‘of weak intensity
near superlattice positions is quite.significant since their
apparenf absence in past studies have been one of the reasons
for‘arguing against the microdomain model of SRO. The ‘
present observatibns however éhow that some form of domain
.structure exists in the as-quenched alloys.

This would appear to be in agreement withvthe conclue~

4 who, though apparently missed detecﬁihg

SIOns;.-of-'vRue'dl2
these weék méxima,.did report obsefving‘é fine "domain"®
structuré 1n-daik field iﬁages of 130 SRO reflections. Wé
‘wére théféfdre surprised when after many repeated aﬁtempts
we weréxunablé>to confirm his results. Figs. 8a and 8b are

bright and dark.field images obtained from a [1211.. . foil.

fece
‘The dark field image obtained with a 130 SRO reflection

‘does not reveal the sharp dotted structure reported by Ruedl.
Moreover,; the images remain unchanged 1f'onevuses the weak

intensity maxima near the (220) Bct superlattlce position,

4.1.2 Alloys Aged at 7500C
“_VThe ordering reaétion at 750°C is extreﬁely fast;
“Ailojs'aged at'this tempefature reach a fairly advanced
stage of order by ét least 5 secohds,vthe-shortest aging
time uéed for this series of experiments. As'shown.in
Fig.c9a; well defined superlattice reflections are observed

though slightly elongated in <210%.,, directions. Also,



-25-

relativeiy weak intensity peaks are stillvobserved near the
| 130 nositions. The diffraction pattern is a composite of
diffraotion patterns fronm domainS'p0886831ng two of the six
possible orientational variants. In this case, the two |
domains have c-axes which are at 90° to one another. Fig;.9b}:
is a dark field image showing one of the two sets of twins.,
Figs. 9¢=9f are bright field images using variouS'
fundamental reflections from a [1103p,, foll. The striated
-structure is similar to the type of diffraction contrast |
characteristio of alloys containing a large volume fraction

35436 »37

of coherent precipitates.. Similar striations have

recently been observed during the very early stages of
.'decomposition in Cu-Ni-Fe alloys.3 »39 In the case of NiuMo'
the number and direction of the striae depend on the operating
refleotion"in & menner similar to those observed during the
initial stages of decomposition in Cu-Be.4O:;After‘10'seeonds
of aging the diffraction pattern shown in Flg._lOavexhiblts
weak double diffraotion spots arising from twin boundaries
between domains. Hence, at this stage of the ordering
reaction the domains are already touching. At more advanced
. stages of order where the domains are sufficliently large,
the double diffraction spots can be used quite effectively
to image-the twin boundaries themselves.

Further isothermal treatment (Fig. 11) results in a

uniform mosalc substruoture comprised of prism-shaped 90
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domains bounded by 1nterfaoes lying parallel to matrix planes
of the form {110}s,.. BEach of these 90° twins are themselves
comprised of antiparallel twins. 1In turn, the latter exhibits
translaﬁlonalvantiphase boundaries., Hence, the domain |
struotnretOOnsists of an assembly of frenSformation twins as

described in Section 2. The dark field images b, ¢ and d

_ were obtained using superlattice reflections 2, 3 and ¥ in

Figs. 3"and'4.

4 1.3 Alloys Aged at 650° c

- Upon aging at- 650 C the weak intensity maxima gradually

sharpen and "moveﬁ into the equilibrium angular positions_

‘for the NiuMo superlattiOe”positions._ Simultaneously the
_1éo SRO spots weaken and eventually disappear, resulting

after long aging tlmes in diffraction patterns similar to

Figs._9a and 10a. The most unusual and interesting changes

in diffraction effects however oocurred'during the first 10

minutes of aging. These changes are shown in Figs. 12a-124,

| After 5 minutes of aglng the weak intensity maxima near
the superlattioe refleotlons are dlearly detectable without
the aid of a microphotometer. They appear in Fig. 12b as
diffnSe satellites about the 140 position in ah,[OOZlfcc
diffraction pattern and are streaked in direotions_parallel
to <420>,, . directions. In [1211, . patterns (Fig. 12a)

"the Satellites near a 130 SRO maxima are broader and more



1ntenSe fhan those away from sﬁeh positieﬁ; The effect is
even‘mere'pronounced’after 10 minutes of.eging (Pig. 12c¢).
This aSyﬁmetry is not obServed in <0027¢,, diffraction
Patterns;“ This rather’unusﬁél‘intensity distribution can

be exﬁia@nedeif.thelset of satellites about a 1%0 SRO ﬁaxiﬁa
have a‘paddle-iike shape shown in Fig. 13. Each broad flat .
faee-ie.hormal to a <002, o direction and these are the

fe

sections ‘observed in <002>f

'-Referring again to Fig. 3, it 1is apparent that in a [1211

diffraction patterns.

.orientation,}the reflecting sphere will cut through.the‘
-sateilife at the sections A and B. Section ArcorreSponds to
satellites near 130 and 330 bet suﬁerlett;ce positions, i.e.,
to.these:which eppear'fo emanate from a 140 SRO spot.
vSectienfB‘cofrespends to satellites near 230 and 450 bot
,p031t16ns“whose héighboringeléo spot liesoff the reflecting-
sphez}e.= | -

'The elongation of the satellites in the <2103, _
directions indicate ordered domains may have a §1ate or
disc-like shape lylng on {420}fcc planes. This would be
'compatible with the layered structure of the fully ordered
: NiuMo.structure discuSSed in Section 2., There we showed
that.erdefed domains}with the proper twin orientation
;relaeive to the matrix will have one of four special planes

correspohding to the most prominent bet superlattice planes,
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lyinglparallel to one of the 12 matrix‘planes of the form
{uéo}fcc}' This type of plate-like morphology has in fact
been'reported in Co—Pt13 and Cu-Au" alloys at the'so-so
composition. In these alloys superlattice planes are also
layered in which alternating planes contain atoms of one
type>only. The most prominent superlattioe plane is the
(Ooz)gvthis is also the observed habit‘planes'for the plate-
shaped domains.» '

vHowever,'the diffraction patterns of Ni,Mo exhibit
certain distinctive features during this stage of ordering
whichfare not compatible with a simple plate-like morphology.
The patterns show a defirite asymmetry in that reflections
which would normally arise from domains of a particular
' orientational variant are not elongated in the same <h20>fc°
directions. This is most pronounced in [00213 diffraction_
 patterns. A discussion of this observationvhowever will be
postponed until Section 5. where its fullvimplication will .
 be explored in detail. | '
- At the.present.time it will suffice to mention that
 evidence for plate-like domainsvcannot}be obtained by direct
‘observation in dark field images using either‘the 130 SRO
 spots or 1its satellites., Fig. léc is a dark field image

using a fundemental reflection of an alloy aged 10 minutes.

It exhibits the same type of striated structure observed at
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higher aging temperatures. A dark field image using a 130
SRO spot (Fig. 14d) reveals a fine dotted structure very
simlla:,to those reperted by Ruedl. F1553120 shows that
the eetellites overlap at the 130 positions, hence, those
nearltheﬁlio'bct superlattice positions contribute strongly
to the diffraction contrast shown in Fig. 1hd. }In4fact,‘
the'image remains essentlally uhchanged when isolated
,.satellites near the 230 bet positions are used. From suoht'
"vmicrographs alone 1t 1s not possible to determine the shape
_of the domain. | _
| _ The situation 18 worse for shorter aging times.s ln
fact, after 5 minutes of aging the domains are not directly
observable in dark field images using either 1%0 SRO spots
or any-of.its satellites (Fig. 14b). However, the striated
.'structure though comparatively weak is still observed

especially near bend contours (Fig. lba)

h 1 4 Summary of TEM Results

v (a) The most significant result of this ‘portion of the
‘study is the detection of very weak diffuse satellites in
as-quenehed elloye near the superlattice positions of the
Niume»etructure. This alone is very strong evidence that
vsome,form of domain structure exists in the disordered alloy.
These.setellites are observable only in certain favorable

orientations.- The least favorable of all s the (002) which
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explains why the satellites might not have been observed
in earlier studies. 5
(b) At 750 C the ordering reaotion 1s essentially
complete within 5 to 10 seconds of aging. Dark field
:lmages gslng superlattice refleotions reveal a'very hlgh
;densityQOf tinY'ordered domains, - By'lovseoondsfdouble‘
diffractionlspots appear in all diffraotion patterns
indicating that at this stage of orderlng the domains aTe |
in contact. | |
- (c) At 650 C the growth of satellites into super—
V'lefoioe.refleotlons occurs at the expense of the 140 SRO
Spots;”7Dur1ng the.#ery early stages.there is an asymmetry
ih_thevdirectlon of streaking which is incompatible with
a simole shape-transform effect of plate-shaped domains.
(d)v:In as-quenched alloys or in alloys aged § minutes
.at GSOQC,‘tiny, highly ordered domains were not directly
'resolved in dark field imeges using a 140 SRO spot or any
of 1ts_satellltes. A very high density of tiny bright dots
were observed howeverlin alloys aged for. 10 minutes.at'ésooc.
These dark field 1ﬁages are very similar in appearance to

the "domains" reported‘by Ruedl in his as-quenched alloy.
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4,2 "Fleld Ion Microscopy

Slncé at 750°C the ordering reaction was essentlally
complete within 5 to 10 seconds, the critical stages in
the transition from the disordered to the ordered state
could nqt be studied. The samples studied.by TEM were 
theieféréluséd primarily for the purpose of correlating
FIM 1magéé with TEM micrographs. The correlation was then
used as the basis_for‘interpreting FIM images during the.
diiticalvstages of fhe 650°¢ aging treatment and those

_dbtaiﬁed from as-quenched alloys.

b 2. 1 Alloys Aged at 750 C

Fig. 15 18 an (002) stereographic projection showing
the symmetry of a Type I bet structure and its orientation
relative to the refefence foo lattice.  Thé drbsséS‘are the
locations of the fcc poles of the forh‘<420>. |

For reference purposes, an FINM 1hage-of a fully ofdered
alloy is shown in Fig. 16. The image conSists essentially‘
of a single domain. As discussed in Section 2, the most
'~prqminent plane ‘in the image is the‘(liO)bcﬁ or (bEO)féé.

The second most promiﬁgnt planes are the {101}, . and

{Ollibcﬁ which are located near the other <2047 matrix poles.
In Section 2 we showed that if tiny domains are present,

thenvby'focusing attention on one of the <420> type matrix

poles we should during a field evaporation sequence,
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periodicailybobserve well defined planes:corresponding to
| one of the 4 most prominent superlattice planes. (450 or

240) for a Type I structure or a (420 or 240) for a Type II
struoture. This was readlly verified in all alloys aged | .
at 750" C.n:

Figs. 17a—17d were obtained during a field evaporation
sequence of an alloy aged 1 hour. (The specimen was
prepared;from ‘the same sample as that shown in Fig. 11).

N Betweénf?igs. 17a and 17c¢, some 67 (OOZ)ﬁplanes'have been
 removed. ~ Initially (Fig. 17a) no prominent plane 1s visible
in the vlcinity of the [204] pole lying in the 111-002-111
triangle.o Upon field evaporating two domains emerge with
"large;proﬁinent planes whose rings are centered on the [204]
pole (F1'é; 17b). Finally, after further field.evaporation- |
only one of the domains remain and as shown in Fig. 170, |
its prominent plane is being 1ntersected by a translational
antiphase boundary, During the total field evaporation
'sequence, in which some 300 (OOZ)_planes were removed, many

: prominent planes were also observed to appear and disappear
near other <4207 matrix poles. The domain boundariea them-i'
selves can be brought_out with striking clarity by multiple
expoéing while slowly field evaporating 3 to 5 aurface layers,
(Fig._l?d). By use of these two imaging techniques during

r;eld.evaporation sequences, it was found that domains have



very'irfegﬁlér shapes and that domains having the same
' orientaﬁioﬁ relative to the matrix tend'to‘oluétér in
groups'ofitwo or three. This, however, is not surprising
since Fig. 11 shows that at this stage of ordering the
substrﬁoture'consists of an assembly.of 90° twiné.‘ Each
twin in tﬁ:n is comprised of a cluster of antiparallel twins
and 1t 1s these which are being observed in the FIM image.
Tﬁo oame procedure was used to'oxahinevalloyé aged for
:lO sécoﬁdé at 750°C. At this earlier stage of ordering the
 bet symmotry'is totally disrupted by the tiny domains. The
overall symmetry of the FIM image 1s fco. However, as shown
| in Fié; 18 ‘there 1is still a.strong tendenoy‘for the most |
l‘prominent plane to occur in the immediate vicinity of the
<b20>'matr1x poles. R | |
The results of the present study of alloys aged at ?50 C v‘

is not in agreement with the FIM results of LeFevre and
Newmahfzéf These workers concluded that alloys aged at 750°¢
remalin disordered up to at least 5 minutes and that ordering |
is essentially complete only after 15 minutes. Our own
results show that ordering is essentially complete within 5
~to lO'seconds'of aging. This is surprising since their FIM
imagesoof aé-quenched alloys are very similar to our owh.
- This discrepancy could arise for a number of different

_reasons.“'First'of all, different quenching temperatures were -
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used.and hénce, the 1n1tiél quenched-in degree of order |
could havevbeen different. However, we do not believe that
this 1s tHé major reason for the disérepanoy since as pointed
out eérliéf, the FIM images of their as-quéﬁched élloy are
very simiiar'to our own., |

Wégbélieve that the major source of.the discrepancy lies
in the method of aging. During-the aging treatment,_LeFevre;s
- FIM specimens were wrapped in Ta folls and encapsulated in
>qﬁart2‘tﬁbings. In the present study Spedimens were,placéd
in dir‘ef:.‘i.:.-'contact with the aging bath. 'Hav_ing' tried both
methodéidﬁring the early phase of this stﬁdy;iwé‘found that
thevhéaﬁing.rate was much faster with the salt bath method

and was'therefore the one finally chosen for this study.

_452;2, Alloys Aged at 650°¢C

' PIM images of alloys aged 10 minutes or less showed
only fec. symmetry. The most prominent pianes are the $111%
and {200%8. Figs. 19a-19¢ are typical examples of the micro-

structure of alloys aged for 10 and 5 minutes. After 10

. minutes of aging the_tendendy for clustering of well defined

planes»about the <420> matrix poles is readily apparent
(Fig. 19a). _

| Aithoﬁgh individual domains in alloys aged only 5 minutes
| weréinot résolved in electron micrographs (Fig. 14b), the

strong clustering tendency of bright; weli defined planes'

*
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- or grbnpsféf atoms about'the}<4207 matrix péles (Figs. 19b
and 190).1$_d1rect evidence of domains or ordered particles
having the uniQue distribution described in Section 2. 1In
Figs.JIQBfand 19¢, the local tip radius r, as determined by
ring oéﬁnﬁs“between the (002) and {024} poles is abbut'9203.
The‘diémgter of the first (002) ring can then be estimated

: o]
28 For r = 9204,

from fhefequatidn Dpyy ~ V%EEgkl. |
Dyo2 ~ 1008. Using this value as a standard of reference,
the "diameterf of any weéll defined plane occurring in the
vregion offthe (2041, r[0241, [0241 and 13043 poies can be -
estimated. For example, the well defined plane at the 102k -
pole inf?ig. 19b is about 302._ From 50 3#¢h measurements

~ the “digmeter" was found tovvérylfrom a ﬁinimum of about
153 to;éfmaximum of'llsngith a mean l&ing around 20a. No
great féith,'hOWever;_ls‘placéd in thisimean faiue since it
.dependedjstrongly on what one considers as a well defined
plane. - _  '

The thickness of the well defined planes, hdwéver, was
relativély constant. By use of pulse field evaporation
teohniqueéah‘thé'"thickness“ Waébfound to be onl&voﬁe‘or
two layers. Generally, the planes came off as a~g:oup;

For examplé, ﬁhe entife~group of atoms at the [024] pole in
.Fig.'19b was:femoved(as a'whole by a single pulsé and can no

longgr‘be Qbservéd in Fig. 19¢c. However, by suitable choice
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of puISé héight and width, the group of'atéms can occasionally
be field evaporated one atom at a time. ‘ﬁnfortunately, the
“correéﬁﬁ pulse height and width variesvwith the initial size
of the.pléne and for this reason only a few well defined

. planes were succeésfully analyzed in each specimen. When
11qu1d hél1um is used as a specimen coolant, the bright
planes.are stable only for about 10 minutes or less. 'After
this‘béribd’of time they generally field‘evéporate as a whole.v
-S;nce_even for the fastest commercial films gvailable typlical
exposﬁre}times required forveach'FIM 1magé is about § to 10
mlnuﬁéé; 'Tﬁerefore, the photographic recordiﬁg of the actual
éihglé-étom fiéld evaporation process will eventually require

some fprmﬁof image intensificatlon.

'_~”4;2.3_ As-Quenched Alloys |

 InVés-quenched alloys, the tendency_fbr cluétefing of
well defihed_groups of atoms about the <Q20>vmatrix poies
'_1s not as pronounced as in the aged alloyé. Mbrebﬁer, the
effeéﬁvﬁas found to be temperature dependent. Figé. 20a and:
20b show the microstructure of an as-quenched alloy observed
during a field'evaporation sequence when.liquid heliun was
usediéé a specimen coolant. Fileld evaporation occurs
'relatively‘uniformly over the speclmen surface}and the
- apparent clustering tendency is very weak. However,'when

liquid nitrogen 1is used as a specimen coolant field

”,



eVaporetion becomes very non-uniform. Certain clusters

are found to be relatively stable in that'surrounding
regions field evaporate at slightly lower fields. These
clusters therefore protrude locally and thus act as more
effective emission centers than thelr surrounding mnaterial
(Fig. 20c) Although there is still a tendency for thesevr-
groupseof‘atoms to lie in the vicinity of the <420> poles,
the effeot is not as pronounced as in aged alloys. Bbwever,_
as in the case of" aged alloys these bright groups of atoms
were also found by pulse field eVaporation technique to be
Vonly one or two layers thick.

4 2. 4 Fluctuations in Degree of Order of As-Quenched
: Alloys

The.liquid,helium cooled specimen exhibits quite
another formvof domain structure. buring field.evaporation
sequences'it was found that the degree;of°regularity of the
'r fundamental planes themselves vary with{depth; 'Examples of
this are shown in Figs. 20a and 20b for the (002) plane.’
However, the change is quite gradual showing that the degree
. of order isvfluctuating. The justification for using these -
fluotuations as evidence of a diffuse domain structure_is
that there 1s an apparent orientational Juxtapositioning of
these-fluctuations.' For example in Fig. 20a an interface
oocursiat region A across which the rings do not match.,

The interface is not a grain boundary since all the fundamental
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poles arevin‘their correct angular poSitiOns. Such Boundaries
are‘quite,numerous though not easily detectable by the |
1nexperiencedveye. | |

' Since the 1mage in Pigs. 20a and 20b correSponds to a
' single crystal the boundaries must be associated with
fluctuatiqns,in the degree of order, that is they are order-
, definedibéundaries. Apparently the iocal degree of order at
Ain Fig; 20a 1is sufficiently’largé for a boundaryrto_have’
bmeaning,'fAlso, the mismatch of the rings across the boundary
_1nd1¢éteé that the Qrientatibn of the doméiné on'e1ther side
‘of the interface are not quite the same._.These rather
diffﬁse'ﬁcundaries are difficult to trace in three dimensions.
 They fadeirapidly bbth.latefally and ﬁith'depth;NvAt'best,
tﬁey‘cah'be followed for only 2 or 3 consecutive layers |
during.field evaporation sequences. The fact5that the
boundary rapidly fades could be explainéd 1f the degree of
order rapldly decreases in surrounding regidns. In fact,
if such fluctuations represent reality then it is possible
| fér'aibbundary not only to fade but actually terminate
| 1tse1f if by chance it enters a region where the local degree
of order happens to be zero.

Recently Okamoto and Tonga1 have used computer simula-

tion techniques to show that all three types of boundaries

observed in ordered NiuMo can be made to disappear if the
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degree pffbrder varies from unity to zerQ:AIOng thé bbundariés;
the rété'¢f disappearance depénds on the type'of function
specifjlﬁé‘the degree of order as a'funct;on of distance. A
variety 6f{funqp1ons were'used and 1t was found that the |
‘boundary-d;sappears long before the degrée of order reaéhes .
absoluté zéro. Consequently, when the degrée of order is low
1n1t;a;i&;as is the case in the asfquenchéd alloy, order-
definedjbéundaries will be very difficuit tp_9bserve when the
-aﬁplitﬁdétcf,the fluctuation 1s small. | | |

| ,:Wg be1ieve'the origin of the fluctuatlon 1n the degrée
of’o:dgf*liesﬁin_small fiuctuations in cdmﬁosit;on since such
-fluctuafiéns are:very»likely_to oceur on thé.scaie vaobseiva-

tion'w1£h Wh1ch we are concerned.

4,2.5 Summary of FIM Results

| (a) A strong tendency for cluStering of well defiped
planes.about the <420> fecc poles is observéd in all aged:
allbys,e#en for those in which ordered domains were not
directiyjresolved using TEM techniques. This observation
'1s'diré6t;ev1dence50f;the existence of small regibhsﬂ
posseséing Some,form of composiﬁion variation norﬁal tq
- the {420} pianes. The orientationél dependence of the
distribution of these regions is in agréement with those
predicﬁéd in Section 2.

(b)  In as-quenched alloys the tendency for clustering
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thoughgsfill present 1s comparatively weak;f_Fluctuations
in deg?ee of order has Beén observed 1n€§he:form'of diffuse
domai@fﬁoundaries which can be 1nterprefed'és evidence for
a kind'6f nebu1ous5domain structure. The fluctuations in
Edegree of order is believed to be associated with small

fluctuations in composition.
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5. DISCUSSION OF RESULTS

The major conclusion of the present study 1s that some
form of ‘domain structure exists in as-quenched Ni,Mo.
However,;there 18 still the question as to whether it also
. exisfcé} in the eq'u_ilibrium disordered ‘stg't'e-' above the critical
orderiﬁélﬁemperature. The similarity betﬁeen the results of
‘Tanner (high temperature <002> diffraction patterns) and
our own shows that the quenching process used in the present
_ étudy»retainedqﬁhe more significant featurés of the equilib-
rium dlsordered ‘state. Therefore, the detéctidn'of very weak
satellites near superlattice positions in <121> and-<130>
:diffraction patterns suggests very strongly that even above.
the"érfﬁiéal temperature small reglons exiét which have |
atomiéaarrangemeﬁts similar to the LRO-struéture of Ni,Mo.

| FIMlimageg'of the és-quénched alléy.show that the
ordered regions are not well defined and are more aptl&
described as fluctuationsbin the 1ocal.degree 6f Qrder.
The fact that the fluctuations exhibit a kind df orientational
‘ Juxtaboéitionihg resulting in ldéalized,1nterfaces'allows us
to retaiﬁ the concept of a domain structure. Moreover, it is
not’suiprisihg that electron dark fleld images fall to resolve
these-fluctuations.: If the form of composition variation is
not exactly the same in all regions, then the observed

satellite intensity distribution would‘be.comprised of
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contributions from each distinct type of region. A dark
field image using a satellite or its neighboring 130 SRO
spot would‘therefore not resolve distinct sets of well
definedfordered'particles but all regions'uhiCh have some
;7degree:of:order"; When the "degree ofdorder" is’low as in
as-quenched-alloys the dark field image should exhibit weak
'intensitydvariations uhich may not be sufficiently'large to
vbe'detectable'above;background.’ Sharp bright spots corre-
sﬁbndingito well defined ordered'domainshor particles wouid
_not be . expected until the degree of order attains a certain»
level within the particleo. |

Obviously, the “degree of order® must be related to
the form of the composition fluctuation, therefore, variations
in thellatter‘during the very early stages also imply that the
"ordered" structure_within the different reglons need not
necessariI& be exactly the seme during this critical period.
The fiuctuations however must account for the 140 SRO peaks
andvthe-beculiar’asymmetrical streaking of the satellites
intensity distribution Which develop during the very early
_stages.oi ordering at 650 C. These questions will now be -
'investigsted in detall.

5.1 Asymnetry in Satellite Streaking

The FIM images of alloys aged at 650°C for 10 minutes

or less.suggest that thefdomains may have a plate-like shape
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with hatit planes.of the form {420%. Howeyer,'as pointed
out in. Section k.1.3, this particular morphology is not
compatible with the asymmetrical streaking of the diffuse
.satellites which appear near superlattice:positions during
this critical stage of ordering.! This 1s'readiiy apperentt
if one eensiders the (0021 pattern in Fig. 4a. If the
domains are large, then donains with a Type I structure
- would giVe rise to sharp superlattice reflections represented
by the white circles, while domains with a Type II structure
_wouldvgive_rise to those represented by the black circles.

If:éii the domains were plate—Shaped;“then the habit
planeﬂfor'Type I domains would be (420) or (240).  Each
plate-like domain should produce’ shape-factor streaklng :
normal_to its own habit plane. Moreover, since layering on
(430) and (240) results in the same Type I structure, the
_central maxima of the streaks should coincide at all the
white'eireles. Therefore, each white circle should be
“spiked"iin the <420> and <240> directions. Similarly;
each Black circle should be "spiked" in the <420$ and <2ho>
;fdirections as shown in. Fig. 21e. The imbortanttpoint 18
that all superlattice reflections associated with a particular
orientational variaent should exhiblt the same symmetry as far
as streaking is concerned,

This is not what 1s observed in actual <002> patterns.

As shown schematically in Fig. 21b, the expected symmetry is
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absent' The actual <002> diffraction patterns can no
1onger be considered as a mere Superposition of reflections
from only'two types of structures but rather from four
distinct structures, each giving rise to an <002> pattern
 of the type ‘shown in Fig. 2lc. |

This peculiar asymmetry can only be. explained if the
layeringroperation normal to the (420) and (240) planes are
.~ not physicellyvequivalent According to Fig. 2a, this means
the 1ayer1ng sequence cannot be the same as that for a
.perfectlyfordered Ni Mo structure, The same argument applies
forrlayering normal to the (420) and (250)_planes._ In fact,
vduring'this critical stageé of ordering; the non-equiValency
of these pairs of planes with reSpect to layering will

require new LRO parameters. .

: 5 2 The Meaning of the LRO Parameter S

The Bragg-Williams long range order parameter S used 1n
the structure factor calculation on page 10 of Section 2
mustjbe defined relative to a particular structure. In the
case:of-fully ordered NiyMo, the structure is usually regarded
in terms of 2 1uterpenetrating bet sublattices, one with a
single ﬁo atom per lattice point: the other eonsisting of
four eQuivalent bet sublattices.each containing a single Ni
‘atom per lattice point. If we designate the two sublattices

as a and B , respectively, then
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- 5= (Pyoa~ Puog ) = (Pnigm Pwia )

wheré;nga = fréction-of a sites occupied by Mo atoms
fPMQﬁ = fraction of ﬁ‘sites occupied by Mo atoms
‘_PNiB = fraction of B sites océupied'by Ni atoms

f_Pﬁia = fraction of a sites occupied by Ni atoms

Since the occupationél parameters are directly related
'to-the Mb concentrat1bn'of-each sublattice, S can also be
_1n£efﬁreted in terms of composition fluctuations normal to
the'(4§0)vor‘(240) planes. Referring again to Fig. 2a, 1t
is apparent that in order‘to'génerate a‘TYpe.I strucﬁure, |
every:fifth plane'must.contain @ sites only, the inter-
veningifour must contain only B'sites.i.This is shown
soheﬁétically in Pig. 22a. To obtain the perfectly ordered
structﬁre, the composition fluctuation must have the form |
shown in Fig. 22b. _For a partially long range drdered alloy,
it must have the form shown in Fig. 22c. The composition |
fiuctﬁabiﬁnsfin these figures simply represent the dlstribu-}
tion of-M@»atoms on the two sublattices. The important
point is that in order to use S as defined above, the
coﬁﬁositi&n of Mo atoms on the " g-planes”" must be constant

otherwise the four g sublattices can no longer be regarded

T, .
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as equivaient. For a sinusoldal composition fluctﬁation
such as that shown in Fig. 22d, where the perlod is 5
(450)‘étoiic planes, there will be two non-equivalent
‘_sublattieeS: By and B,. Each will reqﬁife iﬁs own
occupa_t'ioﬁ parameter Py, 81 and Puo lgzdand'hence, two
LRO parameters will be required to specify ‘the degree

of order.-

Although the new order barameters will still. be
fdefined relative to the bet lattice, the equivalency of
the (420) and (240) planes with respect to the fluctu-
ations 1ike that shown in Fig. 224 will be lost, Within
a‘single-dqmain, fluctuations normal to the (420) planes.
will no lénger auﬁbmaticéliy result in an identical
fluctuafienunormal to the (240) or vice-verea. Hoﬁever,
‘such fluctuations can oceur normal to.the:(bzof planes -
in one domain and normal to the (240) planes in another
domaih,»but,the structures are notrequivalent and must be
classified as Type IA and Type IB. Similarly, fluctuatlons
normal to (420) and (250) planes result in Type IIA and
Type IIB structures respectively.

If, for example, the pefiod of the sinusoidal
composition fluctuations is less than the 5 (420)
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_ atomlc planes then such fluctuations oocurrlng normal to

the (420) plane will result in a structure ‘which is no

longer based on the bect lattice. ‘The3sma11 rectangular

.unit cells shown in Fig. 2lc show however, that if the

period'heppens to be exactly 4 (420).atomio planes the.
resulting structure is such that within'a single domain
the'(hzo)_and (420) Become equi#alent with respect to
such fluctuations. Similar arguments apply to thee(zhd)
and (250). o | |

5.3 The?Mechanism.of Ordering in Ni,Mo

By this time it will not have escaped the reader that
in our attempt to develop a physical model of the. ordering

mechanism'ln terms of layering or more aptly composition

- fluctuations on a microscopic scale, we lose in the process

the coucebt'of a well defined LRO structure._'In-order-to
restore some perspective we will now summarize the key
results. In so doing, we will give up entirely the concept

of an ordered structure and state the results in terms of

'composition fluotuations occurrins normal to {420} planes

-of the‘reference fee lattice,

Above the so-called critical ordering temperature we
belieue_composition fluctuations exist everywhere on a

microscopic scale. In a particular region the fluctuations
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' occur'hdﬁmal to one of the 12 {4203 p1anés. The cohposition

fluctuation is compdsed,of two kinds of composition waves

which we will refer to as the SRO and LRO components. The

 SRO ‘component hés_a wavelength of 4d and the LRO component

a waveienéth ofv5d, where 4 is the interplanar spacing of
the {420},p1anes.

As far as diffraction effects are concerned, the SRO
compdﬁént.gi#es rise to satellites at the 140 positions in
fecipr9¢al space, while the LRO cqmponehts givé rise to'thg“_

diffuse satellites near superlattice positions. The relative

'.1nteﬁsit1es‘df the two kinds of satellites will depend on

the relative amplitude of SRO and LRO componénts of the

'composifion fluctuation. The ordering'reaction can then be

described'in terms of the change in relat;ve amplitudes of
the'tw6 components with aging time,v Initially the SRO
60mponént dominates glving rise fo strong satéllites at
the 1%0 position. ‘The weaker LRO component gives rise to

the diffuse satellites near superlattice positions. Towards

»,ﬂthe énd of the reaction the LRO component dominates giving

rise to_sharp'superlattice reflections. Somewhere in
between the two components will be of}eQual strength and

will give rise to an asymmetrical streaking of the diffuse

'satellites. The concept of ordered ddmains or particles is

'retained'only through the result of interference between the

SRO and LRO components.
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Theifélationship between composition fluctuations and
the variéﬁs.satelllte refléctions is anglégous,to the "side
band" fdimation which appear during the initial stages of
spinodal decomposition. In fact, the 120 SRO spots and
diffusé sﬂperlattice reflections in Fig. 21c may be inter-
preted qﬁr;ng the initial stages asvside béhds which
eventualljvdevélop into superlattice reflections; A
‘d}ffraétiqn model based on these ideas is completely

deVelopgd‘in Appendix I. -

'.5}# :guaiitative DiscﬁsSion of Satellite Ampiiﬁu@e'spectrum‘”
,In'.the diffraction modéel derived in .Apfaendix I, there
are twé,gdjustable paraméters.which-may be used to.specify-;
the stéﬁe*bf order in terms of composition waves. They are
(a)’the:amplitudes (I—e)'and'e' of the SRO and LRO components
respectiveiy and (b) ﬁhe'waveiengihs of the two components.
The effectvof these parameters on the satéllite scattering
amblitude spectrum is shown in Fig. 24 and Fig. 25. Changes
in thelrelative amplitudes of the two cbipbnents produce a
éhangé.ih'the relative scattering amplitﬁdes of the satellitéSa
" The tféhSition from the SRO to the LRO state can.be represented
by letting € vary from zero to unity. A dhange in the wave=-
length51qff£he two components results in a shift in the
position’of the peak amplitude of the satellites. A slight

1ncreasé51n the wavelength of the SRO component will cause
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all satelllteSVto shift inward towards their associated
matrii'reflection. On the other hand, a slight decrease in
the wavelength of the LRO component will cause all satellites
to shiftroutward away from their associated matrix reflection.»
“The two components interfere and result in the familiar beat
phenomena.

In'all Cases'the resultant composition fluctuation is
represented by a sinusoidal wave modulatedeith reSpect to.
amplitude. "The period of the modulationuis proportional to

are

the difference ( XS;O - XLéO ) where Asro and XLRO
the wavelengths of the SRO and LRO components, respectively.i
The "size" of the domain is taken as the distance between
nodalfpoints which is always one-half the‘period of the
modulation.' As shown in Pigs. 24 and 25, the propagation of
'composition waves within a small region of the alloy would
produce an array of domains. Within each domain the Mo con-
centration fluctuates rapidly, being highest on one or two
planes near the middle of the domain and decreasing rapldly |
towards the domain boundary. However, the domain boundary is
vnot very distinct especially during the very 1n1tial stages

of ordering (Pig. 24a). - This type of domain structure is
compatible'wlth our FIM results. The bright well defined planes

clustering around the <420> poles would correspond to the planes'

With high Mo concentration. It 1s also consistent with the



=50

observatioh thaﬁ the planes appear to be'oniy one or two
layersvﬁtﬁick". The diffraction model indicates however
that this may_ndt be a good measure of domain size since
planes:ﬁiﬁh higher than average Mo concéhﬁrétions will be
prefereﬁtiall& imaged over other planes. The actual thickness
as repreééhted by the diffraction model wéuid’be about 20
(#20) atomic ‘planes (Figs. 24 and 25) which correSponds to
about 16A for disordered NigMo.

The model is, of course, a drastic oversimplification._
_we are-assuming the composition fluctuation consists of only
'two'cdmpqnents. In feallﬁy, a whole Specﬁrﬁm of wavelengths
between XSRb and M Ro will be excited, leading to inter=
feréndé“effects'énd hence to domains. Each wavelength
_wouldféi#e rise to its own set of satellites resulting in a
' smearingvout of the satellite scattered amplitude spectrum
as shgwﬁ'in actual diffraction patterns (Fig. 12); If Ak
1s a measure of the width of this specttﬁm in wave vector
space, then the domain size will be givénlby %ﬁ;-. Hence,
'the usuélvmethod of estimating the size of small particles
by thé bteadth of the diffraction spots they produce will
still be valid for our diffraction modei.‘ However, the
| effecﬁ is not the same as shape~factor streaking since a
_'plate—like shape is not necessary for the-typé of'broadenihg

predi@ted by the model. The sharpening of the satellites
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into suﬁéﬁlattice reflections would correépond to a sharpening’
of the.3¢ﬁfier spectrum of the composition‘fiuctuation, (1,e;,.
AJ{‘}ZOjf This simply corresponds to domain growth. When
this hgﬁbéhsvthe asymmetrical streaking of ﬁhe satellites
'disappéaré_aﬁd_we can go back to the original description of:

the domain,structure developed in Section 2.

5.5 Sﬁmméry of Discussion

' The diffraction model developed in thls thesis relates
‘the inténsity distribution in reciprocal space ﬁo-the Rourierf
.sﬁectruh 9f coﬁposition fluctuations in diSordered (SRC) '
élloys;  it therefore provides us with a physical description
of the SRO state in terms of domains which form in small
‘regions of the alloy. The change in the intensity distribution
which occurs during the initiasl stages of 6rder1ng provides .
us Witﬁ‘a physical'descfiptidh of the structural changes
which bccﬁr during this critical pefiod; 'Theruestion-we
now ask;is whether the inter?retation can be applied to
system$ other than NigMo. More specifigaily, we would like
‘bté'know7whether it can be applied-to the results of the . |
Clapp-Moss}statistical-thermodynamical-theory of SRO which
specificaliy denies the existence of domains at least in
disordered NluMo.zo This will be of critical importance
since'the'beauty of their theory is its ability to predict
'the 1ntéhsity distribution from disordered alloys for a great"

many'ailoy systems.
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Inlthe next section we shall reexaminé the physical
signifiqanée of the present results in thévlight of the very
recent‘theoretioal work of Hilliardt®s group at Northwestern.uu
a We w111 th§n éhow how the latter theory, which is essentially
a "spihodél" approach to order-disorder transformation; can
be relétédfto the'Clapp-Moss.statistical-thérmodynamic theofy‘
of 830;  fh1s.w111 allow us to reinterpret the predictions of
the Clgﬁp;Moss theory in terms of the diffraction model |

developéd in this thesis.
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6. RELATION BETWEEN THE SPINODAL APPROACH
- AND THE CLAPP-MOSS THEORX

The diffraction model derived in- Appendix I was originally
”developed for the purpose of explaining the presence of the
130 SRO maxima and the asymméetrical strea.king of the diffuse
' satellites which appear during the early stages of ordering,in |
' NiuMo,  H§wever, like similar models used to explain side band
formati§n’dur1ng spinodal decompositionuz’43 it does not
provide'ény 1nformétion as to why tranéformations give rise
_ to a particular kind of scattering.

The answer has now been provided in part by the discrete
counterpgrt of Cahn's continuum’theory of_spinodal'decomposi-

~tion recently developed by Cook, deFontaine and Hilliard.

6.1 Spinodal Approach to 0-D Transformations

hs

The basis of Cahn's - theory of spinodal decomposition

is the.diffusion equation:

| ¢ = () [ (£n + 29 2Y) vic - 2KV“'C]
I | (1)
(221 /2c2) |

inwhich f»
: (dlna/doc)

} evaluated at C = Co

where f 1s the Helmhotz free energy per unit volume, C
the atonic fraction of component B, Co the average
composition, Y a function of the elastic‘COnstants,‘

Nv the'number of atoms per nnit'volume, a the lattice
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parametef,.K the gradient energy coefficient andZM an
atomic "_m’obil'ity. .

Cahhfs continuum formulation 1is restficted to composition
variatioqs with wavelengths long’comparedvte atomic spacings
and is the“efore restricted to systems for which K 1s positive.
If K 1s negative as in ordering systems, Eq. (1) predicts the
growth of composition fluctuations with. infinitely short wave-
1engths._ |

_ This restriction was removed 1n the treatment by Cook,
fdeFontaine and Hilliard - They derived a finite difference
equation that is the analog- of Eq. (1) for the special case
when n = O. For the general three dimensional case the .

vdiffusion equation is.

(wN ) z[m c,, (zaz)z aZ (afcp)]
(2)
where Cp'iS'defined_as the ?roEability,'with respect to the
1 1n1t1a1 distribution, of finding a B atom at site p after

. time interval AOt. The other parameters have the same

'meaning.as.in Cahn'! s'treatment. The summation is taken over

. all nearest neighborvsites about site p and zﬁicp is the

\

secondfdifference defined by:

A2C. = C

=, - 2c, +C

P+ T P Pp=-T
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, buﬁiﬁg_the #ery early stages of spihodal‘decbmposition
or_ordering the amplitude of the compositibn variations will
be smali;i By assuming that under thes¢ ¢ohd1tions thev |
composltional dependénce of ", K and M can be neglected,
Cook éhdﬁéd thét thevgeneral'solutidn tb‘Ed,_(Z)_is glven by:

G = Z {ame™ Ve
S | (3)

‘where. X, is the vector joining the origin to site p, k(h) is

P
a wave vector from the origin to point (h) in reciprocal

‘ Space; AQ(h)’is the ampiitude.of the Fourier component of

wave #egtOr k(h) at time zero and 0i(h) is an amplification

facto; 5iven by:
(k) = —(Y)BU [ "+ 2KBYA)]
B V72 .
S ' (W)
in which

52{/‘.} = -a—-/zg [/“COS /_'?-(/7); )x-"r] |
o | (5)
vﬁheﬁe i(r) is ‘a vector joining site p to a nearest neighbor
site and the summation is over all néarest heighbor sites. |
' Thefamplifiéatién factor determines the rate of growth
or deéai of a particular Fourlier component. For a gi#en
| pointf(h)';n reciprécal space the sign and magnitude of X (h)

depends on the signs and relative magnitudes of f* and K. -
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In oideflhg systems. where the free energy versus coﬁposition‘
is everywhere concave upward " is positive. K is propor-
tional to an interaction energy46 whichefor ordering systems
is always negative. _ ;  |

The relationship ‘between the amplification factor cX(h)
Iand“theeintensity distribution associated with ordering effects
can befeiamlned by assuming that the'atoﬁic scattering factor

for site p varies in phase with the composition Cp,(See Eq.

@, 3) in Appendix I).

then _ o
o fp = fo + (fB -f,) Gy - Co o
| _ : o (6)
where fA and fB are the scattering factors for A and B atoms
and fo 1s the average scattering factor for the system.
Substitution of Eq. (6) into the_usual expression for the

scattered amplitude, F(k) we obtain

o

Ftry = 3 4, & %

R

. —.E‘;Z 5
LI 4 (hmsaTlg-ale o

| | L (7)
The-firSt term gives rise to the matrii reflections whilevthet
'second term’contains all the information on the modulation
of the diffuse scattering caused by ordering effects. The

sum is simply the Fourier.transfofm of Eq. (3). Hence, the
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orderfpart of the scattered amplitude cen be written

F(R2) = (fo-fa){ Am ™™}

order'
(8)
where N 1s the number of points (h) in the first Brillouin

zone;,-Therefore, the intensity is’ given by
Fz(k,ﬁ) : Fz(k"b) eZNlEnHZ
order |
oThe intensity associated with ordering effects will
therefore be a maximum at those points (h) in reciprocal
space. where the amplification factor takes on 1its absolute
maximum~value. But according to Eq. (4) this occurs when
£+ éKBz(h) is an-absolute minimum (1. e.,.largeet negative
value)' Sinoe f" > 0 and K< O for ordering systems the
latter occurs when Bz(h) attains its absolute maximum value.-
For fce systems Eq. (5) is given by

Bz(h) = .3:% E 1 - 5 (cosThycosWhy+cos W hycosWhy +
L a . a .cos?KhzoosTfh3]
| . (10)
Therefofe, the diffuse intensity assoclated with ordering
‘effecfs ﬁiil attain its maximum value at the points (h) =

:(hl,hz;h3)'in reciprocal space where the function

"C(hlhghB) Ecos?'hloosﬂ'h2+cosﬂ'hlcos?ih3+cos'Th2
cos h3} (11)

il
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attaiﬁsvits absolute minimum value. .C(hi;hé,hB).is plbtted
in the hé': O plane in Fig. 26. The plot corresponds to one
quadréh£:§f the [002] diffraction pattern (Fig. 6a). The
contoﬁfiiines are the locus of points for which C(hy,h,,0)
is a constant. The minimum value of C(hl,hz,o)'ié (-=1/3)
at'all-points of the line betweén the (100).andv1%0 and all
crystalidgraphically'equiValent points. '
':Fig.-zu shows that any compqéition wave.whose wave
-ﬁectdraénds on the line joining (lOO)'and (130) will be"‘
selectédvfor growth,féll'others Will'deday with time. The
_wavévvédtp:s ending on the 130 points gdfrespond to compo-
sition waves normal to the {420} planes with wavelengths
equalﬂfé.(ZTF/kI%o) or L4 where dbié the interplanar
' spacingibf_the %béo% planes. This is precisely the compo-
sitioh}dee used as the SRO component in our own diffraction
model;"Fig._zb,-hbWever;:shows that any other compos1t1on
fluéfuafioﬂ whose wave vector.also ends on ﬁhe (100) - (1%0)
Hliﬁe~9aﬁ,aléo be selected for growth. The reason why they
a:ernét'ih Ni,Mo W111.be:seen'after discussion of the Clapp-

Moss theory.

6.2 The'Clabp-Moss Theory of SRO

‘According to the classical statistical-thermodynamic

treatment of SRO,> the diffuse intensity due to SRO is given

oy -ik.glmn

o ‘ 2
Ty = Nmum, ($5-82) 7 o, e
~order ' dmn o
| (12)
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wheré N,iS the total number of atomsiiﬁ’thé crystal, m,
and'mB;afe the atomic fraction of A and B components,
respéét;vely, £, and’fé are the atomic;Scattering factors
for A;énd<B atoms, k 1s a wave vecﬁor in'féciprocél space,

A

1mn 1s the Warren SRO parameter defined by
T BA ,
O(Imm =1 . fo,imm |
I (13)
in which Po% an 1S the probability of finding an A atom at

site lmn given that a B atom is at the origin. According to

the classical-treatment, the-conditional pair probability

'dependSIOnly_on the sites lmn and the origin. Clappvand Moss

1n effé6tvc1aim that the correlation between the two sites is
not airect butfdepends on the atomic cohfiguration between
the two S1tes. vP1écing'an A atom at éitellﬁn will in effect
polarize a particular kind of atomic cbnfigurafion around the
site3§hosen as ofigin. The probability that a B atom will
occupy the origin will be determined by this polarized atomic
confiéﬁration. Stated somewhat differently, the information
that an A atom is at site lmn will be transmitted to the atom
at the origin through. its neighboring atoms at sites f. The
"strength" of the signal recelved at the origin from e
particular'site f is proportional to the interaction energy
VOf‘between that site and the origin.i'if XKg 1pn 1s the

Warren SRO parameter for the sites f and lmn, then the Warren SRO
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parametef for site lmn and the origin is

(14)
- The interactIOn energy between two éites’i and j is glven by

AR

\4§‘=?-% (\iig + Vi - 2V )

(15)
_for ordefing systems Vij ié negative, It is assumed to have
- the fofm o - “ ‘ ’
-E%'éaﬁ . .
ng %W‘ﬂe 4w

| (16)

_ where xf is the vector joining the origin to site f and the'
integration is taken over one unit cell of the reciprocal
lattice, the volume of which is . BEq. (14) is the basis
of the Clapp and Moss theory of SRO. It was derived from
an infinite set of nonlinear equations in the cﬁlmn'e'
whioh in generel must be-solved in some epproximate way to

_senarate the CI The approximations used by Clapp and

lmn'*s*
Moss was to neglect certain higher order terms in the
infinite set of nonlinear equations which in effect limits
the validity of Eq. (14) to temperatures much higher than
the orifioal ordering temperature. - ' {

. The set of,equations‘given by Eq. (14) can be

diagnolized by introducing Vgs and the Fourier transforms
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of Gﬁimi from Eq. (12). This yields equations in terms

of I (k) and V(k) which give for any Value of k

order

(k) _' constant

1 = T4%m,up BV(K)

order

| (17)
whereﬂ--—-' i_t’ ‘k is the Boltzman constano :

Therefore, according to the Clapp-Moss theory, the diffuse
intensity assoclated with ordering efreots will have its
maxinumn value at those points in reciprocal space where the
vdenominator in Eq. (17) attains 1ts absolute minimum value,
i. e., where the Fourier ooeffioients V(k) attains its

absolupe_minimum value. From Eq. (16) V(k) is given by

V()= Z Vg e R-Xg

For cubic crystals thers,is for each site f another site at
-f wﬁioh'has the.same value Vor hence ﬁhe sine terms cancel
_ leaviﬁg j

V() = 2 Vo €8S R-¥g
* ,

;Foryfoofcrystals'the explicit expression for V(k).for nearest

neighborvinteraotions only is

V(Y= 12% | 5 (cosTh, coswha + costrh, cosithy
| * Coswhaz cosThy | | |
=12V, C(hhahe) a9
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Henceiefhé diffusevintensity assocliated with'ordering effects
will atpain its maximum value when C(hlhéhB) attalns its
absolute:minimum value, This is preciSely'the same condition
required‘by'the spinodai theory (Eq. (11)). Therefore to
this degree, they are mathematically equivalent.

However, the equivalence is more than a mathematical
coincidence. Both theories in effect predict that the
‘probgb;iify of a site being occupied by a B atom will depend
primari1§ on the aﬁomic configuration of“héar néighbor sites.
In the case of the spinodal theory this effect 1is 1ntroduced
through the concept of a Lree energy term arising from
composition variations_between sites. The free energy
contribution from a pafticulér site'p_will be proportional
to thé'SQuare'of.thé‘cchcentrétion gradieﬁtlbetween site p
and its nearest neighbor sites p+ T, i.e., proportional
to g E_@:?-Eeﬁz . The proportionality factor is K the
gradiént enefgy coefficient and plays the same role as Vs,
~the 1ntefaction energy in the Clepp-Moss theory. In both-
theories the "polarized®™ atomic configuration about a site
P willvbe such ésvto minimize the total'free energy of the
allby;ebﬁhen‘only-first nearest neighbor interactions only
‘ére'oonsidered both theories predict intensity maxima at.
the seme'piaces in reciprocal space. However, the spinodal

theory retains the concept of domains in the same way as the
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simpléydiffraotion model developed in this thesis. If K,
the gradient energy coefficient is retained under the
summationi51gn'in Eq. (2) the spinodal theory could in
principle be extendod to include interactions beyond first
nearest neighbors.

If wé therefore assume that the mathematical and
physicel‘equivélenoe between the two theorles holds also

up to second nearest neighbors, then the predictions of

the Clapp-Hoss theory which includes higher neighbor inter-

-act10nevcould be ‘interpreted in terms of a propagation of

compoeition waves.at least during the very initial stages of
ordering. | | |

If the second nearest neighbor interactions are also
included V(k), ‘the interaction energy in the Clapp-Noss

theory becomes for fco crystals,

V(k) = 12V10(h1h2h3) +~6V2C' (hlhzhj) (20)
S : 20

where C'(hjhphs) = 1/3(cos2Why+cos2Whytcos2Why). According

.,to this theory V(K) is a minimum at all 130 positions in the

fee reciprocal,lattice of disordered N14Mo. For suitable
choices of T in Eq. (17) and V, and Vj in Eq;‘(zo), Clapp -

and Moss were able to match thelexperimentally determined

X=-ray 1ntens1ty contour maps for the [0021 reoiprocal 1attice
sectlion. obtained by Spruiell and Stansbury from as-quenched

NiuMo.  The best match was obtained for the values T = 1.05T,
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and:Vé § O,3OOVi. The agreement was quite good and as a
result;‘Ciapp and Moss concluded that the conbept_df small -
ofdergd ddmains is not valid in disordered NiQMo.

| Thé,fesu}ts of thé present study baééd on both'electroh
diffré§tién and field ion microscopy observations provider
very Sfrbng'eVidende of some form of ordered domains’in
asaquénched alloys which héve atomic arrangements similar to
but not exactly that of the long range ordered structure of
NigMo. - In fact, since the physicai.bgsis'df the Clapp-Moss
thedry:énd the Spinqdal theory are very similar, at least
during the very'initial stages of ordering, we can interpret
'the résults of the Clapp-Moss theory in terms of domains,
In Niglo, V(k) is a minimum at all I%inqsitions, according
to the Spihodallinterpretation, this méans]the'compOSitidn
fluctuatiohs receiving maximum amplificafion-wili be those
occurring normal to the @U20§ planes having wavelengths
equal to (ZFI/kI%O) or 4d420' This 1s the same composition
wave that was termed the SRO component in the simple
: diffraction model developed in this thesis.

Actual diffraction patterns of as-quenched NijplMo and
the high temperature diffraction ﬁatterns of AusCr exhibit
quite diffuse spots indicating that in real alloys many
compésition waves'are excited having a range of k-vectors

close to, but not exactly egual to kl%O in reciprocal space.
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Moreovér;ifhe presence of véry weak diffﬁse'satelliteé in
as—quenéhéd NigMo indicates the distributicﬁ of k-vectors
about.kléd_is not symmetrical but exﬁendé preferentially
toward$ §hortér k values near Z?T/5d420.ﬁ:éOnsequently, in
the diSdrdered alloy the various excited composition waves
'.should iﬁterfére resulting in "domains® whose size normal
to th§ {420} planes. is inversely proporﬁional to the
breadﬁh ﬁSK of the k-spectrum. Since thils concept 1is

also iﬁ égreement with the present FIM bbservations we

end this éection by concluding that the concept of ordefed
domaiﬁé i§ valid in disordered Ni#Mo. |
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7. SUMMARY AND CONCLUSIOCNS

A parallel transmission electron and‘field ion
microseopy'study of disordered Ni Mo and ef alloys aged
for ver§fshort times at 750°C and 650°C have shown the
follewing:' | |

| (a) . In as-quenched alloys very neak satellites exist
near superlattice positions correSponding to the LRO
'struetnre'of*N14MQ;' These satellites ere'detectable‘only_
‘in electron diffraction patterns of certain favorable
orientations and are completely obscured by neighboring
130 sno spots in <002> diffraction patterns.

(b) During the initial stages oi‘ordering at 65000
'the-satellites'de#elop a peculiar asynmetry in their
diredtien_of streaking in various <2107 diiections.' |
Satellites which upon agingveventually develop into super-
lattice reflectiens corresponding to ordered demains:of a
i particﬁlar orientation variant are not initially streaked
in the same (210) direction. |

C(e) ‘At 650°¢C,  tiny ordered domains are directly 7
resdived:in dark field images using either 130 SRO spots
.or'its'neighboring satellites only after 10 ninutes of
aging; At 750°C the ordering reaction i1s essentially

"complete within 5 to 10 seconds of aging.
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(d) Fileld ion images of as-quenched and aged alloys
exhibitdclustering of well defined groups of atoms about

the 44207 poles of the fcc lattice. The effect is most

K 'pronounced in aged alloys in wqich ordered regions are

directly resolved by transmission electron microscopy

: technlques. The unique or;entational dependence of the
‘distribution of the well defined groups of‘atoms'is direct
evidenoe of tiny ordered regions posseSSing an:stomxc
arrangemcnt in which the Mo concentration is varying on
‘the {420} planes. The variation is similar to, but not
”exactly the same as the LRO structure of NigMo.

(e) "An explanation for the above,observations 1s
giVen.;nvterms'Of composition modulations'Occurring normal
to‘the:§h20§ planes 1nvsna11 regions}of”ﬁne'crysfai. A
diffraction model based on this idea explains not only the
presence of intensity maxina at the l%deositions but also
the presence‘of the weak satellites nesr snperlattice
positions. The model is also compatible with the FIM
; observations and suggests that the brignt well'defined
groups of atoms represent planes within domains which have
.the hlghest Mo concentration. The physical basis for the
diffrection model is given in terms of the recently developed
spinodallapproach to order-disorder transformation;‘ The

modelsisbalso_compatible with the Clapp-Moss theory of SRO.

Rl It
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The 6vera11 results suggest that disordered Niuﬁo
consists,éf tiny reglions possessing soméjférm of ordering,
at 1eé$t~1n the‘as-quenched disordered ailoys and possibly
in thé?equilibrium digordered stéte'gbové the critical
orderin$ temperaﬁure. However, at very'high temperatures
where'diffusion can take piace easily, such regionslmayf
have onlyaa temporary existence both in sﬁace and.in time.
Iﬁ this sénse;’the statisticai;thermodyhamic view of SRO
| _wouldefb.'e'_ correct but there will probably be an equilibrium
distribﬁtioh of such regions both in number, siée and degree
of order when all instantaneous distributibns are averaged
over affihite tiﬁé-interval. This must be the case since
_the difff&ctibn patternS’téken above ahd;bélow’the critical
drderi@éﬁ#empéfature are very slmilar.iiIh this5sense,'the
microdbmain or discrete particlevconéepﬁéof SRO would have
some'vaiidity even abdve the cfitical ordering temperature.

ﬁboﬁ quenching however a particular distribﬁt@on will
‘bé frozén'in. In this case the microdomain or discrete
partigieA#iew of SRO musﬁ be a more aécurate physic&i
descriptioh than the liquid-like arrahgement presented by
the stétisticé1-thermbdynamic viewpoint.

|  -waéver,.thé present study also 1ndicatés that the form
of ordering'within the domains or particles is best deséribed

in terms of composition fluctuations rather than a specific
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ordered structure. It has been shown that the latter can

change.during the very initial stages of ordering. Oh the

other hand, knowledge of the amplitudes and wavelengths of

- the vér;gus components producing the composition fluctuation

contain5é11 the information regarding "structure", domain

size éﬁd“the dégree of order. Since the average composition

:,on theiyafious planes within a typical domain will be known,

equivélént sublattices can be specified=and hence the Brags-'
Williems LRO parasmeter, or for that matter the Warren SRO

parameters, can be calculated.

it = : |



- ACKNOWLEDGEMNENTS

The-éuthor is Geeply indebted to his researcn advisor,
Prof.iGé:éth Thomas for his encouragemanﬁ'and very stimulating
discuésidﬁs durihg critical periodsigf this investigation.

He woﬁld!élso like to express his apprecistion to Dr. H. Tong
for nﬁﬁéibus interesting discussionS’dn'£ﬁé'field ion work. |
.Thanké'ére also due to my wife, Shirley f6i typing numerous
draftéﬁaﬁd the finél_versién of this thés#s.

 ihi$‘work was carried out under the‘auspices of the
‘-United:S£ates Atbmic_EnergY CommiSSionatﬁ:Ough the Inorganic

Materials Research Division of the Lawrence Radiation Laboratory.



1.

- 10.

REFERENCES

Z. W. Wilchinsky, J. Appl. Phys. 15, 806 (1944).
B;iE.'Warreh and B, L. Averbach, "Thé Diffuse Séattering'

of X-rays" iﬁlModern Research Techniques in Physical

Metallurgzy, ASM, Cleveland, 1953.

C;_J.vSparks and B. Borie, "Methods of Analysis for
Diffuse X-ray Scattering Modulations by Local Order

and Atomic Displacements®, in Local Atomic Arrangements

Studied by X-ray Diffraction, AINE, New York, 1966.

| H. Lipson, Prog. Metal Phys. 2, 1 (1950).

A, J. Wilson, X-ray Optics, Methuen, London, (1949).

: B.jBattérman, Ph.D. Thesis, MIT, Cambridge, Mass.v(l956),

it_G}‘Edmunds‘and R. M. Hinde, Proc,'Phys. Soc. éi,

716 (1952).
J. K. Raether, Angewandte Physik, 4, 53 (1952).

S;‘Yamaguchi, D. Watenabe and S. Ogawa, J. Phys. Soc.

- Japan, 17, 1030 (1961).

M.-Jg Marcinkowski, in Electron Microscopy end Strength

- Of:ngstals, Ed. G. Thomas and J. Washburn, Interscience,

11.
12.

New York, (1963). o
B.:w;-Hoberts, Acte. Met., 2, 597 (1954).

M. Hirabayashi and S. Ogawa, J. Phys. Soc. Japan,

11, 907 (1956).



13.

1k,
15.

. 160

17.

18.
19.
20.

21.

22.

,23;

24,

25,

26,

Y. D.

. =72-

Tyapkin and K. M. Yamaleev, Soviet Phys-Dokl,

2;,322 (1964).

H;'N

c.- 'A

Southworth and B. Ralph, Phil. Mag., 14, 383 (1966)

Taylor, R. M. Hinde and H. Lipson, Acta. Cryst

&;:zél (1951). | 'a

JQLM.

c.
c.
s;,c;
E.

Je

L "Eo

Gehlen and J. B. Cohen, Phys. Rev. A8LL (1965)
Cowley, J. Appl. Phys. 21, 24 (1950)
Clapp and S. C, Moss, Phys. Rev. 142, 418 (1966).

Clapp and S. C. Moss, Phys. Bev. 171, 754 (1968).

Moss and P. C. Clapp, Phys. Rev. 171, 764 (1968).

Spruieil and E. E. Stansbury, J. Phys. Chem. Solids,

'26 811 (1965).

Tanner, P. C. Clapp and S. Toth, Mat. Res. Bull.,

2, 855 (1968)

H G

‘Baer, Z. Metallk., 57, 318 (1966)

E. Ruedl P, Delavignette and S. Amelincx, Phys. Stat.

' Sol.,
’B G.
2@2 788 (1968).

B. G

28, 305 (1968).
LeFevre, A, G. Guy and R. W. Gould, Trans. AIME,

LePFevre and R. W. Newnan, Proc. Symposium on Field

| 'Ion Microscopy in Physioal Netallurgy, Georgia Inst.

27.

p. v
(1961).

Technology, Atlanta, Georgia, 1968.

Guthrie and E. E. Stansbury, USAEC Report ORNL-BO?B



28.

29.
30.
31.

32‘
33.
3.

36.
37.

38.

39. .

40,

5.

-73-

A:“ ~Moore and S. Ranvanathan, Phil Mag., 16, 723
(1967)

B. G Lerevre, H. Greng and B. Ralph, Phil.lzg. (In Press).
R. w Newman and J. J. Hren, Phil. Mag. 16, 211 (1967).

S. Ranganathan, H. B. Lyon and G. Thomas, J. 4ppl. Phys,

| 8,.4957 (1967).

E7'w ‘Muller, Advan. mlectron and n‘.’Lec’cron rnysics, 13,

83 (1960)

J;;J;'Hren and S. Ranganathan; Pield Ton Microscépy, 
Plénum,-New York, 1968. |

P Petro;f Ph.D. Thesis, Univ. of Cali;., Derk.,

Calif 1968.

R. B Nicholson and J. Nutting, Acta..ﬂet 2, 332 (1961).
H;‘Warlimont end G. Thomas, Met. Sci. (In Press).
w;_Ggudig; P. Okamoto, G. Shanz, G. Thomés and H. Warlimont;
Pfoc;'Thifd Bolton Landing Cénference on Ordered Alloys,
Lake ‘George, New York, 1969. |

E.-P. Butler and G Thomas, USAEC Report UCRL-18840, 1969.

RgfL;Vak and G. Thomas (to be published)

'L}fE Tanner, Phil. Mag., 1& 111 (1966).

P. R. Okamoto and H. Tong (Submitted to Acta. Met.).

: V.HDanielsand H. Lipson, Proc. Roy. Soc. A181, 378 (1943).

M;'E. Hargréaves, Acta. Cryst. 4, 301’(1951);
H. E. Cook, D. deFontaine and J. E. Hilliard, Acta. Met.
17, 765 (1969).



-7l

ks, J. W. Cahn, Acta. Met. 9, 795 (1961').._' |
46, J. W. Cahn and J. E. Hilllard, J. Chem. Phys. 28,
258 (1958). o



-75a

APPENDIX I

A Diffraction lModel of Scatter ng by CompoSition
Fluctuations in hiqMo C

In thisvappendix a kinematical diffpaotion model is
"developed for scattering ffom a binary alloy comprised of
regions or domains which are modulated'by.composition
fluctuations. .The treatment is based on one developed by
V. Daniels “nd H. Lioson42 to etplain side~band formation
during the initial stageo of spinodal decomposition. We
snall consiaer only the one dimensional modulated structure
as *t brings out all the essential features of the general
three dimensional case wnhile greatly simplifying the

mathematios.

A@plitudé Scattered by'Composition'Fluotuations

Consider a local region of our one dimensional binary |
alloy,,nLet the region consist of N.atomio planes-of spacing
a perpendicular to the direction of the one dimensional
oomposition fluotnation. Let Cp be the atomic ffaotion of
B atoms of the pth atomic_plane whose position»isv'xp and C,
be tne'aVerage'composition of the alloy. We assunme thst the
composition fluctnation within this local reglon can be
described by

.Cp - Co = (1 = €)coskgpaxy + € coskypoXy (A1)
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where.k is a Wave,vector'eQual to 2W /2. In'exponential
form-Eq; (4.1) can be written: |

S R AV g X @
Cp-Co= LlIme)e *%=%C 5(i-ele sae
ce ’ Wigo Xa ¢ B@mé”v

| | (4.2)
The plana’r scattering powér fp of the pth atomic plane 1is then
fp = Cpfyg + (1-C)f,
where fBand Ty are the atomic scattering factors for B and A
atomé»,v‘.'}'_'r,espectively. Similarly the planar scattering power f,

for th'e'_“_’w'hole ‘alloy of average composition Co is

f:O = COfB + (l-Co)fA

thus
£, - £, = (fg - £,) [¢p - 1 o
P o B- ATl (A.3)
The s’cattered smplitude from the domain is
-2We S
)= 3§ & T
Introducing Eq. (A. 3) and Eq. (A 2) we obtain
R =% X 2T L Y (1 Ze 2a (S Rsgalzm)%p

- '-3.5_ (u_é\bz e"zrﬂ@S g‘-s&alZﬁ);‘P
2 7 .
P

%E E é‘?ﬁ&(Sﬁ-E?lQb izgg}x?
?

where ¥ = (fB - fA,) : . . o (AW)

Z ~2G¢ (s- RLRO/?‘T)’P
‘P

NM
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Introducing X, = pd, and summing over all N planes we get

SmEnsd ﬁ—m’ (s8-8 4

L
Hs - :}“ snwsd

FL(1-ey TOTNCS  Senoleald SHENNS - ksao fo)d

-ﬁ- {5‘ } SEWWN (S’ﬁ' E».QQ@ ‘;‘,35& -“‘6’6“")\5{.&5211)/2“)&
Smw { S+ Repe /2@ )a

+ L Smun(Stluge/enid RSt kg, /2 d
SINW(STE e, 2 d

¢ Stmww (S- A, I?zﬂ;a é—ﬁi (m—ﬂ; {(s- k"‘-QOIZBﬂé 4

SMT(S- fiea s2u)d B | (4.5)

i

ot
RN

ne - first term has a maximum value Nfg at values of S where
the denominator vanishes hence simply contributes to the

matrix réflections at
@« _n . '
S ='a:= ng’ (n= O, _1, iz,cooc)

Thé remaining terms give rise to two sets of satellites.

Typé I satellites occur at
' k
S=ng TSRO, (n=0, %1, ¥2,....)
Maximum Amplitude = —p N(1 - €)
Type’II’satellites occur at

S =ngtXLRO, (n=o0, 1, 22,....)

M‘vé.xi‘vmum Amplitude = ’Yé{ NE
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For.tho case when the two components of:;hé couposition
fluctuét‘ on in Eg. (A.1l) l"avé the wa.ve.l'en';g"chs XS"O = 44
and )@- 1po = 53, then kgpo/2% = (1/b)g and kpp,/20 = (1/5)g
where-g is the reciprocal lattice vector for the planes.
Henco;féach matr1X'ref1eo£ion at ng, (n‘= 0, ii,..;.) will be
flanﬁé&3by two sets of satellites located at distances 1/43
and l/5g on either side of it.

The relative magnltuueo of the Typo I and II satellites
will depena on & . ‘*g.-zb shows the composit;on profiles
and corresponding'amplitude spectrunm for various values of €.
In eéoh'case the composition orofile'is described by a
sinusoiual wave modulatea with res poct to amplitude, the
period of the modulation being proporu;onal to the d;;ferenog
(1/ﬂ$éé61- 1/‘§LRO);} These modulations in comoosition can
be'interprefed'as doﬁains. Within each domain the comnosition'
flucﬁﬁétes fapidly; Being highest near the middle of each
domainuond decreasing rapidly towards the domain boundary
in the oase where the two components are of equal strength.
When one of the components aomlnaues the boundary is quite
‘diffuse. | |

When the SRO component dominates, the period of the
compoéition fluctuation within each domain 1is very nearly
equallto ngRO' This would correspond to the situation
discussed in Section 5.2 when ﬁhe doméins have a structure

which no longer can be considered as ordered N14Mo.
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When the LRO component dominates the‘ﬁeriod of the
fluctgatibn is very close to 'AiBO‘ This_correspondé to
the case ﬁhe}e the crystal structure of the domain is.still
based Qh}that of ordered Ni,io but wheﬁe new LRO parameters
must be used. A

| 'The“éffect of'changihg the wavelengths of the two
| compd}ieﬁts is shown in Fig. 25 for the case where & = 1/2.

In this‘case, Eq. (15 may be approximated by

» o 3. 3 .
4cp - Qo = cos(g Ax)xpcoskxp

Introducing the exponential form of Eq. (A.6) into Eq. (A.3)
the scattered amplitude becomes (ignoring phase factors)

o r SmunNsd
SY)Y = % —_—
}E:( ) SMmEsd

swmnel s- %r(Re 25)1d

©

V
+ ¥ . .
T smwWLs- Yew (et 28314
¢ ¥ Swmwal s-lhalk- 214
¥ swmuls-Yeu(wr- 42)]4
+ ¥ SwunNl st Ven ¢ ky AFy14d
L -

- SinwW [ sa Yz (R+ B2y 4
o -%.g 45“&1??%255{-y%mi(ﬁQ__€¥§')}d |
Sinng E'S-ﬁ-}@w{k- é;%)}d

(4.7)
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We again obtaln matrix reflections at

: S.= ng (n = 0,%1,%2,.....)

and Type»I satellites at:

._ps{=_ngi L (k +__§L)’, (n = O,il,iz,...;)

0,%1,%2,....)

wny

I

=

[00]

i+

s
gi .

%\ .

]
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s

9
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Pigs. 25a and 25b show the composition profile and corre=-
Sponding ampiitude Spectrum for the case wnen k SRO is fizxed
and kppo is reduced by .an amount Ak. All the satellites are
shiftei_i 'outward from eac‘n matrix reflection by an Ak/2% .
The séteilites are now céntered'about former positions of
the TYpeAI ‘satellites.

Figs. 25¢ and 25d show the results. of fixing kLRO and

allowing k to increase by an amount EN&. All satellites'

"SRO
are now shifted inward towards each matrix reflection again by
the. amount Ak/2W from their former positions.

- ‘In the case where a range of ySRO and kLRO are excited

in a local reglion eaoh component will contribute to the |
émplitude spectrum resulting in a smearing out of the
satellité intonsity distribution into streaks. The same

effect, however, can occur in the case where different local

regionéiin the crystal having slightly different values of
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kSRO and L RO are scauterinv indenendently. Each region
will contrlbute its own recip;ocul I“Ltice, hence resulting}
in streaked satellites. In elther case,vhoweve; an array
of domains would result in gach such rewion.
In uhree dlmensions cach matrix reflection wWill Dbe
: flanked~by two sets of satellites all iying in a line
P&rali¢1jﬁo the direction of the compoSition fluctuation.
For theTease where fluctuations occur in all €4207
directions in various points of the crystal, eech natrix
refléctidn“w*'l be flanked by 12 pairs'of'satellites. M1
the Typc Il satellites will result in the reciprocal lat Lice
shown ln FPig. 3. All the Type I satelll tes Will result in |
SRO peaks at all equivalent 130 positions 1n the fcc
recipfdcal lattice. During the early stages of ordering
whentfhe satellites are streaked, the resulting 00273
pattern will be that shown scnematicallj in Pig. 2ib.
Referring again to Fig. 3, each 130 position is

surrounded by 4 superlattice spots. uuring the initial
stageébef ordeiing each superlattice spot will ne a Type II
| satellite esch contributing a Type I satellite to the 130

position. Hence, the resulting intensity of the 140 SRO
‘maXima-will be 4 timee as great as'the value one WOuid‘

predict from our one dimensional model.



Fig. 1

Pig. 2

Plg. 3
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- PIGURE CAPTIONS

Ni-Mo phase dizgram.

Plén view of atomic packing in the (002) planes

of the ordered Nijplo structure.

a. Type‘I ordering scheme results in the bcf
unit cell rotated counter-clockwise relative
to the feco unit cell. :

. Type 1II orderinv scheme showing the clock-

wise rotation of the bet unit cell,

The intensity diatribution in reciprocal space

for the ordered NijMo structure (Dlg). The

large circlesvrepresent matrix_reflections.

The smali_circies represent superlattice
reflectidns from the 6 D1, orientational variants.

a;'f[oozj'diffradtiqn'pattern; superiattice

“reflections are from two ordered domains in
’ antiparallel twin orientation. (c-axes at 180°)

o, [1217 diffraction pattern showing reflections

from two domains perpendicular,twin orientation.
(c-axes at 900).

c. Schematic view showing that in a [1301 foil
orientation only superlattice reflections of a
single orientational variant will lie on the

reflecting sphere..



Fig. 57: } A schenmatic reﬁresentation of a small Type II
.. domain “nucleated" within a'T&pé I domain by
 '-chance compdsitidn fluctuatiéh normal to the
| (420) or (240) planes of the fec lattice.
Fig. 6 = Diffraction patterns of an alioy held at 1100°C

: _for53 hours prior to quenching into iced brine.

b, 121}, % reciprocal lattice séctions
c. 1is01. ) | .

Note the weak satellites near superlattice
reflections indbated.by arrows in b. and c.
are not detectable in a.
Fig.f7 ;_ Microphotometer trace along t@éO] directions
: obtained from the original plate‘of the [1213}
diffraction pattern shown in Fig. 6b. Note
peaks near ééogct.and 330+ Superiattice
positions are easlly defectable while those‘near
110y and Mﬁobct are obscuréd>by neighboring
'1%O'SRO spots.. " |
Fig{isfﬁ Typical microstructure of és—quéﬁéhed alloys
" ‘the 111 obtained from a [121%,,, foil.
a. Bright field using fundamentai reflection.

b. Dark field using the 130 SRO spot.



Fig.'9 

Fig. 10

Fig. 11

-8l

Typical microstructure 1n alioys aged 5 mintes

st 750°¢C.

a. [1213 qiffraction pattern

b. Dark field image of a 110y, superlattice
reflection showing or&ered_ddmains of a single
orientational variant.

Briéht Tield images‘usingvfundamental,reflections
showing strain contrast due to finely dispersed

strain centers.

c. g = (002)s, .
d. g = (11l), .
e. g = (ill)fcc
£ g= (220)p4,

Foil orientation 1S near [1107s4.

&a. E1211~diffraction pattern*from an alloy aged

10 seconds at 750°C. The weak regularly spaced

spots aligned along the Elil} and £2027 directions

are double diffraction Spots originﬁting from

- domain boundairies. Thelr presence indicate

~domains are in contact.

b. Dark field image usingra 1iobctusuper1attice :
réfléction showing only one set of domains.
Typical microstructure of an alloy aged 1 hour

at 750°C., The domain structure consists of an

L i)



Fig. 12

Fig. 13

Fig. 14

" b. Dark field using 130 SRO spot

d. Dark field usirgz 130 SRO spot

-85~

assembly of traunsformation tﬁiné. Foil
orientation is neaxr EiZlEfcc;

a. Bright field image using the @lilﬁfcc
fundamental refiection. b., c. and d&. are
Gdark field images using superlattice reflectibns

indicated by 2, &4 and 3, reSpectively in Fig. 3

- and Pig. 4.

Electron diffraction patterns from alloys aged

at 650°C, showing diffuse satellite intensity

after 10 minutes of

d. [002Y,,, pattern aging

distribution.
a. L1217, pattern )
: ) efter 5 minutes of
b. [L[002]¢.. pattern ) aging
c. £121%,,, pattern )
)
) .

A schenmatic reprééentation of the sateilite

intensity distributiorn about each 140 SRO spot,

wiiich formvduring.the first lovminutes of aging

at 6350°¢.

Typical microstructure of alloys aged at 650°¢c.

Foil orientation is f1211.,,.
a. Bright field g = (1Il)c, o
: 5 minutes

') .

)

)
c. Bright field g = (1I1),,, )
: g 10 minutes



Fig. 15
Fig. 16 -

Fig. 17

Fig. 19

-86-~

The (002) sterecogzram showing the symumetry of
the Type I structure and itsjorientational'
relationshipvrelative to the fcc lattice. The
crosses inéicaté fec poles of the form 420 .

A field ilon micrograph of fully ordered Niylo
after aging Tor 125 hours at ?50°C. Note the
vrominence of the (150)b |

Field evaporation sequence of an ailby aged 1

N (o] , .
hour at 750°C. &a. - b. shows the emergence of

' a domain with a large prominent plane centered

‘on the [2043 fcc' pole. c¢. shows the domain

boundaries themsclves.

‘A field ion micrograph of an slloy aged 10 seconds

at 250°C showing 1arge'promihént planes at the
L2043 and £2043 fco poles.

Field:ion niecrographs showing‘preferential,
clustering of well defined plaﬂes about fece

poles of the form <4207 in aildys aged at 65000.
a. An glloy aged for 10 mihutes. |

b. An alloy aged for 5 minutés. Arrows 1ndicéte
well defined planes at <420¥ fecc poles.

c. Same as D, alfter application'of a single pulse
of height 1.5 kv and width of 20ms. Note that
the well defined plane in the L0243 region in b.

has been removed.



Fig. 20 .

Fig. 21

Pig. 22

-87-~

Field ion micrographs of as-éuenched alloys.
8.-b. Shows microstructure wnen. liquid helium
is used as speciuzen coolant. Notice that the
perfection of the ring pattera of the £0023
pole.is much Eigher,in 20a, than in 200b.

Note also thevihtérfaces maikéd’by &rTOWS,

¢c. Field ion ﬁicrograph of as-quenched alloy

when 1iquid nitrogen is used &s specimen

coolant. Clustering of well-defined pianes
about the <420%.,, poles is aéain observed.
Schematic view of <002 diffraction vatterns.
a. Tllustrates the type of streaking‘expected

from domains naving a plate-like shape.

- b. - Schematic representation of the'type of

streaking observed in actual patterns in alloys
aged at 650°C. ' |

c. Schematic representation of the L0023

- diffraction patterns from L distinct structures.

_Fig. 21b. is a composite of all 4 diffraction

patterns. = The dashed unit cell corresponds to a
strudture geherated by composition waves with a
wavelength equal to by og-

Avschematic're§rasentation,of various states of

LRO in terms of composition waves, b, . S = 1,

¢. S8<1 and d. represents a state of ordexr



Fig. 23
Pig. 24

Fig. 25

Fig. 26

-38-

requiring twe LRO varsmeters.

Deleted, | “

Shows thé effect of changing tﬁe amplitude of -
the SRO and LRO components on.the composition
profiie and on thelir corresponding satellite
scattered ampiitude spectrum.

a. €& =1/3 |

b. €
c. &€ =2/3

1/2

Shoﬁs the effect of changingvthe wavelengths of
the SEO and.LRO éomponents on the composition
profile andvon the satellite scattered amplitude
spectrum for the case &= 0,5. | | |

8. ' Aggg = La, XLRO = 4,54

b.  Asmo = %545 Arng =,'5ci'; ;

A contour plot in the hy = O plane of the function
Clhyhzhs) Tor the foo lattice. |
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, ''person acting on behalf of the Commission"
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such con tractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract

with the Commission, or his employment with such contractor.
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