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INITIiL STAGES OF OHDEBING IN Hî JIo 

ABSTBACT 
Paul H. Okemoto 

Transmission eleotron and field ion microscopy 
techniques were used to study the nature of short range 
order (SHO) in as-quenched Ni^o and the ohangee which 
occur during the very initial stages of the transition 
to the long range ordered state. 

Piold ion images of both as-quenohed and alloys aged 
for very short times below ?50°C show a strong tendency 
for clustering of well defined groups of atoms about the 
l<*20> foe poles. The effeot is most pronounced in aged 
alloys where ordered regions were directly resolved in 
dark field eleotron micrographs. However, the effect is 
also observed in the alloyB in which ordered regions are 
not directly resolved in transmission electron micrographs. 
The unique orientation dependence of the distribution of 
the well defined groups of atoms is evidence that the 
disordered alloy consists of tiny regions possessing a 
layered type of atomio arrangement in which the Ho concen
tration is varying on the Ct20) matrix planes. 
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The eleotron diffraction patterns of the as-quenched 
alloy exhibits both sharp 1&0 SHO spots and very weak 
satellites near suparlattioe positions. However, the 
latter are detectable only In microphotonefcer traoes and 
then only in diffraction patterns of certain favorable 
orientations. These satellites were not observed on <002> 
diffraotion patterns as they are obscured by neighboring 
1§0 SEO spots. AB ordering proceeds, the satellites 
eventually sharpen into superlattlce reflections at the 
expense of the 1^0 SBO spots. Caring the very early 
stages the satellites are streaked in the <210> direction® 
of the foe latticeJ however, satslliLtes which eventually 
develop into auperlattioo reflections corresponding to 
donains of -a particular orientational variant are not 
i&itially streaked in the same <210> direction, 

&s explanation for this is given in terms of e 
©oaposition modulation normal to the !«4-20| planes of the 
f c© lattice. A diffraction model based on this idea 
explains not only the lio SHO intensity tsssima but ale© 
the presence of the weak satellites near superlattioe 
positions. The modal is also compatible with the PJM 
results and suggests that the bright well defined groups 
r-t atoms correspond tc planet) possessing a high Ho 
concentration. A physical baQio for the diffraction 
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modal is given in terms of a reoont splnodal approaoh to 
orde^disorder transformations. The physical eonneotlon 
bstaQGsa the present results and the theoretioal prediction 
of tho eXapp-Moss theory of SRO is also disoussad. 



1. IHTBODUCTION 

Many stoichiometric solid solutions exhibit long range 
order (LEO) below a oritlcal temperature and short range 
order (SRO) above It. The conceptual meaning of LEO and 
its mathematical definition based on dlffraotion intensity 
measurements are well understood. The state of LRO in an 
alloy can be specified in terms of a system of interpene
trating Bublattioas and a complete set of occupational 
parameters describing the distribution of the atemia species 
on each sublattiee. Moreover, all complete sets of LRO 
parameters are equivalent regardless of how they are defined 
or obtained. Henoe, a state of LHO is uniquely defined. 

On ths other hard, there is no unique definition of SEO, 
SBO parameters based on dlffraotion phenomena are not aluaya 
equivalent to those obtained by other methods„ however t 

slnoQ they have the advantage of being directly related to 
the conditional pair probabilities used in statistical-
thermodynamic theories of solid solution energetics, they 
are at the present time the most widely employed parameters. 

While ths conditional pair probabilities obtained from 
diffraction intensity measurements do describe the state of 
SBOD they do not provide a clear phyaloal picture in terms 
of a unique structural model. At the present time one can= 
not on the basis of diffraction effects alone distinguish 
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betweon the following structural models of SHO: 
(a) The statistical thermodynamic model which views 

SHO In terns of a liquid-like arrangement of unlike neighbors 
1-3 around each atom. In terms of diffraction effects LEO and 

SHO are considered as distinct phenomena. During the tran
sition to the ordered state the gradua?. sharpening of diffuse 
SBO Maxima into superlattiee reflections is viewed as a 
competitive process between SBO and LRO in Khloh superlattlae 
refleotions appear superimposed on the diffusa SBO maxima. 

(b) The miorodomain model which views SRO in terms of a 
continguous distribution of tiny, highly ordered aw»lphaoe 
domains, A aocshat different version of this view known 
as the discrete particle model considers SRO as consisting 
of a vary high density of tiny, highly ordered regions ass£» 
phasessta^HS^^sKP embedded in a nearly random matrix. In 
terms of diffraction effects the two are similar In that 
both consider the diffuse SBO maxima as a broad superlattioe 
reflection,, the broadening being ossentlally a small particle 
effecto As the domain or particles jrow In siEG the SBO 
maxim peaks up into i superlattice reflection. 

The distinction between the two viewpoints is of critic 
oal importance since they lead to quite diff<a-9nt predictions 
for the mechanism of the transformation itself. On ths one 
tawds the m&erodomaln oonoept implies that the transition 
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frco SHO to the LRO etate occurs by a single continuous 
process, namely domain growth; no distinct nuoleatlon step 
appears necessary. On the ether hand, the statistical-
thermodynamic oonoept appeals to require some form of a 
beginning in the transition to the ordered state. A dis
tinction between the two viewpoints would also be of major 
importance in any attempt at correlating SHO with physical 
and mechanical properties. 

The strongest experimental evidence in favor of the 
miorodomain concept or its discrete particle version has 
been provided by electron rather than x-ray diffraction 
studies. In the case of disordered Cu.Au, several lnvesti-

8.9 gators using electron diffr&otlon have observed diffuse 
satellite crosses about the positions of the supsrlattiee 
reflections. Such observations can only be explained In 
terse of a. distribution of antiphase domains. Moreover, 
the direct observation of an irregular antiphase domain 
structure in transmission electron dark field images in 

10 partially ordered Cu.Au provide additional support. The 
diffuse satellite crosses in disordered ftuita -have not yet 
baea clearly resolved using x-ray diffraction techniques. 
The discrepancy can be explained if one admits the possi
bility of local fluctuations in the degree of SEO or X.B0, 
X-rays nhioh scatter over a much larger volume of sample 
troulg tend to average out the presence of large fluctuations. 

http://Cu.Au
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The diffuse satellites reported by eleotron diffrfietionlsts 
could then be representative of regions where the degree of 
order happened to be very high. 

Since the early work on Cu-Au, considerable evidence 
has been accumulated in favor of the mlorodomaln model, in 
particular for its discrete particle version in many alloy 
systems other than Cu^Au. However, much of the evidence is 
still of an indireot nature based on diffraction effectB or 
by coherency strain contrast images in transmission electron 

11-13. 36,37 miorographs. Direct observation of a fine scale 
domain structure has not yet been observed in disordered 
alloys and only very rarely in alloys in the very initial 
stages ef ordering. The only major exception to this has 

1* been zhe field ion miorosoope studies of Pt-Co alloys in 
which the disordered state was found to consist of tiny, 
highly ordered domains embedded in a. random matrix. 

In this respeot, the optical diffraction experiments of 
15 Taylor5 et al., and more recently the computer simulation 

16 experiments of Gehlen and Cohen are of some significance. 
Taylor studied the optloal diffraction patterns from masks 
in which gold and oopper atoms were represented by holes of 
different sizes. Initially the holes were distributed at 
random corresponding to (100) planes of disordered Cu-Au. 
Ordte was then introduced in stages by interchanging pairs 
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of holes equivalent to reducing the number of gold atoms in 
contact. The resulting eptic&l diffuse scattering pattern 

17 was very similar to x-ray results of Cowley for Cu-Au above 
the critical temperature. The final arrangement of the holes 
corresponded to a very high density of antiphase domains 
embedded in a random matrix. 

Similar results were obtained by the recent computer 
simulation experiments of Gehlen and Cohen. In this type of 
experiment a three dimensional orystal of disordered Cu-Au 
is simulated in a computer. The interchange between pairs 
of sites is guided by comparing calculated SBO parameters 
with those determined by experiments. The interchanging 
procedure is allowed to continue until the two agree. The 
compute? print out of the final atomio arrangement shows 
very tiny, highly ordered regions in a nearly raMom 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 overwhelming experimental 
and theoretical support for the mlcrodomain model or for its 
discrete particle version, it possesses a major waataaoes,, 
Since %t interprets the diffuse SBO maxima as a bsoad super-
lattice reflection,, their positions In reciprocal opaoe 
ohouM always coincide. This is actually observed is 
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diffraction patterns of the more common < "ering systems 
examined in the past, but there, are a number of others in 
which ooinoidence is not observed. 

This anomaly cannot be explained by the microdomain 
model. It is however compatible with a recent statistical

l y 20 
thermodynamic theory of SHO developed by Clapp and Moss. 
In fact, their theory predicts taat oertain alloy systems 
which have an fee structure in the disordered state should 
exhibit SHO maxima only at the peoullar (l|0) positions in 
the foo reciprocal spaoe. This prediction has now been well 

21 doe<aaentecL experimentally in several alloy systems: Kl^Ko, 
Au*Cr 0

2 2 and Hi^W. All theBe alloys have the foe stricture 
in the disordered state and the QLa bet structure when 
ordered. It has therefore been claimed that the microdom&in 

20,22 concept is not valid at least for these systems. 
21 However, Spruiell and Stansbury have oonoluded that 

the results of their diffuse x-ray scattering of disordered 
WIKMO favor the miorodomain model. Moreover,, Buedl0 et al. s 

have recently reported direct transmission electron microscopy 
evidence of a domain structure in disordered Ml^Mo, with a 

o 
domain size on the order of 10A. On the other hand, LeFevre, 
©t al», ' were unable to obtain evidence for such doaains 
in their field ion images of disordered Ml^Hc They therefore 
oonoluded that SEO in the alloy is best described by the 
statisti'sal-thermodynamio model. 
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In view of tha present controversy surrounding Hi Jio 
and its potential role as a deciding factor between the two 
opposing views of SBO, it was considered worthwhile to re
examine the disordered alloy and to follow the changes which 
occur during the very Initial stages of ordering using both 
transmission electron microscopy (TEH) and field ion 
microscopy (FEO techniques. 

The ordered structure of Nljto Is rather complex and 
there are several crystallographlo features which are of 
critical importance in Interpreting field ion Images and 
eleotron diffraction patterns. Since some of the more 
critical experiments were planned with these features in 
mind the nest section will desoribe In detail tha structure 
of KTî teo 
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2. CBYSTALLOGBAPffif OP Ni^Ho 

The phase diagram of the Ni rich portion of the Ki-Mo 
system is shown in Fig. X. The NihMc ordered phase )9 , does 

27 
not have a true ordering temperature. Guthrie and Stansbury 
have shown that a perlteotoid reaction oocurs before the 
oritieal temperature is reached involving the ordered jB 
phase!, the disordered- a phase and the ordered f phase. 
Upon slow cooling from the a phase the alloy with the 
composition Nijlo passes through the a + "f region prior 
to transforming into the ft phase. At the periteotoid 
temperature (865°C) the 3 and £ phases hare almost Identical 
composition and the a + f range is very narrow. The result 
is that the a - » £ transformation oocurs on slow cooling as 
though it were a classical order-disorder transformation. 
However,, upon fast quenching the a phase is retained and on 
isothermal aging below the critical ordering temperature 
(860°C)0 the a phase transforms directly to the ordered 0 

phase. 
The lattioe parameter of the disordered foe ( @ phase} 

at the composition Kl 20 at $Bo is a f = 3<,6086L Upon 
ordering, a slight contraction ooours along one of the 
original <100> cube axis so the original fco lattioe becomes 
fat with (c/aL . a 0.986. The Bravaia lattice changes from 
foe to body-centered tetragonal (bot). A plan view of the 
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Ei^Mo structure is shorn, in Figs. 2a and 2b. The most 
salient features of the structure oan be summarized as 
follows; 

(a) The hot unit oell contains 8 Hi and 2 Ho atoms. 
The structure may be viewed as a single bot lattice with 1 
Mo and k Ni atoms per Bravals lattice point or in teres of 5 
interpenetrating bot sublattloes one with a single Ho atom 
per lattice point,, the other <t with a single Nl atom per 
lattice point. 

(b) The c=axie of the bot unit coincides with one of 
tho <100> ou'bo ases of the foo unit cell. 

(o) For a given oholoe of c-rixis, the Ni and Mo atoms 
oan be arranged in two ways resulting In the bet "unit cell 
rotated In either a olookwlse (Pig. 2h\ or a counter-clockwise 
(Fig. 2a) sense with respeot to the foo unit oell. Eenoaforth 
theoc tuo ordering sohemes will be referred to ae Typfi II and 
Typo I 0 respectively. 

(&) All superlafctioe planes are layered with every fifth 
pleas containing only Mo atoms, the intervening k containing 
only M atoms. The most prominent superlattioe planes, 1. e. D 

thoso of highest symmetry and largest d-spacing are the 
(110) b o t and (110) b o t. In the Type I structure (110 ) f c II 
(^§0) f o o and (IlO)botll (240) f o < J. In the Type XI structure 
LIO)^ II (420) f e o and (ilO) b o t II (ilo)toa, 
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It is readily apparent from Figs. 2a and 2b, that the 
ordered Nl^Mo phase ean "nucleate" in 30 crystallographlcally 
equivalent ways giving rise to domains possessing 6 distinct 
orientation variants with respect to the parent foe phase. 
The o-axis can align itself with any one of the 3 original 
1100) oube axes. For a given ohoice of c-axls we can have 
either a Type I or Type II structure. For each of the 6 
orientation variants the Mo atoms can choose to occupy any 
one of 5 sublattiees. The 6 orientatlonal variants may he 
regarded as "transformation twins". The symmetry planes 
relating the twins are of the $110} f family. 

The superposition of the reciprocal lattices of all 6 
twins results in superlattloe reflections arranged symmetri
cally in groups of 4 about all equivalent l|0 positions in 
the fee reciprocal lattice (See Pig. 3). The (002) f 

to (l2l)f O C sections of the fee reciprocal lattice are shown 
in Pigs. 4a and k b , respectively. The structure faotor for 
the fundamental and superlattioe reflections are given by: 

P DlQ-?ff + iif \ ( f o r H + K + L = 2° (* a 0,1,2....) *t ^ K o + W N i ; ( and 2H + K » 5n 
pDla ,<,,, , , (for H * K + L > 2n (n o 0,1,2....) F a « 2Str M o- r H 1J • { and 2H + K ?i 5n 

where S Is the Bragg-Williams LEO parameter and H, K and t 
refer to the bet unit eell. If h„ 3s and 1 refer to the foo 
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unit cell then for the Typa I structure h » «(3H - K)» 
k » |(H + 3K) and 1 = L. 

Because the principal axis of the ordered and disordered 
phases are not aligned, the essential orystallegraphlo 
features have been described In terms of the bet structure. 
For late? purposes It will be mors convenient to discuss 
structural features using the fee lattice as the frame of 
reference. 

Tho metastable domain structure consists of an assembly 
of domains or transformation twins having any one of 6 
orientations! variants. The symmetry planes relating to the 
transformation ttrins are of the form (110}« . These twins 
may also be viewed as domains in which layering occurs along 
particular pairs of fl&o}f type planes. Our particular 
frame of reference will be the Type 1 structure shcr<m in 
Fig. 2a in which case the a-axls oolnoides with tho z-axls 
of the fee lattice. 

Referring again to Fig. 2a, it In readily apparent that 
the Type I structure can be generated by periodio composition 
fluctuations normal to the (2^0) f o e or {^20) f o o planes in 
which every fifth plane contains only Mo atoms, the other * 
only Mi atoms. Now suppose within seme small spherical 
region the composition fluctuations happened to be normal to 
the (^20) f o o or (25o) f o o. As shown in Fig. 5, the moulting 
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domain Is equivalent to a Type II structure. In this case 
the two domains are simply mirror images across either the 
(110) f c o or (110) 

foe 9 l a n e S * T h e orlentational relationship 
between the principal axes of the matrix (Type I structure) 
and twin crystals are: 
For Twinning on Ul0)fac For Twinning on (110) f c c 

[.1001 twin II rOlOl matrix [1001 twin II s'0101 matrix 
10101 twin II flOOl matrix [0101 twin II tlOOl matrix 
[0017 twin II COOll matrix [0011 twin II T0011 matrix 
[430] twin II [240] matrix ft201 twin II l|5oi matrix 
[2401 twin II 14201 matrix [240:! twin II $201 matrix 

Therefore,, the formation of a small spherical domain by 
chaiioe fluctuations within the matrix can also be regarded 
as equivalent to a twinning process. For this particular 
case the two domains are In ant:!.parallel twin orientation 
sinee their c-azes, though aligned along the reference z-
axes s are pointing in opposite directions. It should also 
be noticed that, although the twin is a Type II structure 
with respect to the reference foe lattice, relative to its 
own prinoipal axes it will regard itself as a Type I 
struoture. This is beoause although the composition fluctu
ation within the twin is normal to the (420) and (240) matrix 
planes, relative to its own principal axes the fluctuations 
will be normal to the (420) and (240) planes which by 
definition generates a Type I structure. 
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Similar fluctuations along appropriate matrix directions 
of fhe form <^20> will generate other domains or twins in 
which the twin c-axis is at 90° with reepeot to that of the 
matrix. The o-asas of the matrix and twin oan meet head-to-
head or head^to-tail depending on whether the twin regards 
itself as having Type I or II structures. For each domain 
this will depend or whether, relative to its own principal 
axes ;> the fluctuation** occur hormal to the {(£§0), (2ft0)V 

twin 
or f{^20)„(2^0)Jtwi pairs of planes. Stated somewhat 
differently, ordered domains with »ne proper twin orientation 
relative to the matrix will have one of their ̂  special 

• 

planes lying parallel to one of the 12 matrix planes of the 
font {&20}„ 

These speoial pairs of planss will have particular 
significance in the analysis of PIH images. The physical 
significance of the planes is that they are parallel to the 
(110'; and (IlO) planes in the ordered bet structure. These 
are the superlattice planes with highest symmetry and largest 

28 d spacing. Moore and Banganathan hsfre shorn that the size 
and hence the prominence of a pole in a field ion image 
decreases with decreasing d spacing. Therefore, the (110) 
and (110) "bet superlattioe planes will be the most prominent 
in PIM images of Ulĵ Mo. This is readily apparent in the FE3 
images of Nl^Ho reported by LePevre."' However0 these were 
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images essentially of single domains and hence readily 
Indexed. In the case of a domain structure consisting of 
a random distribution of very tiny domains or transformation 
,wlns, the domains may be too small to be recognized as such. 

o The ability to Identify domains on the order of 10A Is 
the critical problem for the present study. Since only the 

30 31 Mo atoms give rise to Image points ' the best chance to 
obtain evidence of domains is therefore to look for planes 
on which Mo atoms au*e most densely packed. For a particular 
domain, these planes are the special pairs {(420), (240)1 and 
sH420) p (240)], Moreover, we should focus our attention to 
those regions on the specimen tip where these planes will lie 
parallel to the surface. The preceding description of the 
domain structure in terms of composition fluctuations 
indicates that such regions will lie about the poles of th« 
form <420> of the Eatrlx. However, a domain lying in one of 
these regions will have only one chance in three of having 
the proper orientation for observing one of its k special 
planes. 

Therefore, if tiny domains are presents then by focusing 
our attention to the <420> type poles we should while field 
evaporating, periodically observe tiny, well defined planes 
corresponding to ons of the four special types. Of course„ 
since there are other superlattlce planes which are also 

/--
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layered, well defined planes can also be expected in regions 
other than around the <420> matrix poles. However, these 
regions can also be predicted by an analysis similar to the 
one above. However, the overall effect should be strongest 
around the <kZO> matrix poles. 

It is possible that well developed groups of atoms 
would be observed even if a domain structure were absent. 
However, in this case we would not expect their distribution 
to have any strong orientation dependence. 

/ 
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3. EXPERIMENTAL PBOCEDUHE 

3*1 Alloy Preparation 
Alloys of nominal composition Nl 29.1 wt# Mo (20 at# Ho) 

were prepared from 99.9# Nl and 99.9# Mo by are melting in 
argon. In order to obtain a dense, gae-free alloy, the ingot 
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 of the constituents. 
The final homogenigation treatment consisted of holding In 
vacuum for an additional 90 hours at 1250°C. The composition 
of the homogenized rod was determined by wet chemical analysis 
to be Nl 25 3 wt# Mo (20.2 at# Mo). Sheets .005 in. thiolc 
were produced by cold-rolling the rods at room temperature 
using intermediateianneals at 11.00°C. 

3.2 Heat Treatment 
Samples with dimensions C.25 x 0.005 x 1,0 in. were 

sealed in evacuated quartz tubes and placed in a vertical 
tube furnace for 3 hours at 1100°C. Quenching was performed 
by releasing the quartz tube into iced brine. 

Isothermal aging treatments were performed in a salt 
bath solution of B a & 2 , NaCl and Cadg. Heating rates were 
measured using .005 in. diam. Pt-10^ Bh thermocouples spot 
welded to the sample with the output connected either to on 
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oscilloscope or a Honeywell Electronic 19 strip recorder. 
The minimum aging time used for any heat treatment wis 
arbitrarily chosen to be twice the time required for the 
sample temperature to reach equilibrium. For examples for 
650°C and ?50°C the average time to reach equilibrium was 2 
and 5 seconds, respectively. Hence for these aging 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 longer 
times, the fluctuations were generally maintained below 
-Z°Co The quenching rates during the transfer from the salt 
bath to an iced brine solution was also monitored and the 
time to reach zero output on the strip recorder was kept 
consistently below-one second. 

3.3 Specimen Preparation 
Specimens for both TEH and FIH were prepared from the 

same heat treated sample. FBI specimens were prepared by 
cutting 10 to 15 Btrips 1 inch long and approximately ,005 
inoh wide from eaoh sample using a specially designed 
precision shearing device. In order to check whether 
spurious -effects were introduced by the shearing process 
several strips were preout fron. an as-quenched sample. 
These together with another as-quenohed sample were scaled 
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In quartz tubes and aged for 125 hours at 750 C to develop 
t-ha 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 which may have occurred during the shearing process was 
therefore confined to the surface and subsequently removed 
during electropolishlng. 

Thin fc-ils suitable for THM were prepared by electro-
polishing using standard window techniques. FIM tips were 
prepared by the double layer method in which the specimen is 
dipped into a thin layer of electrolyte floating on top of a 
bath 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 Techniques 
A Slei:?ns 1A electron microscope operated at lOOkv was 

used to make all TEM observations. Tilting and contrast 
experiments were performed with the aid of a Valdre type 
double tilting stage. Magnifications were calibrated by 
taking a series of mlorographs of a calibrated replica grid 
at various settings of the objective lens. Errors in 
magnification were minimized by taking all micrographs at 
the same intermediate and projector lens settings and using 
the same specimen holder throughout the study. 
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3.5 Field Ion Microscopy 
The principle and techniques of field Ion microscopy 

have been extensively reviewed by Muller^ and more recently 
33 

by Hren and Banganathan. For the purpose of the present 
study it will suffice to point out that very little progress 
has been made in Interpreting FIM images from disordered 
concentrated solid solutions. The difficulty is mainly due 
to the Inability to distinguish between different atoms end 
hence their distribution in the highly irregular Images that 
&rs obtained- However, such detailed information is not 
neeeesary for the purpose of the present study which is to 
seek evidence of ordered domains. Such evidence will be 
based mainly on observation of macroscopic features suoh as 
domain boundaries or clustering of well defined planes whose 
distribution and frequency of appearance have a particular 
orientational dependence. Confidence in the interpretation 
of suoh effects in disordered alloys will be based heavily 
on correlating FIM end TEK observations at various advanced 
stages of ordering where the structural features aro tritain 
the resolution capabilities of the transmission electron 
miorosoope. 

The basio field ion microscope used in this study was 3̂  originally designed by P. Petroff. Several modifications 
nere made during the course of this study. The major ohangaa 
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weres (a) the construction of a new variable temperature 
oryotip designed to operate with liquid helium or cooled 
helium gas. Temperature control was obtained by varying 
the rate of transfer of oool6d helium gas. The minimum 
temperature obtainable being approximately 15°K; (b) the 
construction of a multiple high tension feed-through which 
enabled more than one specimen to be viewed during each 
experimental run; and (o) the construction of a stainless 
steel viewing port utilizing a H inch diameter fiber optlo 
plate for the output screen. This allowed FIM images to be 
obtained by direct oontaot photographio recording on 4 s 5 
sheet film. 
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TABLE I 

Electrolytic Solution for Ni^Mo 
Perchloric A d d l6oc 
Ethyl Glyool l32co 
Hydrofluoric Acid I600 
Distilled Water 9ec 

Polishing Conditions 
Temperatures -15 C 
Voltage! 11 volts 
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k, EXPERIMENTAL RESULTS 

4,1 Transmission Electron Dlffraction and Microscopy 
The preliminary aspects of the TEM portion of this 

study were concerned with establishing an overall view of 
tha kinetics of the ordering reaction over a range of 
temperatures. The aging temperatures finally chosen for 
detailed study were 650°C and 750°C. The former was used 

21 by Sprulell sad Stansbury in their diffuse x-ray 
scattering studies of Sfio in Ni^Mo and the latter by 
LePevre and Newaan in their PIM study of Nl^Ho. 

4.1.1 As-Quenohed Alloys 
Pig. 6a is the ® 0 £ L diffraction pattern obtained 

from an alloy Tjhleh had been held at 1100°C for 3 hours 
prior to quenching Into loed brine. In agreement with the 
r-ray results of Spruiell and Stansbury, SEO maxima are 
observed at all equivalent lfQ positions of ths fee 
reciprocal lattice. The asymmetry in the Intensity disfcri^ 
bution of the {200} fundamental reflections is also in 
agreement with their r-ray work. They attribute the higher 
intensity on the low angle side of the {200j reflections to 
a size effect, iri this case indicating that Mo atoms have e 
larger diameter in solution than Ni atoms. Fig. 6a is also 
similar to the <002> electron diffraction patterns of Au,Cr 
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reported by Tanner. However, their patterns were obtained 
at 800°C almost 500 C above the oritloal ordering temperature 
for AUoCr, so that the l£o SHO maxima were quite broad 
compared to those In Pig. 6a. 

Pig. 6b is the fl211 f o ( J diffraction pattern of the same 
alloy. Again SEO maxima are observed at llo positions. 
Howeverp It also exhibits a quite unexpected feature of 
the presence of very weak Intensity maxima near but not 
exactly at the equilibrium angular positions corresponding 
to superlattice reflections of the fully ordered Ni^Ho. 
These intensity maxima are not directly observable on the 
fluorescent screen in the microscope viewing ohamber. In 
faet, they are generally not discernible even on the original 
photographic plates and were discovered accidentally on 
alorophotometer traces during 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 defoeus the second 
condenser lens to the point t;.iere the diffraction pattern 
was Just barely visible and then exposing for times between 
1 and 2 minutes. Fig. 6b is e reproduction of the best of 
many original photographic plates obtained during this study. 
The miorophotometer 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 superlattlce positions are clearly detectable 
while those near the 110 and &0 positions are all but 
obscured by the neighboring 1̂ 0 SHO intensity peak. These 
weak Intensity maxima were not observed on the <002> 
diffraction patterns. This is not surprising however, since 
In this particular orientation they would all lie very olose 
to and hence obscured by one of the 1*0 SHO maxima. As 
indicated in Pig. 7, the weak maxima are readily detectable 
only when their neighboring SR0 maxima does not lie on the 
reflecting sphere. This will occur only for certain favor» 
able orientations and the most favorable of all would be one 
where only superlattlce reflections lie on the reflecting 
sphere. Pig, ̂ c shows that the (130L is one of these and 
the actual H1303- diffraction pattern (P?.g, 6o) shows 
quite clearly weak intensity maxima near all superlatfcioe 
positions. 

To the author's knowledge, the existence of weak 
intensity maxima near superlattice reflections in as«quenche& 
WijjMo has not been previously reported. This is obviously 
due in part to the weakness of these particular maxima, but 
more likely due to the fact tiiat past diffuse scattering 
studies for this alloy have been confined almost exclusively 
to the (002)fOe reciprocal lattice section. As just pointed 
out, this particular orientation is the least convenient one 
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of all for euch purposes. The existence of weak intensity 
near superlattlce positions is quite significant since their 
apparent absence in past studies have been one of the reasons 
for arguing against the microdomaln model of SBO. The 
present observations however show that some form of domain 
struoture exists in the as-quenched alloys. 

This would appear to be in agreement; with the conclu-
sions of Buedl who, though apparently missed detecting 
these weak maxima, did report observing a fine "domain" 
struoture in dark field images of 1^0 SBO reflections. We 
were therefore surprised when after many repeated attempts 
we were unable to confirm his results. Pigs. 8a and 8b are 
bright and dark-field images obtained from a C 1 2 n f c c foil. 
The dark field image obtained with a 1§0 SEO reflection 
does not reveal the sharp dotted structure reported by Euedl„ 
Moreover, the images remain unchanged if one uses the weak 
intensity maxima near the (2'2o) bet superlattloe position. 

4.1.2 Alloys Aged at 7igO°C 
The ordering reaction at ?50°C is extremely fast. 

Alloys aged at this temperature reach a fairly advanced 
stage of ordur by at least 5 seconds, the shortest aging 
time used for this series of experiments. As shown in 
Fig. 9a, well defined superlattics reflections are observed 
though slightly elongated In ̂ l O ^ directions. Also s 
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relatively weak intensity peaks are still observed near the 
l|0 positions. The diffraction pattern is a composite of 
diffraction patterns from domains possessing two of the six 
possible orientatlonal variants. In this case, the two 
domains have c-azes which are at 90° to one another. Fig, 9b 
is a dark field image showing one of the two sets of twins. 

Figs. 9c-9f are bright field images using Tarlous 
fundamental reflections from a Ell01f 0 foil. Th< striated 
structure is similar to the type of diffraction contrast 
characteristic of alloys containing a large volume fraction 

<a<- o£ *ao 

of coherent precipitates. ' Similar striations have 
recently been observed during the very early stages of 
decomposition in Cu-Ni-Pe alloys. In the oase of Nl^Mo 
the number and direction of the striae depend on the operating 
reflection in a manner Blmllar to those observed during the 

40 
Initial stages of decomposition in Cu-Bs. After 10 seconds 
of aging the diffraction pattern shown in Pig. 10a exhibits 
weak double diffraotlon spots arising from twin boundaries 
between domains. Hence, at this stage of the ordering 
reaotion the domains are already touching. At more advanced 
stages of order where the domains are sufficiently 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 mosaic substructure comprised of prismashaped 90° 
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domains hounded by interfaces lying parallel to matrix planes 
of the form {110>fC(J. Each of these 90° twins are themselves 
comprised of antlparallel twins. In turn, the latter exhibits 
translations! antiphase boundaries. Henoe, the domain 
structure consists of an assembly of transformation twins as 
described in Section 2, The dark field images b t c and d 
were obtained using superlattice reflections 2, 3 and b in 
Pigs, 3 and k. 

<̂.1„3 Alloys Aged at 6ft)°C 
Upon aging at 650°C the weak intensity maxima gradually 

sharpen and "move" into the equilibrium angular positions 
for the Niello superlattioe positions. Simultaneously the 
1&0 SHO spots T-reaSen and eventually disappear, resulting 
after long aging times in diffraction patterns slnilar to 
Pigs. 9a and 10a. The most unusual and interesting changes 
in diffraction effects however occurred during the first 10 
minutes of aging. These changes are shown in Figs. 12a=12d. 

After 5 minutes of aging the weak intensity maxima near 
the superlattioe reflections are clearly detectable without 
the aid of a microphotometer. They appear in Pig. 12b as 
diffuse satellites about the 1^0 position in an C0021. 
diffraction pattern and are streaked in directions parallel 
to <1*'20>foc directions. In [121Jf{JC patterns (Pig. 12a) 
th© satellites near a 1&0 SRO maxima are broader and mors 
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intense than those away from such position. The effect la 
even more pronounced after 10 minutes of aging (Pig. 12o). 
This asymmetry is not observed in ^002> f o o diffraction 
patterns. This rather unusual Intensity distribution oan 
oe esplalned if the set of satellites about a l£o SBO maxima 
have a paddle-like shape shown in Fig. 13. Each broad flat 
face is normal to a ̂ 002>„. direction and these are the 

ico 
sections observed in <002>. diffraction patterns. 
Referring again to Fig. 3» it is apparent -hat in a Q 2 1 1 f 

orientation, the reflecting sphere will cut through the 
satellite at the sections A and B. Section A corresponds to 
satellites near 110 and 330 bet superlattice positions, i.e., 
to those which appear to emanate from a l£o SBO spot. 
Section B corresponds to satellites near 220 and 450 bet 
positions whose neighboring 1^0 spot lies off the reflecting 
sphere. 

The elongation of the satellites in the ^210* f c e 

directions indicate ordered domains may have a plate or 
disc-like Bhape lying on ^ 2 0 } f e planeB. This would be 
compatible with the layered structure of the fully ordered 
Niello struoture discussed in Section 2, There we showed 
that ordered domains with the proper twin orientation 
relative to the matrix will have one of four special planes 
eorrsoponding to tha most prominent bot superlattloe planes, 
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lylng parallel to one of the 12 matrix planes of the form 
{^20} f o c. This type of plate-lite morphology has in faot 

13 11 
been reported in Co-Pt and Cu-Au alloys at the 50-50 
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 
(002); this is also the observed habit planes for the plate-
shaped domains. 

Howevert the diffraction patterns of NI4M0 exhibit 
certain distinctive features during this stage of ordering 
which nre not compatible with a simple plate-like morphology. 
The patterns show a definite asymmetry in that reflections 
which uould normally arise from domains of a particular 
orlentational variant are not elongated In the same <^2Q> f & 0 

direotlons. This is most pronounced in C0O2 3 diffraction 
patterns. A discussion of this observation however will be 
postponed until Section $. where its full implication will 
be explored in detail. 

At the present time it will suffice to mention that 
evidence for plate~like domains cannot be obtained by direct 
observation in dark field images using either the 1§?0 SHO 
spots or its satellites. Fig. l^c is a dark field image 
using a fundamental reflection of an alloy aged 10 minutes. 
It exhibits the same type t,£ striated struoture observed at 
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hlgher aging temperatures. A dark field Image using a 1$0 
SRO spot (Pig. I4d) reveals a fine dotted structure very 
similar to those reported by Buedl. Pig. 12o shows that 
the satellites overlap at the l|0 positions, henc«, those 
near the 110 bet superlattloe positions contribute stronoly 
to the diffraction contrast shown In Fig. I4d. In fact, 
the Image remains essentially unchanged when Isolated 
satellites near the 220 bet positions are used. From such 
micrographs alone it is not possible to determine the shape 
of the domain. 

The situation is worse for shorter aging times. In 
fact, after 5 minutes of aging the domains are not directly 
observable in dark field images using either l£o SEO spots 
or any of its eatellltes (Pig. 14b). However, the striated 
structure though comparatively weak is still observed 
especially near bend contours (Pig. l*te). 

^.1.4 Summary of TEM Results 
(a) The most significant result of this portion of the 

study is the detection of very weak diffuse satellites in 
as-quenched alloys near the superlattice positions of the 
Hi^Ko structure. This alone is very strong evidence that 
some form of domain structure exists in the disordered alloy. 
These satellites are observable only in certain favorable 
orientations. The least favorable of all is the (002) whioh 
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explalns why the satellites might not have been observed 
in earlier studies. 

(b) At ?5°°C the ordering reaction is essentially 
complete within 5 to 10 seconds of aging. Dark field 
images using superlattice refleotions reveal a very high 
density of tiny ordered domains. By 10 seconds double 
diffraction spots appear In all diffraction patterns 
indicating that at this stage of ordering the domains are 
in contact. 

(c) At 650 C the growth of satellites Into super-
lattice reflections occurs at the expense of the l£0 SBO 
spots. During the very early stages there ie an asymmetry 
in the direction of streaking which is incompatible with 
a simple shape-transform effect of plate-shaped domains, 

(d) In as-quenched alloys or in alloys aged 5 minutes 
at 650°C, tiny, highly ordered domains were not directly 
resolved In dark field images using a 1^0 SBO spot or any 
of its satellites. A very high density of tiny bright dots 
were observed however In alloys aged for 10 minutes at 650°C. 
These dark field images are very similar in appearanoe to 
the "domains" reported by Ruedl in his as-quenehed alloy. 
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4.2 Field Ion Microscopy 
Since at 75o°C the ordering reaotion was essentially 

complete within 5 to 10 seconds, the critical stages in 
the transition from the disordered to the ordered state 
could not be studied. The samples studied by TEM were 
therefore used primarily for the purpose of correlating 
FIM images with TEM micrographs. The correlation was then 
used as the basis for interpreting FJH images during the 
critical stages of the 650°C aging treatment and those 
obtained from as-quenched alloys. 

4.2.1 Alloys Aged at 7S0°C 
Fig. 15 is an (002) stereographic projection showing 

the symmetry of a Type I bet structure and its orientation 
relative to the reference fco lattice. The crosses Eire the 
looacions of the fee poles of the form <420>. 

For referenoe purposes, an FIM image of a fully ordered 
alloy is shown in Fig. lo. The image oonsists essentially 
of a single domain. As discussed in Section 2, the most 
prominent plane in the image is the (110)^ 0^ or (420) f o o. 
The second most prominent planes are the fl01}^e|. and 
{Olivet which are looated near the other *204> matrix poles. 

In Section 2 we showed that if tiny domains are present, 
then by focusing attention on one of the <420> typo matrix 
poles ue should during a field evaporation sequenoe,, 

i -,''V -i 
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perlodlcally observe well defined planes corresponding to 
one of the 4 most prominent superlattice planes: (420 or 
240) for a Type I structure or a (420 or 240) for a Type II 
structure. This was readily verified In all alloys aged 
at 750°C. 

Pigs. 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). 
Between Figs. l?a and 17c, some 6? (002) planes have been 
removed. Initially (Fig, 17a) no prominent plane is visible 
In the vicinity of the C2043 pole lying in the 111-002-111 
triangle. Upon field evaporating two domains emerge with 
large prominent planes whose rings are centered on the 12041 
pole (Fig. 17b). Finally, after further field evaporation 
only one of the domains remalr. and as sh<jwn In Fig. 17c, 
Its prominent plane is being intersected by a translatlonal 
antiphase boundary. During the total field evaporation 
sequence, in which some 300 (002) planes were removed, many 
prominent planes were also observed to appear and disappear 
near other ̂ 420> matrix poles. The domain boundaries them
selves can be brought out with striking clarity by multiple 
exposing while slowly field evaporating 3 to 5 surface layers, 
(Fig. 17d). By use of these two Imaging teohniques during 
field evaporation sequences, It was found that domains have 
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very Irregular shapes and that domains having the same 
orientation relative to the matrix tend to cluster in 
groups of two or three. This, however, is not surprising 
since Fig, 11 shows that at this stage of ordering the 
substructure consists of an assembly of 90° twins. Eaoh 
twin in turn is comprised of a oluster of antlparallel twins 
and it is these which are being observed in the Fxtf image. 

The name procedure was used to examine alloys aged for 
10 seconds at 750°C«, At this earlier stage of ordering the 
bet symmetry is totally disrupted by the tiny domains. The 
overall symmetry of the FIH image is fee. However, as shotm 
in Fig. 18, there is still a strong tendenoy for the most 
prominent plana to eeeur in the immediate vicinity of the 
<420> matrix poles. 

The results of the present study of alloys aged at 750°C 
Is net in agreement nrlth the FIM results of LeFevre end 
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Newman. These workers concluded that alloys aged at 750 C 
remain disordered up to at least 5 minutes and that ordering 
is essentially complete only after 1$ minutes. Our own 
results show that ordering is essentially complete within 5 
to 10 seconds of aging. This is surprising since their PHI 
images of as-quenohed alloys are very similar to our own. 
This discrepancy could arise for a number of different 
rcaoono. First of all, different quenching temperatures were 
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used,and hence, the initial r ienohed-in degree of order 
could have been different. However, we do not believe that 
this Is the major reason for the discrepancy since as pointed 
out earlier, the PIH images of their as-quenched alloy are 
very similar to our own. 

We believe that the major source of the discrepancy lies 
In the method of aging, i)uring the aging treatment, LePevre's 
FBI specimens were wrapped in Ta foils and encapsulated in 
quartz tubings. In the present study specimens were placed 
in direct contact with the aging bath. Having tried both 
methods during the early phase of this study, wa found that 
tha heating rate was much faster with the salt bath method 
and uas therefore the one finally chosen for this study. 

^.2.2 Alloys Aged at 6^0°C 
FIM images of alloys aged 10 minutes or less showed 

only fee symmetry. The most prominent planes are the &11 I 

and lfe00{. Pigs. 19a-19c are typical examples of the micro-
structure of alloys aged for 10 and 5 minutes. After 10 
minutes of aging the tendency for clustering of well defined 
planes about r.he <^20> matris poles is readily apparent 
(Pig. 19a). 

Although individual domains in alloys aged only 5 minutes 
uore not resolved in electron micrographs (Fig. 14b), the 
strong olustering tendency of bright, well defined planes 
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or groups of atoms about the <420> matrlz poles (Pigs. 19b 
and 19c) is direct evidence of domains or ordered particles 
having the unique distribution described in Section 2, In 
Figs. 19b and 19c, the local tip radius r, as determined by 
ring counts between the (002) and {024} poles is about 920A. 
The diameter of the first (002) ring can then be estimated 

Oft rt 
from the equation % & ~ V ^ h K L . P o r r "" 920A, 

a Do02 ~ 100A, Using this value as a standard of referenoe, 
the "diameter" of any well defined plane occurring in the 

region of the f20W, tozh, T0241 and 1204} poles can be 
estimated. Por example, the well defined plane at the r025i 

o pole in Fig. 19b is about 30A. From 50 such measurements 

the "diameter" was found to vary fvom a minimum of about 
o o o 

15A to a maximum of 115A with a mean lying around 20A. No 
great faith? however, is plaoed in this mean value since it 
depended strongly on what one considers as a well defined 
plane„ 

The thickness of the well defined planes» however, was 
relatively constant. By use of pulse field evaporation 

34 techniques the "thickness" was found to be only one or 
two layers. Generally, the planes came off as a group. 

For esample, the entire group of atoms at the C0241 pole in 
Fig. 19b was removed as a whole by a single pulse and can no 
longer be observed in Fig. 19c However, by suitable ohoioe 
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of pulse height and width, the group of atoms oan occasionally 
be field evaporated one atom at a time. Unfortunately, the 
"correct" pulse height and width varies with the initial size 
of the plane and for this reason only a few well defined 
planes were successfully analyzed in each specimen. When 
liquid helium is used as a specimen coolant, the bright 
planes are stable only for about 10 minutes or less. After 
this period of time they generally field evaporate as a whole. 
Since even for the fastest commercial films available typical 
exposure times required for each FIM image is about 5 to 10 
minutes. Therefore, the photographic recording of the actual 
slngle-atOE. field evaporation process will eventually require 
some form of image intensification, 

^. 2.3 As-Quenched Alloys 
In as-quenched alloys, the tendency for clustering of 

well defined groups of atoms about the <&20> matrix poles 
is not as pronounced as in the aged alloys. Moreovert the 
effect was found to be temperature dependent. Pigs. 20a and 
20b show the microstrueture of an as-quenched alloy observed 
during a field evaporation sequence when liquid helium was 
used as a specimen coolant. Field evaporation occurs 
relatively uniformly over the specimen surface and the 
apparent clustering tendency is very weak. However, when 
liquid nitrogen is used as a specimen ooolant field 
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evaporatlon Becomes very non-uniform. Certain clusters 
are found to be relatively stable In that surrounding 
regions field evaporate at slightly lower fields. These 
olusters therefore protrude locally and thus act as more 
effeotlve emission centers than their surrounding material 
(Pig. 20c). Although there is still a tendency for these 
groups of atoms to lie in the vicinity of the <^20> poles, 
the effect is not as pronounced as in aged alloys. However, 
as in the case of aged alloys these bright groups of atoms 
were also found by pulse field evaporation technique to be 
only one or two layers thick. 

4.2.^ Fluctuations In Degree of Order of As-Quenohad 
Alloys , _____„_________,, 

The liquid helium cooled specimen exhibits quite 
another form of domain structure. During field evaporation 
sequences it was found that the degree of regularity of the 
fundamental planes themselves vary with depth. Examples of 
this aire shown In Figs. 20a and 20b for the (002) plane.' 
However, the change Is quite gradual showing that the degree 
of order Is fluctuating. The Justification for using these 
fluctuations as evidence of a diffuse domain structure is 
that there is an apparent orlentational Juxtaposltloning of 
these fluctuations, "or example in Pig. 20a an interfaoe 
oocura at region A across which the rings do not match. 
The interface is not a grain boundary sinoe all the fundamental 
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poles are in their correct angular positions. Such boundaries 
are quite numerous though not easily detectable by the 
inexperienced eye. 

Since the image in Figs. 20a and 20b corresponds to a 
single crystal, the boundaries must be associated with 
fluctuations In the degree of order, that is they are order-
defined boundaries. Apparently the local degree of order at 
A in Pig. 20s is sufficiently large for a boundary to have 
meaning. .Also, the mismatch of the rings across the boundary 
indicates that the orientation of *he domains on either side 
of the Interface are not quite the same. These rather 
diffuse boundaries are difficult to trace in three dimensions. 
They fade rapidly both laterally and with depth. At best, 
they can be followed for only 2 or 3 consecutive layers 
during field evaporation sequences. The faot that the 
boundary rapidly fades could be explained if the degree of 
order rapidly decreases In surrounding regions. In fact, 
if such fluctuations represent reality then It Is possible 
for a boundary not only to fade but actually terminate 
Itself if by chance it enters a region where the local degree 

of order happens to be 2ero. 
HI 

Recently Okamoto and Tong have used computer simula
tion techniques to show that all three types of boundaries 
observed in ordered NUMo can be made to disappear if the 
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dagree of order varies from unity to zero along the boundaries; 
the rate of disappearance depends on the type of funotion 
specifying the degree of order as a function of distance. A 
variety of functions were used and it was found that the 
boundary disappears long before the degree of order reaches 
absolute zero. Consequently, when the degree of order is low 
initially as Is the case in the as-quenched alloy, order-
defined boundaries will be very difficult to observe when the 
amplitude of the fluctuation is small. 

We believe the origir if the fluctuation in the degree 
of order lies in small fluctuations in composition since such 
fluctuations are very likely to occur on the scale of observa
tion with which we are concerned. 

4,2.5 Summary of FIM Results 
(a) A strong tendency for clustering of wall defined 

planes about the <&20> fee poles is observed in all aged 
alloys even for those in which ordered domains were not 
directly resolved using TEM techniques. This observation 
is direct evidence of the existence of small regions 
possessing some form of composition variation normal to 
the ^20l planeso The orientatlonal dependence of the 
distribution of these regions is in agreement with those 
prtdioted In Section 2, 

(b) In as=quenched alloys the tendenoy for clustering 
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though still present Is comparatively weak. Fluctuations 
in degree of order has been observed in the form of diffuse 
domain boundaries which can be Interpreted as evidence for 
a kind of nebulous domain structure. The fluctuations in 
degree of order is believed to be associated with small 
fluctuations in composition. 
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5. DISCUSSION OP RESULTS 

The major oonolusion of the present study Is that some 
form of domain structure exists in as-quenched Nl^Mo. 
However, there is still the question as to whether it also 
exists in the equilibrium disordered state above the critical 
ordering temperature. The similarity between the results of 

22 
Tanner {high temperature <002> diffraction patterns) and 
our own shows that the quenching process used In the present 
study retained the more significant features of the equilib-
'rlum disordered state. Therefore, the deteotlon of very weak 
satellites near superlattlce positions In <121> and <130> 
diffraction patterns suggests very strongly that even above 
the critical temperature small regions exist which have 
atomic arrangements similar to the LEO structure of Hi^Mo. 

PIM images of the 1 s-quenched alloy show that the 
ordered regions are not well defined and are more aptly 
described as fluctuations in the local degree of order. 
The fact that the fluctuations exhibit a kind of orientational 
Juxtapositloning resulting in localized interfaces allows us 
to retain the ooncept of a domain structure. Moreover« it is 
not surprising that electron dark field 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 l|0 SHO 
spot would therefore not resolve distinct sets of well 
defined ordered particles but all regions which have some 
"degree of order". When the "degree of order" is low as in 
as-quenched alloys the dark field image should exhibit weak 
Intensity variations which may not be sufficiently large to 
be detectable above background. Sharp bright spots corre
sponding to well defined ordered domains or particles would 
not be expected until the degree of order attains a certain 
level within the partloles. 

Obviously, the "degree of order" must be related to 
the form of the composition fluctuation, therefore, variations 
in the latter during the very early stages also Imply that the 
"ordered" structure within the different regions need not 
necessarily be exactly the same during this critical period. 
The fluctuations however must account for the l|0 SRO peaks 
and the peculiar asymmetrical streaking of the satellites 
Intensity distribution which develop during the very early 
stages of ordering at 650°C. These questions will now be 
Investigated in detail. 

5.1 Asymmetry in Satellite Streaking 
The FIM images of alloys aged at 650°C for 10 minutes 

or less suggest that the domains may have a plate-like shape 
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with habit planes of the form f420$. However, as pointed 
out In Section 4.1.3» this particular morphology is not 
compatible with the asymmetrical streaking of the diffuse 
satellites which appear near superlattioe positions during 
this critical stage of ordering. This is readily apparent 
If one oonsiders the t0021 pattern in Pig. 4a. If the 
domains are large, then domains with a Type I structure 
would give rise to sharp superlattice reflections represented 
by the white circles, while domains with a Type II structure 
would give rise to those represented by the black circles. 

If all the domains were plate-shaped, then the habit 
plans for Type I domains would be (420) or (240). Eaoh 
plate-like domain should produce shape-factor streaking 
noraal to its own habit plane. Moreover, since layering on 
(^20) end (240) results in the sane Type I structure, the 
central maxima of the streaks should coincide at all the 
white circles. Therefore, each white circle should be 
"si-^wff" Vri the <hZQ> tuid <240> directions. Similarly, 
each "'.'.'. circle should be "spiked" in the <&20> and <£4o> 
directions as shown in Fig. 21a. The important point ie 
that all suporlattlce reflections associated with a particular 
orientatlonal variant should exhibit the same symmetry as for 
as streaking is concerned. 

This is not what is observed in actual <002> patterns. 
An ohown schematically In Fig, 21b„ the cucpocfced symmetry is 
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absent. The actual <002> diffraction patterns can no 
longer 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 Pig. 21o. 

This peculiar asymmetry can only be explained If the 
layering operation normal to the (420) and (240) planes are 
not physically equivalent. According to F'.g. 2a, this means 
the layering sequence cannot be the same a& that for a 
perfectly ordered Niu<io structure. The same argument applies 
for layering normal to the (420) and (240) planes. In fact, 
during this critical stag.* of ordering, the non-equivalenoy 
of these pairs of pianos with respect to layering will 
require new LEO parameters. 

5.2 The Meaning of the LRO Parameter S 
The Bragg-Willj.aras long range order parameter S used in 

the structure factor calculation on page 10 of Section 2 
must be defined relative to a particular structure. In the 
case of fully ordered Nl^Ho, the structure is usually regarded 
in terms of 2 Interpenetrating bot sublattlces, one with a 
single Mo atom per lattice point, the other consisting of 
four equivalent bet sublattlces each containing a single Mi 
atom per lattice point. If we designate the two sublattices 
ae a and fi , respectively, then 
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s = ( pHoe" pHojg ) a < pNlg- pNia > 

where P;,jca = fraction of a sites occupied by Mo atoms 
M̂ofi = fraction of 0 sites occupied by Mo atoms 
P H 3o = fraction of /} sites occupied by Ni atoms 
%la a f r a s t i o n of a sites occupied by Ni atoms 

Since the occupational parameters are directly related 
to the Mo concentration of each sublattice, 5 can also be 
interpreted in terms of composition fluctuations normal to 
the (4-20) or (240} planes. Referring again to Pig, 2a 6 it 
is apparent that in order to generate a Type I structure, 
ovory fifth plana must contain a sites onlys the inter
vening four oust contain only /3 sites. This is shown 
schematicallj In Fig. 22a. To obtain the perfectly ordered 
structure, the composition fluctuation roust have the form 
shown in Fig. 22b. For a partially long range ordered alloy,> 
it must have the form shown in Pig. 22c The composition 
fluctuations in these figures simply represent the distribu
tion of Mo atoms on the two sublattioes. The important 
point is that in order to use S as defined above, the 
composition of Mo atoms on the "£-planes" must ha constant 
otherwise the four 0 aublatfcices oan no longer be regarded 

',*, ; . « f t w » ' ' '"''•.•'"I'/••„*%-'.!I!'1]?'1'' "i,-.. ;ir"Ti';- *." '!,.i i'*""» i I""*r' '" v i " ^ 
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as equivalent. For a sinusoidal composition fluctuation 
such as that shovm in Fig. 22d, where the period Is 5 
[l&O) atomic planes, there will be two non-equivalent 
sublattlces: fi-x and j82. Each will require its own 
occupation parameter ?jjo0x ^ ?Mo/3 2 a n d hence, t w o 

LBO parameters will be required to specify the degree 
of order. 

Although the new order parameters will still be 
defined relative to the bet lattice, the equivalency of 
the (1+20) and (2^0) planes with respect to the fluctu
ations like that shown in Fig. 22d will be lost. Within 
a single domain, fluctuations normal to the (4-20) planes 
nill no longer automatically result in an identical 
fluctuation normal to the (2^0) or vice-versa. However, 
such fluctuations can occur normal to the (^20) planes 
in one domain and normal to the (2^0) planes in another 
domain, but the structures are not equivalent and must be 
classified as Type IA and Type IB. Similarly0 fluctuations 
normal to (Jf-20) and (2^0) planes result in Type IIA and 
Type IIB structures respectively. 

If, for example, the period of the sinusoidal 
composition fluctuations is less than the 5 (4-20) 
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atomlo planes then such fluctuations occurring normal to 
the (420) plene will result In a structure which Is no 
longer based on the bet lattice. The small rectangular 
unit cells shown in Pig. 21c show however, that If the 
period nappens to be exactly 4 (420) atomic planes the 
resulting struoture Is such that within a single domain 
the (420) and (420) become equivalent with respect to 
suoh flvtuationso Similar arguments apply to the (240) 
and (240), 

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 in terms of layering or more aptly composition 
fluctuations on a microscopic scale, we lose in the process 
the concept of a well deflnsd LH0 structure. In order to 
restore some perspective we wrll 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 fluctuations occurring normal to {420} planes 
of the reference foe lattice. 

Above the so-called critical ordering temperature we 
believe composition fluctuations exist everywhere on a 
aioroncopic scale. la a particular rogion the fluctuations 
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occur noraal to one of the 12 ikZd\ planes. The composition 
fluctuation Is composed of two kinds of composition waves 
which we will refer to as the SRO and LRO components. The 
SEO component has a wavelength of 4-d and the LRO component 
a wavelength of $i, where d is the interplanar spacing of 
the ^ 2 0 } planes. 

As far as diffraction effects are conoerned, the SRO 
component gives rise to satellites at the l£0 positions in 
reciprocal space, while the LRO components give rise to the 
diffuse satellites near superlattice positions. The relative 
intensities of the two kinds of satellites will depend on 
the relative amplitude of SRO and LEO components of the 
composition fluctuation. The ordering reaction can then be 
described in terms of the change m relative amplitudes of 
the two components with aging time. Initially the SRO 
component dominates giving rise to strong satellites at 
the l|0 position. The weaker LRO component gives rise to 
the diffuse satellites near superlattice positions. Towards 
the end 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 domains or particles is 
retained only through the result of interference between the 
SRO and LRO components. 
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The relationship between composition fluctuations and 
the various satellite reflections is analogous to the "?5ide 
band" formation which appear during the initial stages of 
spinodal decomposition. In fact, the 1^0 SBO spots and 
diffuse superlattice reflections in Pig. 21c may be inter
preted during the initial stages as side bands which 
eventually develop into superlattloe reflections. A 
diffraction model based on these ideas is completely 
developed in Appendix I, 

5A Qualitative Discussion of Satellite Amplitude. Spectrum 
In the diffraction model derived in Appendix I, there 

are two adjustable parameters which may be used to specify 
the state of order in terms of composition naves. They are 
(a) the amplitudes (1-c) and « of the 3E0 and LBO components 
respectively and (b) the wavelengths of the two components. 
The effect of these parameters on the satellite scattering 
amplitude spectrum is shown in Fig. 24 and Fig. 25. Changes 
in the relative amplitudes of the two components produce a 
change in the relative scattering amplitudes of the satellites. 
The transition from the SBO to the LBO state can be represented 
by letting c vary from zero to unity. A change in the wave
lengths of the two components results in a shift in the 
position of the peak amplitude of the satellites. A slight 
increase in the wavelength of the SBO component will cause 
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all satellites to shift inward towards their associated 
matrix reflection. On the other hand, a slight decrease in 
the wavelength of the LRO component will cause all satellites 
to shift outward away from their associated matrix reflection. 
The two components Interfere and result in the familiar beat 
phenomena. 

In all oases the resultant composition fluctuation Is 
represented by a sinusoidal wave modulated with respect to 
amplitude. The period of the modulation is proportional to 
the difference { r - i - - _ J L ) where >„„.. and x... are 

*SRO XLHO b m L E 0 

the wavelengths of the SEO and LRO components, respectively. 
The "size" of the domain is taken as the distance between 
nodal points which is always one-half the period of the 
modulation. As shown In Pigs. 2k and 25, the propagation of 
composition waves within a small region of the alloy would 
produce an array of domains. Within each domain the Ho con
centration fluctuates rapidly, being highest on one or two 
planes near the middle of the domain and decreasing rapidly 
towards the domain boundary. However, the domain boundary is 
not very distinct especially during the very initial stages 
of ordering (Pig. 2ta). This type of domain structure Is 
compatible with our PIH results. The bright well defined planes 
clustering around the <&20> poles would correspond to the planes 
with high Ho concentration. It is also consistent with the 
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observatlon that the planes appear to be only one or two 
layers "thick". The diffraction model indicates however 
that this may not be a good measure of domain size since 
planes with higher than average Ho concentrations villi be 
preferentially imaged over other planes, The actual thickness 
as represented by the diffraction model would be about 20 
(1+20) atomic planes (Pigs. 2k and 25) which corresponds to 

o 
about 1 6 A for disordered Ni^Mo. 

The model is, of course, a drastic oversimplification. 
We are assuming the composition fluctuation consists of only 
two components. In reality, a whole spectrum of wavelengths 
between ^ ST, 0 and ^LRQ W ^ D e excited, leading to inter-
ference effects and hence to domains. Each wavelength 
would give rise to Its own set of satellites resulting m a 
smearing out of the satellite scattered amplitude spectrum 
as shown in actual diffraction patterns (Pig. 12). If Ak 
is a measure of the width of this spectrum In wave vector 
space, then the domain size will be given by j£- . Hence, 
the usual method of estimating the size of small particles 
by the breadth of the diffraction spots they produce will 
still be valid for our diffraction model. However, the 
effect is not the same as shape-factor streaking since a 
plate-like shape is not necessary for the type of broadening 
predicted by the model. The sharpening of the satellites 
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inte superlattice reflections would correspond to a sharpening 
of the Fourier spectrum of the composition fluctuation, (i.e., 
Ak-=> 0). This simply corresponds to domain growth. When 

this happens the asymmetrical streaming of the satellites 
disappears and we can go back to the original description of 
the domain structure developed in Section 2. 

5.5 Summary of Discussion 
The diffraction model developed In this thesis relates 

the intensity distribution in reciprocal space to the Fourier 
spectrum of composition fluctuations In disordered (SBO) 
alloys. It therefore provides us with a physical description 
of the SBO state In terms of domains which form In small 
regions of the alloy. The change in the Intensity distribution 
which occurs during the initial stages of ordering provides 
us with a physical description of the structural changes 
which oocur during this critical period. The question we 
now ask is whether the interpretation can be applied to 
systems other than Nipo. More specifically, ws would like 
to know whether it can be applied to the results of the 
Clapp-Moss statlstical-thermodynamlcal theory of SBO which 
specifically denies the existence of domains st least in 

20 disordered Ni/^Mo, This will be of critical Importance 
since the beauty of their theory is its ability to predict 
the intensity distribution from disordered alloys for a great 
many alloy systems. 
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In the next section we shall reexamine the physical 
significance of the present results in the light of the very 
recent theoretical work of Hilliard's group at Northwestern. 
We will then show how the latter theory, which is essentially 
a "splnodal" approach to order-disorder transformation, can 
be related to the Qapp-Moss statlstical-thermodynamlc theory 
of SHO. This will allow us to reinterpret the predictions of 
the Glapp-Moss theory in terms of the diffraction model 
developed in this thesis. 
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6. RELATION BETWEEN THE SPINODAL APPBOACH 
AND THE CLAPP-MOSS THEORY 

The diffraction model derived In Appendix I was originally 
developed for the purpose of explaining thg presence of the 
1^0 SRO maxima and the asymmetrical streaking of the diffuse 
satellites which appear during the early stages of ordering in 
Ni^Mo. However, like similar models used to explain side band 

42 43 formation during splnodal decomposition ' it does not 
provide any information as to why transformations give rise 
to a particular kind of scattering. 

The answer has now been provided in part by the discrete 
counterpart of Calm's continuum theory of spinodal decomposi-

44 tion recently developed by Cook, deFontalne and Hilllard, 

6.1 Splnodal Approach to 0-D Transformations 
45 The basis of Cahn's ' theory of spinodal decomposition 

is the diffusion equation: 

6 m (jjL) [ (f• + 217 2 Y ) V 2C - 2K V^C 1 
(1) 

In which f» = 0 2f/3e 2) ) B W ni„ a+ e /, a* - . r , = (dlna/do) J e v a l l l a t e d *t_C « Co 

where f is the Helmhotz free energy per unit volume, C 
the atonic fraction of component B, Co the average 
composition, V a function of the elastic constants, 
N v the number of atoms per unit volume, a the lattice 
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parameter, K the gradient energy coefficient and M an 
atoatio nobility. 

Cahn's continuum formulation Is restricted to composition 
variations with wavelengths long compared to atomic spaclngs 
and is therefore restricted to systems for which K is positive. 
If K is negative as in ordering systems, Eq, (1) predicts the 
growth of composition fluctuations with infinitely short wave
lengths. 

This restriction was removed in the treatment by Cook, 
dePontaine and Hilllard, They derived a finite difference 
equation that is the analog of Eq. (1) for the special case 
when ij = 0. For the general three dimensional case the 
diffusion equation is: 

(2) 
where C is defined as the probability, with respect to the 
initial distribution, of finding a B atom at site p after 
time interval At. The other parameters have the same 
meaning as In Cahn's treatment. The summation is taken over 
all nearest neighbor sites about site p and A^CL is the 
second difference defined by: 

A ? S - Cp + r - 2C p + C p. r 
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During the very early stages of spinodal decomposition 
or ordering the amplitude of the composition variations will 
be small. By assuming that under these conditions the 
compositional dependence of f", K and M can be neglected, 
Cook showed that the general solution to Bq. (2) is given by: 

r h 
«3i 

where 5 is the vector Joining the origin to site p, k(h) is 
a wave vector from the origin to point (h) in reciprocal 
space, A°(h) is the amplitude of the Fourier component of 
wave vector lc(h) at time zero and (*(h) is an amplification 
factor given by: 

octo- -/JflB*W{f'+2X3'fflJ 
w 

in which 

3 W S-9Z I*' COS k(hh xr] at4 t 
(5) 

where i(r) is a vector Joining site p to a nearest neighbor 
site and the summation is over ill nearest neighbor sites. 

The amplification factor determines the rate of growth 
or decay of a particular Fourier component. For a given 
point (h) in reciprocal space the sign and magnitude of Of{h) 
depends on the signs and relative magnitudes of f1* and K. 
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In ordering systems where the free energy versus composition 
is everywhere concave upward f" is positive. K is propor-

46 tional to an interaction energy which for ordering systems 
is always negative. 

The relationship between the amplification factor <#(h) 
and the intensity distribution associated with ordering effects 
can be exaained by assuming that the atomic scattering factor 
for site P varies in phase with the competition C_ (See Eq. 
ft.3) in Appendix I). 

then 
f a fo + (f B - f A) Cp - Co 

(6) 
where f, and f B are the scattering factors for A and B atoms 
and fo is the average scattering factor for the system. 
Substitution of Eq. (6) into the usual expression for the 
scattered amplitude! P(k) we obtain 

F e w * 2fPe""'*'*p 

p 

= f f lIe +(f B-f A)ICCp-c 0le p 

(7) 
Tha first term gives rise to the matrix reflections while the 
second term contains all the information on the modulation 
of the diffuse scattering caused by ordering effects. The 
sum is simply the Fourier transform of Eq. (3). Hence, the 
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order part of the scattered amplitude can be written 

order 

(8) 
where N is the number of points (h) in the first Brillouin 
zone.. Therefore, the intensity is given by 

order 

(9) 
The intensity associated with ordering effects will 

therefore be a maximum at those points (h) In reciprocal 
space where the amplification factor takes on Its absolute 
maximum value. But according to Eq. W this occurs when 
f" + 2KB2(h) is an absolute minimum (i.e., largest negative 
value). Since f" > 0 and K ^ 0 for ordering systems the 
latter occurs when B2(h) attains its absolute maximum value. 

For fco systems Eq„ (5) is given by 

B2(h) = i| j[ 1 - i (cosffh1cosVh2+cosffh1cos'irh3 + 
a cosltJ^cosWh^l 

(10) 
Therefore, the diffuse intensity associated with ordering 
effects will attain its maximum value at the points (h) «= 
(hĵ hĝ h/j) in reciprocal space where the function 

Gih^hzhj) = i JcosB'hjcosBrhg+cosirhiCos'H'hg+cosirhg 
^ (11) 

cost* h*1 
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attains its absolute minimum value. Cjhj^l^ih-j) Is plotted 
in the h-> = 0 plane, in Pig, 26. The plot corresponds to one 
quadrant of the [002] diffraction pattern {Pig. 6a). The 
contour lines are the locus of points for which C(hi,h2,0) 
is a constant. The minimum value of C(hj_,h2,0) is (-1/3) 
at all points of the line between the (100) and 1^0 and all 
orystallographically equivalent points. 

Fig. 2k shows that any composition wave whose wave 
vector ends on the line Joining (100) and (l|0) will be 
selected for growth, all others will decay with time. The 
wave vectors ending on the 1^0 points correspond to compo
sition waves, normal to the planes with wavelengths 
ecual to (2W/kj4 0) or 4d where d is the interplanar 
spacing of the {^20} planes. This is precisely the compo
sition wave used as the SHO component in our own diffraction 
model. Fig. Zkt however, shows that any other composition 
fluctuation whose wave vector also ends on the (100) - (l£0) 
line can also be selected for growth. The reason why they 
are not in Ni^Mo will be seen after discussion of the Clapp-
Moss theory. 

6.2 The Clanp-Moss Theory of SHO 
Ace srding to the classical statistical-thermodynamic 

treatment of SHO, the diffuse intensity due to SHO is given 

b y X(te> =N»v«B(fc5-fA>2I o^V 1*"**"" 
order 

(12) 
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where N is the total number o.r a^oms in the crystal, m. 
and m B are the atomic fraction of A and B components, 
respectively, f A and f B are the atomic scattering factors 
for A and 5 atoms, k Is a wave vector in reciprocal space, 
Ctjjjn l s t h e W a r r e n s&° parameter defined by 

^ lmn = 1 - Po.lmn 
m 3 (13) 

In which ?Q lum Is 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 
depends only on the sites lmn and the origin. Clapp and Moss 
in effect claim that the correlation between the two sites 18 
not direct but depends on the atomic configuration between 
the two sites. Plaolng an A atom at site lmn will in effect 
polarize a particular kind cf atomic configuration around the 
site' chosen as origin. The probability that a B atom will 
occupy the origin will be determined by this polarized atomic 
configuration. 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 received at tha origin from a 
particular site f is proportional to the Interaction energy 
VQf between that site and the origin. If C< f j ^ is the 
Warren SBO parameter for the sites f and lmn, then the Warren SBO 
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parameter for site Imn and the origin is 

* (14) 
The interaction energy between two sites i and i is given by 

I t . A * s 8 * B« 

(15) 
for ordering systems Vj^ is negative. It is assumed to have 
the form 

where X f 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 V^, Eq. (14) is the basis 
of the Clapp and Moss theory of SHO. It was derived from 
an infinite set of nonlinear equations in the C^J^I,, 

Knich in general must be solved in some approximate way to 
separate the Ci l i n nt s. The approximations used by Clapp and 
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 critical ordering temperature. 

The set of equations given by Eq. (14) can be 
diagnollzed by introducing V 0f and the Fourier transforms 
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of Mima f r o m E3* ( 1 2)* T h i s yields equations in terms 
of I o : r ( i e r(k) and V(k) which give for any value of k 

_ ,., constant 
Aorder k K ; = l42mAmB/8V(k) 

A ' (17) 
where y3= £ t , k is the Boltzman constant. 
Therefore, according to the Qapp-Koss theory, the diffuse 
intensity associated with ordering effects will have its 
maximum value at those points in reciprocal space where the 
denominator in Eq. (17) attains its absolute minimum value, 
i.e., where the Fourier coefficients 7(k) attains its 
absolute minimum value. Prom Eq. (1&) V(k) is given by 

* (18) 
For cubic crystals there is for each site f another site at 
-f which has the same value V 0f hence the sine terms cancel 
leaving 

Vftrt= X. Vof Cos i£of$ 

For fee crystals the explicit expression for V(k) for nearest 
neighbor interactions only is 

VOrt = l2V l[^(CosBTt. lCKTrW + CosTfV», cosifV,^ 

* CosirVizcosirVij"! 

»iz*C(h.h,i,0 ( 1 9 ) 
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Hence, the diffuse Intensity associated with ordering effects 
will attain its maximum value when Cth^hgh^) attains its 
absolute minimum value. This Is precisely the same condition 
required by the spinodal 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 
probability of a site being occupied by a B atom will depend 
primarily on the atomic configuration of near neighbor sites. 
In the case of the spinodal theory this effect is Introduced 
through the concept of a free energy term arising from 
composition variations between sites. The free energy 
contribution from a particular site p will be proportional 
to the square of the concentration gradient between site p 
and its nearest neighbor sites p + r, I.e., proportional 
to X L ^ P ' f * ] • The proportionality factor is K the 
gradient energy coefficient and plays the same role as V o f , 
the Interaction energy in the Clapp-Moss theory. In both 
theories the "polarized" atomic configuration about a site 
p will be such as to minimize the total free energy of the 
alloy. When only first nearest neighbor interactions only 
are considered both theories predict intensity maxima at 
the same places in reciprocal space. However, the spinodal 
theory retains the concept of domains in the same way as the 
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almple diffraction model developed In this thesis. If K, 
the gradient energy coefficient is retained under the 
summation sign In Bq. (2) the spinodal theory could in 
principle be extended to Include interactions beyond first 
nearest neighbors. 

If we therefore assume that the mathematical and 
physical equivalence between the two theories holds also 
up to second nearest neighbors, then the predictions of 
the Clapp-Moss theory which includes higher neighbor inter
actions could be interpreted in terms of a propagation of 
composition waves at least during the very initial stages of 
ordering. 

If the second nearest neighbor interactions are also 
included V(lc}, the interaction energy in the Clapp-Moss 
theory becomes for fee crystals, 

V(k) = 12V 1C(h 1h 2h3) + 6v2G,(h1h2h.3) 

where C'fhjhghj) * l/3(cos2SThi+cos2'5,h2+cos2irb3). According 
to this theory V(k) is a minimum at all 1|0 positions in the 
fee reciprocal lattice of disordered Ni^Mo. For suitable 
choices of T in Eq. (17) and Vg and Vj in Eq. (20), Clapp 
and Moss were able to match the experimentally determined 
x-ray intensity contour maps for the t002l reciprocal lattice 
section obtained by Sprulell and Stansbury from as-quenohed 
Nlj(|Ho. The best matoh was obtained for the values T = 1.05TC 
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and Vg = 0.300V;j_. The agreement was quite good and as a 
result, Clapp and Moss concluded that the concept of small 
ordered domains is not valid in disordered Ki^Mo. 

The results of the present study based on both electron 
diffraction and field ion microscopy observations provide 
very strong evidence of some form of ordered domains in 
as-quenched alloys which have atomic arrangements similar to 
hut not exactly that of the long range ordered structure of 
Ni^Jto. In fact, since the physical basis of the dapp-Moss 
theory and the spinodal theory are very similar, at least 
during the very initial stages of ordering, we can interpret 
the results of the Clapp-Moss theory in terms of domains. 
In Ni^Ko, V(k) is a minimum at all l|0 positions, according 
to the spinodal interpretation, this means the composition 
fluctuations receiving maximum amplification will be those 
occurring normal to the tf^O^ planes having wavelengths 
equal to (2W/lc^o) or ^d^Q. This is the same composition 
wave that was termed the SEO component in the simple 
diffraction model developed in this thesis. 

Actual diffraction patterns of as-quenched NIĵ Mo and 
the high temperature diffraction patterns of Au-Cr exhibit 
quite diffuse spots indicating that in real alloys many 
composition waves are excited having a range of k-vectors 
close to, but not exactly equal to k ^ 0 in reciprocal space. 
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Moreover, the presence of very weak diffuse satellites in 
as-quenched Ni^Mo indicates the distribution of k-veotors 
about k,A0 is not symmetrical but extends preferentially 
towards shorter k values near 2^/5^20' Consequently, in 
the disordered alloy the various excited composition waves 
should interfere resulting in "domains" whose size normal 
to the {hzdi planes is inversely proportional to the 
breadth A k of the k-spectrum. Since this concept is 
also in agreement with the present FIM observations we 
end this section by concluding that the concept of ordered 
domains is valid in disordered Bl^Mo. 
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?. 5UMMARY Ajio CONCLUSIONS 

A parallel transmission electron and field ion 
microscopy study of disordered Ni^Mo and of alloys aged 
for very short times at 75C°C and 650°C have shown the 
followings 

(a) In as-quenched alloys very weak satellites exist 
near superlattice positions corresponding to the LEO 
structure of NijjHo. These satellites are detectable only 
in electron diffraction patterns of certain favorable 
orientations and are completely obscured by neighboring 
liO SRO spots in <002> diffraction patterns. 

(b) During the initial stages of ordering at 650°C 
the satellites develop a peculiar asymuetry In their 
direction of streaking in various <210> directions. 
Satellites which upon aging eventually develop into super-
lattice reflections corresponding to ordered domains of a 
particular orientation variant are not initially streaked 
in the same *210> direction. 

(c) At 650°C, tiny ordered domains are directly 
resolved in dark field images using either 1^0 SBO spots 
or its neighboring satellites only after 10 minutes of 
aging. At ?50°C the ordering reaction is essentltilly 
complete within 5 to 10 seconds of aging. 
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(d) Field ion images of as-quenched and aged alloys 

exhibit clustering of well defined groups of atoms about 

the A20? poles of the fee lattice. The effect is most 

pronounced in aged alloys in which ordered regions are 

directly resolved by transmission eleotron microscopy 

techniques. The unique orientational dependence of the 

distribution of the well defined groups of atoms is direct 

evidence of tiny ordered regions possessing an atomic 

arrangement in which the Mo concentration is varying on 

the {420$ planes. The variation is similar to, but no, 

exactly the same as the LHO structure of NtyMo. 

(e) An explanation for the above observations is 

given in terms of composition modulations occurring n/ rmal 

to the $̂ 20]f planes in small regions of the crystal. A 

diffraction model based on this idea explains not only the 

presence of intensity maxima at the 1|0 positions but also 

the presence of the weak satellites near superlattice 

positions. The model is also compatible with the PIM 

observations and suggests that the bright well defined 

groups of atoms represent planes within domains which have 

the highest Mo concentration. The physical basis for the 

diffraction model is given in terms of the recently developed 

spinodal approach to order-disorder transformation. The 

model is also compatible with the Clapp-Moss theory of 3R0. 
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The overall results suggest that disordered Nl^Mo 
consists of tiny regions possessing some form of ordering, 
at least in the as-quenched disordered alloys and possibly 
in the equilibrium disordered state above the critical 
ordering temperature. However, at very high temperatures 
where diffusion can take place easily, such regions may 
have only a temporary existence both in space and in time. 
In this sense, the statistical-thermodynamlc view of SRO 
would be correct but there will probably be an equilibrium 
distribution of such regions both in number, size and degree 
of order when all instantaneous distributions are averaged 
over a finite time interval. This must be the case sinoe 
the diffraction patterns taken above and below the critical 
ordering temperature are very similar. In thli sense, the 
microdomain or discrete particle concept of SRO would have 
some validity even above the critical ordering temporature. 

Upon quenching however a particular distribution will 
be frozen in. In this case the 'ttlorodomain ox discrete 
particle view of SP.0 must be a more accurate physical 
description than the liquid-like arrangement prcoented by 
the statlstlcal-thermodynamic viewpoint. 

However, the present study also indicates that the form 
of ordering within the domains or particles is best described 
In terms of composition fluctuations rather than a speolflc 
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ordered structure. It has been shown that the latter can 
change during the very initial stages of ordering. On the 
other hand, knowledge of the amplitudes and wavelengths of 
the various coaponents producing the composition fluctuation 
contain all the Information regarding "structure", domain 
size and the degree of order. Since the average composition 
on the various planes within a typical domain will he lmown, 
equivalent sublattices can "be specified and hence the Bragg-
Wllliams LRO parameter, or for that matter the Warren SSO 
parameters, can be calculated. 
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A??EKDIX I 

A Diffraction Model of Scattering by Composition 
Fluctuations in Niĵ Mo 

In this appendix a kinematical diffraction model Is 
developed for scattering from a binary alloy comprised of 
regions or domains which are modulated by composition 
fluctuations. The treatment is based on one developed by 
V. Daniels and H. Upson to explain side-band formation 
during the initial stages of spinodal decomposition. We 
shall consider only the one dimensional modulated structure 
as it brings out all the essential features of the general 
three dimensional case while greatly simplifying the 
mathematics. 

Amplitude Scattered by Composition Fluctuations 
Consider a local region of our one dimensional binary 

alloy. Let the region consist of N atomic planes of spacing 
d perpendicular to the direction of the one dimensional 
composition fluctuation. Let CL, be the atomic fraction of 
B atoms of the p atomic plane whose position is z p and C 0 

be the average composition of the alloy. Me assume that the 
composition fluctuation within this local region can be 
d&scribed by 

Cp - C 0 « <i - € JcoskggQXp • € cosi^Xp 
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where 1c is a wave vector equel to 2W/j. in exponential 
form Bq. (A.1) can be written: 

e 
(A.2) 

The planar scattering power f of the p^ atomic plane is then 

ffp = C pf B + (l-Cp)fA 

where fg and f ̂ are the atoaic scattering factors for B and A 
atoms, respectively. Similarly the planar scattering power f 0 

for the whole 'alloy cf average composition C 0 is 

f 0 = c 0f B + (i-c0)fA 

thus 
f p - f 0 - (fB - tA) tc p - c0i 

(A»3) 
The scattered amplitude from the domain is 

Introducing Eq. (A.3) and Bj, (A.2) we obtain 

z p 

z t ^ e + **£« 
where r = (rB - fA> U A ) 
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Introducing Xp = pd, and sumaing over a l l K planes we get 

s i n g e s * U l R o / 2 ^ d 

^ • " ( S - f t u t o / z r t d (A.5) 

The f i r s t tera has a maximum value Nf0 a t values of S where 

the denominator vanishes hence simply contributes to the 

matrix reflections at 

S = J = ng, (n = 0, +1, ±2 ) 

The remaining terms give rise to two sets of satellites, 
Type I satellites occur at 

S a n g i S S S , (n = 0, i i , +2 , .o . . ) 
2«-

V 
Maximum Amplitude = -«r N(l - £ ) 

Type I I s a t e l l i t e s occur at 

S = ng ± L̂RO , (n = 0, ±1, ± 2 , , . . ) 
2W 

Kaximum Amplitude = -£ N£ 
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For the case when the two components of the composition 
fluctuation in Eq.. (A.1) have the wavelengths -^ s s o = ^d 
and Xmo = 5d, then fcSE0/2ar = (lA)g and k L B 0/2Ef = (l/5)g 
where g is the reciprocal lattice vector for the ulanes. 
Hence, each matrix reflect!on at n&, (n = 0, ±1,....) will be 
flanked by two sets of satellites located at distances l/4g 
and l/5s on either side of it. 

The relative magnitudes of the Type I and II satellites 
will depend on £ . Pig. Zk shows the composition profiles 
and corresponding amplitude spectrum for various values ofe, 
In each case the composition profile is described by a 
sinusoidal wave modulated with respect to amplitude, the 
period of the modulation being proportional to the difference 
(1/A SJJQ - I / A L U Q ) . These modulations in composition can 
be interpreted as domains. Within each domain the composition 
fluctuates rapidly, being highest near the middle of each 
domain and decreasing rapidly towards the domain boundary 
in the case where the two components are of equal strength. 
When one of the components dominates, the boundary is quite 
diffuse. 

When the SBO component dominates, the period of the 
composition fluctuation within each domain is very nearly 
equal to X S E 0 . This would correspond to the situation 
discussed in Section 5.2 when the domains have a structure 
which no longer can be considered as ordered Nl^Mo. 
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When the LBO component dominates the period of the 
fluctuation is very close to ^^30* " ^ s c o r r e a P ° n ^ 2 t 0 

the case where the crystal structure of the domain is still 
based on that of ordered Ni^Mo but where new LHO parameters 
must be used. 

The effect of changing the wavelengths of the two 
components is shown in Pig. 2$ for the case where €. = 1/2. 
In this case, 2q. (1) may be approximated by 

where At = kSR0 - !c L E 0 and k = ^ 0 * ^ 0 ' 

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

4 S m u t s - v W f e < * f y i < l 

4. J[ ^ain-irw [ S* Iks? C tg- ^? yj<i 

(A. 7) 
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We again obtain matrix reflections at 

S » ng (n s 0,ii,+2, ) 

ana Type I satellites at 

S « na*|^{lc + .|!S>, (n = 0,±i,±2 ) 

and Type II satellites at 

S * ng£ J-. flc - 4~^» ( a » 0 , l l t + 2 J 

Pigs, 25a and 25b show the coaposition profile and corre
sponding amplitude spectrum for the case when kg™ is fixed 
and k̂ gQ is reduced by an amount Ak. All the satellites are 
shifted outward f rou each matrix reflection by an Ak/2IT. 
The satellites are now centered about former positions of 
the Type I satellites. 

Pigs. 25c and 25d show the results of fixing k L R 0 and 
allowing kg-, to increase by an amount &k. All satellites 
are now shifted inward towards each matrix reflection again by 
the amount &k/2If from their former positions. 

In the case where a range of kgjjQ and k L B 0 are excited 
in a local region each component will contribute to the 
amplitude spectrum resulting in a smearing out of the 
satellite intensity distribution into streaks. The same 
effect, hov/ever, can occur in the case where different local 
regions In the crystal having slightly different values of 
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kSSO a n <^ 1:LHO a r e s ^ a ^ ^ n s independently. Each region 
will contribute its own reciprocal lattice, hence resulting 
in streaked satellites. In either case, however an array 
of domains would result in each such region. 

In three dimensions each matrix reflection will be 
flacked by two sets of satellites all lying in a line 
parallel to the direction of the composition fluctuation. 
For the case where fluctuations occur in all /^20> 
directions in various points of the crystal, each matrix 
reflection i*ill be flanked by 12 pairs of satellites. All 
the Type II satellites will result in the reciprocal lattice 
shown in Pig. 3. All the Type I satellites will result in 
SHO peaks at all equivalent l|;0 positions in the fee 
reciprocal lattice. During the early stages of ordering 
when the satellites are streaked, the resulting 10021 
pattern will be that shown schematically in Fig. 21b. 

Referring again to Fig. 3, each 1^0 position is 
surrounded by 4 superlattice spots. During the initial 
stages of ordering each superlattice spot will be a Type II 
satellite each contributing a Type I satellite to the 1^0 
position, Hence, the resulting intensity of the 1|0 SBO 
maxima will be 4 times as great as the value one would 
predict from our one dimensional model. 
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FIGUBB CAPTIONS 

Fig. 1 Ni-Ko phase diagram. 
Pig. 2 Plan view of atonic packing in the (002) planes 

of the ordered Ni^Mo structure. 
a. Type 1 ordering scheme results in the bet 
unit cell rotated ©ounter-cloclcwise relative 
to the fco unit cell. 
b. Type II ordering scheme showing the clock
wise rotation of the bet unit cell. 

Fig. 3 The intensity distribution in reciprocal space 
for the ordered Wi^Mo structure (Dl a). The 
large circles represent natrix reflections. 
The snail circles represent superlattioe 
reflections from the 6 Dl a orientational variants. 

Fig. 4 a. t002] diffraction pattern; superlattioe 
reflections are from two ordered domains in 
antiparallel twin orientation, (c-azes at 180°) 
b. [1211 diffraction pattern showing reflections 
from two domains perpendicular twin orientation, 
{c-azes at 90°). 
c. Schematic view showing that in a X1301 foil 
orientation only superlattice reflections of a 
single orientational variant will lie on the 
reflecting sphere. 
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Pig. 5 A schematic representation of a small Type II 
domain "nucleated" within a Type I domain by 
chance composition fluctuation normal to the 
(•̂ 20) or (240) planes of the fee lattice. 

Pig. 6 Diffraction patterns of an alloy held at HO0°C 
for 3 hours prior to quenching into iced brine. 
a. C0021, ) 

b. 1121], ) reciprocal l a t t i c e sections 

c. 1130]. ) 

Note the weak satellites near superlattlce 
reflections in&cated by arrows in b. and c. 
are not detectable in a. 

Pig. 7 i'Tiorophotometer trace along ftSol directions 
obtained from the original plate of the T1211 
diffraction pattern shown In Pig. 6b. Note 
peaks near 220^ c t and 330^a^ superlattice 
positions are easily detectable while those near 
110jj0fc and ̂ Ofcct are obscured by neighboring 
l£0 SH0 spots. 

Pig. 8 Typical microstructure of as-quenched alloys 
the 111 obtained from a E l 2 n f c c foil. 
a. Bright field using fundamental reflection. 
b. Dark field using the l£0 SB0 spot. 
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Flg. 9 Typical microstructure In alloys aged 5 mintes 
b.t ?50°c. 
a. C1211 diffraction pattern 
b. Dark field itage of a 110k o t superlattice 
reflection showing ordered domains of a single 
orientatlonal variant. 
Bright field images using fundamental reflections 
showing strain contrast due to finely dispersed 
strain centers. 
c. g = (002) f c c 

e. S = (11D. C C 

f. g = (220) f o c 

Poll orientation is near Q l 0 1 f o c . 
Pig. 10 a. C12H diffraction pattern from an alloy aged 

10 seconds at ?50°C. The weak regularly spaced 
spots aligned along the £1111 and f 2023 directions 
are double diffraction spots originating from 
domain boundaries. Their presence indicate 
doaains are in contact, 
b. Dark field iaage using a llO b c 1 ; superlattlce 
reflection showing only one set of domains. 

Fig. 11 Typical mlcrostructure of an alloy aged 1 hour 
at 750°C. The domain structure consists of an 
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assembly of trails format ion twins. Poll 
orientation Is near ZlZi.lfac. 

a* Bright field image using the (lll^ f c c 

fundamental reflection, b., c. and d. are 
darlc field images using superlattlce reflections 
indicated by 2, 4 and 3, respectively in Pig, 3 
and Fig. 4. 

Pig. 12 Electron diffraction patterns from alloys aged 
at 650°C, showing, diffuse satellite intensity 
distribution. 

&. £l2lXv„ pattern ) iCC ) after 5 ainutes of 
b. r002]lfCC pat-cern ) aging 
c. Cl21I f 0 C pattern ) 

) after 10 oinutes of 
d. E0021 f c c pattern ) aging 

Pig. 13 A schematic representation of the satellite 
intensity distribution about each l|0 SEC spot, 
which form during the first 10 minutes of aging 
at 650°C. 

Pig. 14 Typical microstructure of alloys aged at 650°C. 
Poll orientation Is £l211 f c 0. 
a. Bright field g = (lll) f o o ) 

) 5 minutes 
b. Dark field using l£0 SRO spot ) 
c. Bright field g = (lll) f o c ) 

) 10 minutes 
d. Darin field using l£0 SBO spot } 
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Pig- 15 ?iie (002) stereogram showing ihe synmetry of 
the Type I structure and its orlentattonal 
relationship relative to the fee lattice. The 
crosses indicate foe poles of the forn 420 . 

Pig. 16 A field ion nicrograph of fully ordered Ni^Mo 
after aging for 125 hours at 750°C. Note the 
prominence of the (llO)-.,,. plane. 

Pig. 17 Field evaporation sequence of an alloy aged 1 
hour at 750 C. a. - b. shows the emergence of 
a domain with a large prominent plane centered 
on the lZ0'4} fee pole. c. shows the domain 
boundaries themselves. 

Fig. 18 A field ion micrograph of an alloy aged 10 seconds 
at 250 C showing large prominent planes at the 
E20W and 120^2 fee poles. 

Fig. 19 Field ion micrographs showing preferential 
clustering of viell defined planes about fee 
poles of the form <420* la alloys aged at 650°C. 
a. An alloy aged for 10 minutes. 
b. An alloy aged for 5 minutes. Arrows indicate 
well defined places at <420"> fee poles. 
c. Sane as b. after application of a single pulse 
of height 1.5 kv and width of 20/is. Note that 
the well defined, plane in the 10241 region In b. 
has been removed. 
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Fig. 20 Field ion micrographs of as-quenched alloys, 
a.-b. shows microstructure vhen liquid helium 
is used as specimen coolant. Notice that the 
perfection of the ring pattern of the 1.0023 
pole is much higher in 20a. than in 20b. 
Note also the interfaces marked by arrows, 
o. Field ion micrograph of as-quenched alloy 
when liquid nitrogen is used as specimen 
coolant. Clustering of well-defined planes 
about the *420>* C O poles is again observed. 

Pig. 21 Schematic view of <f002V diffraction patterns. 
a. Illustrates the type of streaking expected 
from domains having 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 £0021 
diffraction patterns from h distinct structures. 
Pig. 21b. is a composite of all 4 diffraction 
patterns. The dashed unit cell corresponds to a 
structure generated by composition waves with a 
wavelength equal to ̂ di^O' 

Pig. 22 A schematic representation of various states of 
LR0 in terms of composition waves, b. S = 1, 
c. S<1 and d. represents a state of order 
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requiring two LRO parameters. 
Pig. 23 Deleted. 
Fig. 2k Shows the effect of changing the amplitude of 

the SHO and L3.Q components on the composition 
profile and on their corresponding satellite 
scattered amplitude spectrum. 
a. e = 1/3 
h. £ = 1/2 
c, £ = 2/3 

Fig. 25 Shows the effect of changing the wavelengths of 
the SRO and LHO components on the composition 
profile and on the satellite scattered amplitude 
spectrum for the case£ = 0.5. 
a. A S H 0 * 4d, X L H 0 = ̂ .5d 
"a. 2iSHO = ^'56. ^L30 = 5 d* 

Fig. 26 A contour plot in the h-j = 0 plane of the function 
Cfh^h-J for the fee lattice. 
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Figure Sic 
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Figure 22a ana 22b 
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Figure Ska 
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Figure 2^b 
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Figure 25b 
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Figure 26 


