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ABSTRACT

A field ion‘microsc§pe“study of éhe tantalum-molybdénum system has
been carried oﬁt at llquid hydrogen temperatures. The purpose of this
investigatibﬁ was twofold; the first being to increase the knowledge on
the field ion'micréscopy_of‘alloys with particular emphasls on how the
solute affects the fleld ioﬁization'and,field evaporatlon characteristics

of the solvent atom, and the second being to categorize the segregatlon

effects that become important at the high concentration levels to make

the alloys brittle. _

For thislpurpose, a. fleld lon mlcroscope fitted with-a cryo-tip
that generates a small volume of liquid hydrogen was buillt. Micrographs
have been obtained from three alloys of the composition Mo-8 Ta, Mo-50 Ta
and Ta-12 Mo and from the two pure metals. The field lon speclmens were
obtained from crystéls grown in an electfon beam zone refiner by a com-
bination of swaging and cold rolling or fepeated spark cutting.

T%e Ta-Mo alloy micrographs obtained show far more irregularity than
thosé from W-Mo alloys.. Physical and electronic factofs have bégn shéwn
to affect the mature of alloy micrographs. Fileld ionization and field
evaporation érocesses:in alloys have been discussed. ihe siZe.differences
iﬁ the two speéies forming the alloys have been suggested tq be }esponsiblev

for the presence of bright spots. The greater regularity of the Mo-8 Ta
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. micrographs over thosewfrom Ta-lO ho has been‘shown to.be in accord’ with
'predlctions based on field evaporation from dilute alloys and the un-

expectea large difference in the regularity has ‘been: accounted for by ar BN
"cons1der1ng the polarization and heat of solution terms in‘the field | .

evaporation equation._

Computer simulation of images from random and clustered alloys has

= pbeen performed on. the assumption that solute atoms do’ not participate in

- image formation. The far too great regularity of. such computed images
7'indicates that the total invisibility criterion is an’ oversimplification.
sjA band structure results when deviations from randomness become appreci—

. able 1nuthe clustered alloy._ Contrast to be expected from a demixed alloy

iVér in the Ta-Mo system has been discussed but the available experimental

fvev1dence did not reveal such contrast effects It has "been concluded

 that the Width of such ‘demixed zones probably exceeds 1000 4. However'a .

' -tendency for looal clustering on the r2001 planes was. observed in the

. Ta=50 Moralloy.,

\',.
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1. INTRODUCTION
When:atdms éf‘tWO or more.elements are able-to,sﬁare *With‘éhang-A
ing. propéftiops;gndﬁvarigﬁs :Sités;‘of. a givén:;éry§tali structure, a
solid soluﬁiqﬁ ié formed. This concépt of solid solution was introduced
fon's Mattiessen in.l86O but did not bvecome generally recognized until the
advent of the Gibbé phase rule. After these initial fprmulations, few
developments in the theory of solld solutions occurred until x1ray§ were

applied tolﬁhe:sﬁudy.of metal structures. Since that time, the develop-

!

ment .of the theory of solid solutlons has advanced rapidly. Hume-Rothery

and Raynor were the first to set forth the factors which con trol the
structure and properties of ‘solid soluti&ns. The electron theory of

metals developed by Mott and Jones, Wigner and Seitz, and Slater and

others, ‘has also been_eff¢6tively used'to formulate the structure of

solid SOlution‘alloys; |

The presenée of solute atoms in the solvent matrix leads to certain

irregularities In the crystal both electronic and structural. The elec-

tronic dlsorder arises from the fact that the electronic charge distri-
bution is no longer truly periodic in the crystal when solute atbms are

present. Structural disorderé‘can arise from the differences in size

.between solute and solvent atoms which produce the Huang  effects. The

atoms, thus, no longer reslde on the average lattlce sites.

The electron theory of alloys can be described by saying thet an

~ alloy will assume that type of crystal structure in which there are

‘énough low energy States to accomodate all of the electrons in the crystal.
Sivertsen: and Niéholsonl have discussed the principal factors that allowx:

the descriptioﬁ of electronic structure of the alloy‘ Since it is the
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moolfled electronlc structure of the surface of the alloy, Whlch is
'imaced in uhe feeld ion mic“oscope (the next section deals with th*s

"*.ffj.~"= - image eormatlon) the Lleld 1on mlcroscope is becoming a valuable tool 'f”

1n the study O; alloyss

1.1 Field Ion Microscope

From the beginning it has been the alm of the microscopists to see

the very smell.’ For a hundred years the optical microscope has'serVed;;QVVJJHf

to look into the_microstructure‘of_metallurgical materials. In the last -

two decades more powerful technlques involving. x—ray and electron midroe;

o,

;

%l*'; ’vscooy have g iven us a; keen urderstandlng of the relatlop between SVructure oﬁ

and propertles.“ These have a .much 1mproved resolutlon over. the optical

'_"mioroseope, but still fall short;of resolving'individual atoms; This .

) s-“ o N . ’ . . n P
- logical limit to microscopy has been achleved with the advent of the

25

field ion microscope invented by Miller in 1951.

7 1lsl.l Image Formation in the Field-Ion Microscope

i

; ? {5ajfﬁ§ ev?A schematic drawing of the mlcroscope is given in Flg. l;: Gaseff)
:jﬁiﬁoleculesi generally helium, at a low presaure of 1-5p arrive at a tlp
vﬁaintaioed'et.a positive potential of a few kV. Upon collision with the
tip surface they lose part -of their klnetlc energy and 1f the rebound
o‘energy is too small the gas atom is trapned w1th1n the regloe near the ’; {552;

ﬁé:tjfv B Sﬁrface of the tip. If it does, it will lose further energy on each

e\bounce.and.proceedvto hoo over ﬁhe surface of.the metal until; aftefx;“::‘

'.hav1ng been, slowed down in a sequence of 'up to several’ hundred contacts,

'"they lose an electron by tunnellng.' '_Fh1 D rocess is knovn ag field ;oﬁ?,f-

v oa

’?--:jization.. The 1on formed is acceleva ted bv the fleld and travels in a .-

re l dlrec ion tovards the vhosphor screen where it gives rise to.
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clear visibie’déts; :A,ééhematic,Qiew of imagé formation in the field
ion microscqpegisfgi&en by Fig.‘E. | |
If ﬁhg field'qn the surféce atoms of the tip is high énough-theﬁ'
they canibe.e&aporated_aé ilons. This prodéss is known as fleld evapora-
tion. Field-évaporatibn éonstitgtes the strehgtthf field ion microscopy
since it allows clean atomic SUrfages £o be looked at and since 1t reveals -
the bulk structure Qf ££e specimen by careful removal of atomic layers. |
The fieid ion microscope is capabié of a reSOquién of 2-52 and
“therefore can display the atbmic arrangement on a metal surface. Thei
‘ microécope is fhué ideally sﬁitéd for:investigations,in which the behavior
Qf afoms‘inja.metai érystéi is to be considered. In particular it has
shed véluablé.information'in thé study of lattice Imperfections, structure
of metals‘éndialloys, énd-the dynaﬁics of radiatioﬁ damage. Valuable
informatioh has been mostly obtained from pufe'metals, the micrbgraphs‘

of which are characﬁe?ized by extreme regularity.

1.2 Workion Alléys_

field ibn microscopic studies of alioys, however; has prbgrgésed at

a much slower pace. E#cepf in fhe case of ordered alloys, the ion images
fram alloys aréAexﬁremely irregular. A significant limitation bnpésed by
such a lack of crystallographic regularity is thétvit is very difficult
to recognizeiand determine thé nature of.ahy iatticeAdefects present. '

| In fhe past,tWo'SYStems; namely the.W—Mbkgfstem and the W-end of
the’ W-Re system, have been studied quite éxtensively.. Caspary ana'Krautz,
-, who inveétigated the W-Mo systém, obtained micrographs from alloys containz
iﬁg 25, .50 and T Mo, and,compared them with thoée ofvpure W and Mo. The
' micrographs were found to be qﬁite fegular though the ‘irregUIarity cin-
creasedatowafds‘the Mb}end.- They concluded fhat ﬁhe random surfaées are -

due to preferential evaporation of. Mo.
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Ralph and Brandon 5 who studied the W end of the W Re system, looked

at two. 51ngle phase alloys, viz.,_W 5 a/o Re and W-26 a/o Re and a two-

'phase alloy containing 5& % Re. The Single—phase_concentrated.alloy was‘T?

- found to yield very 1rregular 1mages. The two-phase alloy was shown to. i

»eXhlblu contrast due’ to the caphase. They also presented ev1dence to ’

o suggest that Re atoms tend to cluster and advanced a method to distinguish

"between_the atomic speciesa

Work on individual alloys'has’been'conducted to understand specific.
. phenomena, « such as field evaporation.' DuBroff and MachlinlL studied thei';.r

"field evaporation and 1mag1ng characteristlcs of dilute solid solutions -

of gold,.cobaltz'nleel: ?ungsten, and palladium in platinum. They tn-

eterpreted the yacancieslobserved on high'index”planes.to.ariSe_out‘of IR

'__preferential-évaporation'of solute atomsﬁor of solvent atoms'or of bothf
ALl prev1ous work on alloys has thus resulted in the formulation of

';(these two questions

"l.v‘ How does the solute atom affect the field ionization and fieldf

evaporatlon of the solvent atoms?

2,', Is it poss1ble to’ distinguish between the atomic species? L

vI?»Answers to these questions are at best only partially known though
\-theorieS'and methods have been put forward. A deeper understanding of
7'the bas1c processes of field ion mlcroscopy as well as a vindicatlon

‘ '(or a refutal) of the theories 1s, however, possible only with more data

on alloys. Furthermore, the process of field evaporation which enables'

o a study to be made of. the bulk structure of materials can be effectively

| }Vused to determine the dlstribution of the two atomic species in an alloy.

. It is thus possmble to detect any tendency for. dev1ations “from random dis-

ftribution. Evidence has thus PBeen obtained t0. show that thé Re atoms: 1n
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W-26 Re ailoys ﬁend to éluster.5 Céntrblled fiéld evapbration in such
cases will furthéf indicate the extent of such zones and it is then
possibie to_rélafé fhe meéhanical properties of ﬁhe ailoy to the local
structure. It wasutﬁerefore decided to investigate an alloy sysfem in

7

which these considerations can be important, viz the Ta-Mo series' for
which a prévipus‘investigation by techniques other than FIM indlecated

that these solld solutions are demixed.

1.3 Choice of a System

The ,previous section on imdge formation shows a-serious limit="

,ation_oflthe field'ion'microécope. It is evident that successful field

ion micrbscopy 1s possible only for those metals where the ionization
field 1is lower than the evaporation field. TIn most metals, fleld evapora-
tion occurs'belowlthe'thrgshbld figld}of iénization and only fefractory

metals give stable helium ilon images. Atténtion-was thus directed towards

‘the four metals of Groups VB and VIB, viz., Nb, Ta, Mo and W. In addition

. 4o their refracforiness, their'alloy syStems possess interesting mechanical

properties. _Of the six possible biﬂary alloy systems of these four metals

only those in the same group, Viz., Nb-Ta and Mo-W are ductile at all alloy

compositions. The rest show cleavage behavior at high alloy concentratlons.

As mentioned before, the W-Mo system, belonging to the ductile group has

been studied extensively. THe Ta-Mo system, belonging to the other group,

was therefore ch@sén_since considefable information on its alloys is

available,S, In addition to the pure metals Ta and Mo, three alloys Mo-8 Ta,

 Mo-50 Ta, and Ta-10 Mo have been studied. - -

‘The use of low temperatures in the range of TT K has been the normal

.practice in fleld ién‘micrbscopy. To obtain high re§olution micrographs

it 1s, however, necessary to work at lower temperatures since the reso;ution
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' o"is proportional to the half power of T. Working at lower temperatures

conferS'other'advantages as well. The Working range, which 1s the region
;.between the best imaging voltage and the. field evaporation voltage, is
i Widened at low temperatures and therefore operation below 30°K becomes

mandatory in most cases.. Besides, the 1ncreased resistance to plastic

. flow at low temperatures reduces the possibility of specimen deformation '

','due to the electrostatic field and cryogenic pumping of the system re-

duces the contamination rate.

Both Ta and Mo are not 1maged satisfactorily at” 77 K. TFor Ta, the

resolution is poor and for Mo, the working range is extremely short. 'It
;was therefore decided to conduct the field ion microscopy of the Ta—Mo

'system at temperatures below 50 K.vz

@

!



2. EXPERIMENTAL PROCEDURES

.+~ 2.1 Low Temperature Microscopy

The present study was conductéd in a stainless steel microscope
fitted with a liquid hydrogen cryofip. 'The'advantages of working at low
temperatufes have aifeady been enumérated in the prévious section. Tem-
perature§<lower than jO°K are obtained by uéing ligquid neon (27°K),
liquid hydrogen (21°K), and liquid helium (4°X). The use of liquid neon,
at a cdst of approximately $100.00_per liter is pfohibitively costly;
liquid helium, on the oﬁhér hand,’poSes problems in the design of miéro-
scopes silnce ‘the 16SSes due to its extremely rapid evaporation have to be '

minimized. Liguid hydrogen, in spite of the safety hazards assoclated

with its use, has been most commonly used.: In the present study, a

commercially available equipment; known as the cryotip, has been used as

a}soufce of liquid‘hydrogen. In the cryotip, a small volume (2-5 ce) of

1iguid hydrogen is-generaﬁed and maintained in a sealed portion of the

microscope, thereby eliminatingvstorage, handling aﬁd transfer. The ex-
plosive hazards attendanﬁ on the use of liquid hydrogen are thus avoided

completely.
2.1.1 Cryotip

The liquefier, a schematic dlagram of which is given in Fig. 3, 1s
an open-cycle Joule-Thomson refrigerator and has two separate circuits,.
one each for the nitrogen and the hydrogen gasesb The mein purpose of the

nitrogen circuilt 1is to provide the precooling.of the hydrogen below its

inversion temperature (lGOoK) thereby allowing the Joule-Thomson cooling

of the hydrogen gas to occur. Because of the recuperative effect from the

two heat exchangers, all lines both into and away from the heat exchanger
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-are essenuially at room temperature. The copper biock (see Fig. 6) iz

_ the only portion of the heat exchanger assembly which is at liquid hydro~“;“'

”“gen temperature.v However, by regulating the gas pressure above the

liqurd pool known as the hydrogen back pressure, all temperatures in the_ff,?
range ofg?? K‘to,18 Kucanrbe,ohtained. The cool—down time depends upon,_ ,fl

a) the refrigeration available, b) specimen load, and c) direct heat S

leek. Table I gives typical cool dovn times for a few combinations of

hydrogen»andnnitrogen pressures.,

. Table I" Typical cool-down times for. a few combinations of
- hydrogen and nitrogen pressures in the hydrogen

'fﬁi liquifier.v-
3.In1tial pressure ‘;Ef:?‘ 2 pressure S Hé pressure' ‘Formation time =
belore dnletiof o7 T (pSl)' o (psi) : (mins) T
L gases ‘~,v” CLo T S : liq.N LigeH, -
w10 - .. 1o - 100 8 35,
w10 1500 10 6 30

2 2" Fileld Ion Microscope

g?r;e 2 1 Description of the Apparatus

l The microsc0pe was designed 80 that the cryotip can be fitted onto”

it in a faCile manner. The microscope consists of three parts,: a) the v:

- gas supply system, ) the vacuum system, and c). “the microscope head. A

"schematlc v1ew of the overall set—up is given in Flg. L, Figure 5 1s a y

photograph of the entire mlcroscope with all'units used iIn experimentl

The gas’ supply system has facilities for the use of two image gases; one

s 1nvariably helium, the other can be neon or hydrogen‘ The image gases
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which are of réSearch-gfade (99.9995%}pu£ity) are contained in litér
" bottles gtVBO psi and can be bled into the gQS'supply system after evac#-
ation of the system, by means of a Granville-Philliﬁs leak valve. The
vacuum system, which pumps both the éas supply system aﬁd the microscope, .
consists of a rbtary‘pump backing a 2-inch oil diffusion pump with a
stainless steel liquid nitrogen trap. The vacuum joints betwéen com-
'ﬁonents'are made of coppér O;rings. The ultimate vacuum is read on a
'Veeco ionization guage.

The microscope head is made of stain;ess steel and has three
openings, a L-1/2-inch opening for the cryotip, a 5-inch opening for
thevscfeen and a l-l/Q-inch.opening fof coﬁnecting_fo the pumplng system.
Two typés of specimen hélders have been used. One is the'cryotipbit-
self with provision for attaching the speciﬁen. The other is a specimen
hélder made of glass which has been used to study specinmens at liquid
nitrogen temperaturé..

Figure_6 shows a schematic Qiew of the mlcroscope head with the
.cryotip sealedvoff from thé surroundings. The copper block at the
bottom end of the cryotip is attached to the specimen through an inter-
mediate alumina block 1/L-inch in thickness. The alumina, which is
threaded onto the copper block,'prdvideé insulation between the tip.§t~
high potential and the érounded cryotip. At the same time, by virtue
of 1ts high thermal conductivity, the alumina also.serves to cool the
specimen to liquid hydrogen temperatures fairly rapidly, The high ten-

‘ sion'léad, which is a l/8—inch thick tungsten wiré,'is brought into the
chamber. insulated by means of a glaés tube and 1s connebted to the
specimen through a thin wire. Early results showed that good thermal

contact between the salumina and copper blocks is essential for the
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4 specimen»toireaCh temperatures nearv2l°K and be»uaintained there. This .
- was achieved by coatlng the well cleaned bottom surface of the copper”
b.block w1th a low melting gallium indlum eutectic alloy and by vapor de- |
pos1t1ng pure indium on the top surface of the alumine block before
a.brlnglng the two surfaces together.

mhe otner‘speclmen holder, made of glass, is attached to & flange by
means of a Kovar'seal and can be fitted to the microscone head. ILeaks
1 through the Kovar geal giv1ng in at liquid nitrogen tempera*ures have
given considerable vacuum problems and 1t is advisable tec use copper
seals. The speclmen holder can be filled with liguid nitrogen. It is
ithus pOSSlble to look at spe01mens ‘at 77 K »

The screen 1s a 5-1/2-inch’ diameter, l/h-inch thick pyrex disc. A
transparent tin oxide laYer deposited on its surfaces helps to keep the
lscreen at ground potential. The‘phosphor_is deposited on the screen
‘_using a technique described bvaomer.é

‘vv2 2. 2 The Pulse Generator.

An attractive technique in fileld ion microscopy is controlled field

vevaporation,‘whereby surface atoms can be removed by application of pulsesv;

.dof electrostatic fleld greater than the evaporation field. Particularly,-"

for studles such as examlination of defects or preferential evaporation in

alloys, it is desirable to -control precisely the rate of field evaporation

and to maintain a sharp image during the evaporation process. Thils can be.

Areadily accomplished by superimposing onto the'best 1maging voltage a re-
,petitive pulse or single pulse voltage with an amplitude Just sufficient

to cause field evaporation.
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A Vglonex pulse generator Model 350 provided voltage puises With
desired émplitude, width, and frequency. The pulse shape iz approx-
imately square with a rise time of lO-S sec. and a fall time of
1077 sec. The pulse width can be adjiusted from 651 1 sec. to 200 u -

sec. The typical pulse amplitude was 1-2 XV in the fileld evaporation

- process. The schematic diagram of the fleld evapbration pulsing

unit is shown in Figt.7;

"2.3 Specimen Preparation

The specimen preparation is the single most important step in

successful fleld lon microscopy. Tantalum and molybdenum are avall-

"able in the form of 10 mill wires and can therefore be directly used

for preparing field lon specimens. In the case of the alloys, the

~alloy crystalsg were first obtained as rods grbwn in an electron beam

zone refiner.

2.3.1 Growth of Alloy Rods

The electron beam zone refiner not only provides a convenient method

.for the growth of crystals of high melting point but also ensures high

purity; The purifigation by the refiner results from the high ehergy,of
the electrén beam which is capable of decomposing the most stabie compounds
of the refractory metalé with the common interstitials such as oXyggn,
carbon, nltrogen, and hydrogeﬁ. The alloy crystals were prepared by melt-
ing together proper combinations of tantélum and molybdendm rods of differ-
ent dlameters. Complete mixing of the alloy constituents, thereby‘assuring
a homogéneous crystal, wag achleved by giving a number of paéses, generally
four, and by melting from top and bottom on alternate passes. To check

the homogenelty of the alloy, a disc of an alloy rod was mounted into an
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eleCuron microprobe analyzer, ‘along w1th pure Ta and pure Mo. Counts weref

1tak°n at. intervals of lOO Mw The composition. deviations were found to be-f»ilh

less. than 5%. The exact compositions of the alloy crystals were then de-
' termﬂned by measuring the lattice parameters and by comparing the present
data w1th those_for'the Tano alloy system measured previously (Fig.8a)‘.7
'An'x-payudiffractometerfwas employed to measurehthe lattice parameter and_;

the alloy powders were prepared by. filing the rods carefully. The latticep

- parametertcompnted fromjthe-high‘angle‘lines was plotted against sin29 and{f‘

.'entrapolated to l.'pThe compositions of the alloys grown were determined to
“be Ta«lQ“a/o-Mo;‘M078la/o Ta, and Ta-47 a/o Mo. The Ta-47 a/o Mo alloy,

‘v~for,convenience,.wilirfrom now on be referred to as the;Ta—SO Mo alloy. -

v2.5;2h:Preparationnof>Wires

Field 1on specimens are generally prepared from thin Wires and the

::reauction of the alloy rods to such wire form poses problems. While the fit"
:‘:v'concencrated alloy is inherently brittla even the normally duetile dilute:;
: alloys were found to be extremely brittle under the compressive and tWiSting:ﬂ'

: conditions of swaging.' The tw0 end alloys, however,rwere successfully-re-_'f'

"duoed by a combination of swaging and cold rolling. _The rods were Jacketed

e inta'stainless steel tube and swaged in small reductions to:50 mil diam.

- :'Wires. The outer - Jacket was then stripped off and the wires were cold

rolled to give 7—10 mil strips. The strips were then sheared at 7 10 mll

intervals to give wires of uniform cross section, The wires thus obtained

‘7were annealed for 2k hrs in an annealing furnace at 2000-2200°C 4in helium
' atmosphere. The helium used was of 99.999%h purity obtained in a helium

purifier, Pure Te was used as the resistor in the furnace.
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This method was found not to be applicabie for the Ta-50 Mé.alloy
which'is too bfittle. S?ark cutting has proved to bé_the oniy method
that is fairly successfuls The cylindrical fod, l/h—inch diam., was
first secﬁioned on the spark cutter longitudinailyé The strips obtained
ﬁefe cut at uniforﬁ ihtervalsito.obﬁain wires of square cross secfions.
Twenty mil thick wires were foﬁnd.to be of the optimum dinension, Thinner
wires crumbled while spot welding to the nickel wire of the specimen holder
preparatory tovelecﬁropolishing, whereas thicker wirés took toc long for

polishing.

2.5+5 Preparation of Field Ton Specimens

Tilps. of a few hundred A radius are necessary for ion imaging at léw
enough potentials when the resolution is high. Such fine tips suitable
for field ion microscopy are obtained by electropolishing. Mo and Mo-8 a/o
Ta, alloy are both chveﬁigntly polished in a 20% aqueous solution of KCN
at 5-10 voits AC; The double layer method, whence the specimen 1s dipped
in a 2mm layer of the electrolyte floating on top of a bath of carbon
tetrachléride,'has 5een adopted. Specimen preparatiop.by this methbd has
been found to be very fast and reproducible. The polishing of Ta, Ta-1l0 a/o
Mo, and Ta-50 a/o Mo 1is considerably more’difficult. These were |
electropolished in én electrolyte coﬁsisting of 4 parts ofAHF, 2 parts of
HQSOM, 2 pérts of HgPOA,.apq 1 part of acetic acld to which some‘HN’O3 was
added. An iridium cathode was used and polishing was done.at 10-15 volts
de, 0.1-0.15 émﬁs, and -10 to -20°C. The low temperature was meant té re-
duce oxygen and hydrogen pickup. Normally, the impurity pickup during
polishing is not a seriousiproblem in field ion microscopy since under the
high field coﬁditiohs near the tip, the imﬁurities are lonlzed and removed.

In the case of bee metals however, the brittleness associlated with the
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esence of small amounts of impurity makes it necessary to minimize such
ifquion of interstitials. The method is not reproducible. in particular p\l_
‘Ta-10 a/o Mo specimens gave extra difficulty while polishing. The tips S .

”7'were either blunt or swiftly destroyed by flashing in the microscope

i’!

e anparently due to oxygen embrittlement during polishing.

Polished speCimens were looked at with an. optical microscope for

sharpness and absence of multiple tips.

- éperation of the Microscope

A fhé specimens were first observed atbliquid nitrogen temperature_'
.usingvthe dummykspecimen_holder. ‘This served to determine Whether/thek
'1specimens gave largevstreak-free images. _inv good tips were transferred.v;u
l to the,cryotip”specimen.holder} After‘attaching the cryotip to the_microé
scope head, the'system is’evacuated to a vacuum of'leO-5mm Hg or better.
The nitrogen gas and the hydrogen gas clrcults are opened to the cryotip,.'”'
carefully following the instructions given in the cryotip manual.: In

-f about 30 minutes, liquid hydrogen is formed. Because of the large thermal

'”'capaCity of alumina, it is best to wait for at least 15 minutes 80 that the

"1.specimen Willﬁreach_temperatures near 21°K. Research grade helium is let ffh_i,:
'in‘at'6xlo;hfpressurev(lxlo_ha on the.ion‘guage) and the voltage increased o
‘gradually.- ”he image is observed ei her directly‘or on a 10x ocular.tele—“
‘scope. Since the image intensity is low, it i necessary to have the fastest ‘
'pOSsible combinationS'oi film and camera lens. A Canon Camera with a “
T O 95 lens and suitable extenslon rings for close-up work was used in con- - ?

aJunction with Kodak Tri X £ilm (AsA 300) . The film is developed in acufine,,kb

‘Because of the large aperture optics, perfect focusing is essentlal and is

achieved by performing a focusing series and locking the camera at the

bést focus.

e et an e e r—
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3. RESULTS .

5el Tantélum—Mblybdehum System

Tantalum and molybdenum form completely miscible solid solutions with

each other as do all the other binary alloys of the four refractory metals

b, Ta, Mo, and w;_ The phase diagramof this system is given as Fig. 9.
Previous work on the‘Ta—Mo system?ihas shown that alloys in the composition
range df‘bel9Ta £o Mb—58$évclea;e on the {lbb} pianes, X-ray intensity
measurements indicated that there exist deviations from random solid sol-
utlon in these aildys.,.Itﬁwas suggésted‘thaﬁ.cleavage.occurs'due?to'af
violation oﬂ,ﬁﬁe‘ﬁtrain-energerestrictions on’ the 'elastic coefficients.

in a local:region of the crystal.

3.2 Work on Pure Tantalum

Flgures1O and 11 are helium ion micrographs of pure Ta obtained at

7T°K andi21°K, reépectively. The splendid resolution of Fig. 11 clearly

~brings out thé-advaﬂtages of working at lower temperature. Since the

" field evaporation end form of Ta has been discussed by Nakamura and

M'liller8 in detail, oniy the important observations, which will be useful

 for subseguent’ discussions, are being made here. Tantalum is observed to

develop a2 large number .of planes, in particular {ZOO}‘Which is developed
poorly in W and Mo, with excéllent resolution., The micrograph has a
characteristic intensity distribution: <the square {002} region boﬁnded
by {011} planes is bright,_whereas the triangular {222} region also

bounded by {011} planes is dim except for the {222} planes themselves.

_ This intensity difference is found to be more marked with micrographs

obtained at liquid nitrogen temperature. The region extending from the



*;:fplanes appearlng well developed and well resolved 1s con51derably less

:dln partlcular yield under the shear component of the fleld stress. Mhller

‘about by a rearrangement of atoms. The promlnent spots 1n these reglons'”

- have oeen suggested8 to be due to metal atoms in low coordinatlon 51tes.¢*’]

;Sucn s1tes may be stablllzed under the 1nfluence of the fleld 1f the galn';jf’ﬁ,,-

I

1n polarlzatlon blndlng energy due to 1ncreased fleld‘penetratlon is =_§;g.;

' 'greater than the loss 1n electronlc blndlng energy,

5 5 Work on Molybdenum ;ng

Flgure 12 1s a fleld 1on mlcrograph of No at 21 K. The number of-”‘;ﬁb

VT"than 1n Ta.t Thls 1s to be attrlbuted to.. the hlgher strength of the Ta

?lattlce, as well as_the poor worklng range of Mba' In Mb the {222} reglons

i:lhas suggested that the dlslocatlon loops formed as ‘g result of thls B

':yleldlng, are respon31ble for the random appearance of the {222} planes

'1n Mo. The dlslocatlon loop contrast obtalned 1n field 1on mlcrographs

?;has been con51dered carefully by the author, Petroff, and Ranganathan.

: 'L

’iiThe 1ntersectlon of a loop on the spec1men surface results in well deflned 3',

by the Burgers vector and the hablt plane of, the loop. A more detalled-:-;;5

"dlscuss1on of the loop contrast is ‘given in Appendlx 2.. It is to be

-vconcluded that the presence of dlslocatlon loops cannot be the prlmary

cayse” for thls random appearance of {222} planes in Mb._.The Mo mlcrograpthf»“

'show other dlfferences, as well from the Ta patterns.’ The'intensevsquare*:ﬁtr

}reglon of Ta is dlm 1n “Mo while the weak regions.: around {222} "in Ta are

‘eXCeedlngly_brlght The presence of low coordlnation sites identlfled by

their brightness isgnotvobserved.v'The [OOl] zone decorat;on line runnlng ;”

9”'

}1mage contrast due to the two line- segments, the nature of which is. deflned

I a.t g

Y
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between {011} and'{OOZ};planes, totally absent in T, is observed, though
_ﬁot in a clear féshibn as in W. Since these features arise‘as a result
of the field penetrgtion.it is to be concluded that éolarization effects.
are much'strongeriin Ta than in Mb; this point is discussed at length

in Sec. L.3.

2.4 YWork on Mo-8Ta Alloy

of the‘alioys of thé Ta—Mo,System'studied, Mb-8Ta gives the most

~ regular images. FigureA15iis a typiéal'field ion micrograph from 2
Mo-8Ta tip. The orientation is an unusual (100) compared +to the normai
(110) texture develdped by Ta, Mo, and W. This is obviously due to the
severe deformation intraduced during the reduction of the alloy rcd to
a wire and th¢ subéequént annealing. All the specimens of this alloy,

that were looked at in the microscope, exhibited the same orientation.

3.4.1 Mo-8Ta at 77°K

N In‘vieW'of thebease with whiéh Mo-8Ta specimens can be prepared and
the reasonablyvgéod images they cast even at liguid nitrogen temperature,
ihis alloy was sfudied-both at liquid nitrogen énd liqﬁid hydrogen tempera-
tureé. Figuieé 1k (a-c) are a series of micrographs taken at‘77°K with
considerable field evaporatibn.in between. |

.‘Figuré 14 (a) is a helium ion”image at_éikv. The (200) which appears

,first.as a résult of earlier fieldtioniZation is found to be absent. This
‘could be due to the présence of a pit. Continued field evaporation
resulted in a shift of the image to Fig. ih (b). The {110} planes are
rather'poorly imaged but the (200) plane ét'the center has come into
existence. TFigure 14 (c) is the image taken at the best imaging voltage,
obtained aftér further field evaporation. The micrograph brings out nicely

the (100) orientation of the pattern. It is apparent that the resolution
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v is qulte poor except in 1solated reglons near the‘{llo} and {222} ThlS
1s 1n accordance w1th tne behav1or to be expected from a Mb-based alloy,.‘
'h1s1nce the worklng range for Mo at llquld nltrogen temperature is- qulte
'-low.- In fact the 1mage obtalned is falrly well resolved in comparlson to -
that of‘a_pure'Mb:m;crograph and thls is belleved‘to be a,result of the ;.;2 -
. addition of’tantaium. There 1s cons1uerable SOlld solutlon‘strengthenlngv o
vhen Ta is. added to Mo up to 18%, (Flgo 8), and the 1ncreased y;eld .
"'.strength enables,the ;attlceﬂto w;thstand“the stresses due to the field}hﬁ

D Without much'plastic'deformation,7 The slight'increase-in'the evaporationvdiu.>

‘ f‘fler due to the addltlon of Ta poss1bLy contrlbutes to the 1mprovement

'>‘,”1ncomplete because of the unfavorable orlentatlon, are present.' The -A

v‘;ln 1mage quallty.. Small addltlons of Zr or Nl whlch produce spectacular;itq;w.ﬁ'

E 1ncreases in the yield strength of Momane thus expected to. result 1n n

-'1mproved mlcrographs even at llquld nltrogen temperature.

o The characterlstics of the Mb mlcrographs are observed to be other-fl"

".wise preserveda The brlght trlangles bounded by {llO} planes, though o

'3ﬁfmarked contrast of 1mage p01nts on elther s1de of the (lll) zone’ linev : _‘_Q,_fﬁ

o pass1ng through {Oll}, {112}, and {lOl} planes is also clearly observedfn.flfj' O

’“fﬂ5¢h,2;gsz48Ta at Liquid Hydrogen‘Temperature,v

Since lov'temperatures have theleffect of.increasing the wcrking‘p %d_ . r‘“'.
-range in metals, Mb~8Ta should be expected to glve superlor mlcrographs;w
'Y_at 21-K.. Flgure 15, whlch is .a helium 1on mlcrograph of” Mb-8Ta obtained f:e?s::
'1at llquld hydrogen temperature, shows that thls is indeed 50.

The occurrence of the typlcal (001) zone decoratlon llne present j

ey b o . e

“. in Mo (as also in W) establishes ‘that the worklng temperature would be

dmuch lower than 77°K. The intensity difference on either side of the {;le}léfl'

-
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 planes is observed to be much less marked than in'the micrographs of

Mo~8Ta imaged at 77§K; A"s;milar feature can be observed in the Ta
micrographs presented.earlier. The role that temperature plays in the
field ionization érocéss.is, hoWever, not undsrstood well enough to
explain this. A good number of planes like {110}, {112}, {310}, and {222}
are all observed»fo be well developed; The {222} regionrof‘Mb which generally
appears with pobr'résolution‘is délineated with much better resolution -
in these micrographs (gee Fig. 15). |
A:large sériesiéf pictufes from this ailoy'tip was taken using the

pulse generator with single pulses of height, 1 kV, and a duration of

"30 psec. It is clear from'Fig. 15 which was 6btained after about Binulses '

" that controlled field evaporation leads to images of better resolution.

and regularity. This is possibly due to the minimizing of the lattice
deformation due to large fields since the elastic stored énergy in a specimen

due to the applied field increases with the fourth power of the field.

" As Brennerxlhas polnted out, the'resolution is found to be significantly

- greater near the edges of atom planes so that in a large diameter plane

only tﬁe edge atoms are Visible.f

All.the Nb—gTé ﬁicrographs obtained in any evaéﬁration sequénce
show the common feétures of a Mo micrograph. = However, in the usually
less intensé square described in Seec. 3.2, some bright spots are observed

and similarly in the intense triangle bounded by {llO}'planes there are

some weak spotss In the section on the distinguishing between atomic

species, this feature has been used to suggest. a method to distinguish'

Mo from Ta atoms. Thus in Fig. 16 (a), the group of atoms marked A can

be identified to be all Mo atoms. In Fig. 16 (b) which was obtained by a

single pulse ali those atoms are seen to have been removed by evaporation.
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'VFiguresvlT§<a).andl(b)ﬁwhich'were also‘obtainedfin“consecutive-field

' evaporatlon pulses s1mllarly show “the. evaporatlon of a group of. atoms:“::

' tentatlvely 1dentif1ed as. Ta atoms..

The presence of dislocations has been frequently'observed in this i

'_alloy; Contlnued field evaporatlon was. rarely found to change the pole o

| througn which a dislocation emerged on the surface,'lndicatrng tha the"'
dislocation line is paralleltb the wire exis. Figure 18 is an example of a L

microgrann show1ng dislocation contrast on the (150) plane. DlSlOC@tlQn-:,_:,

»conurast in field ion images has been discussed by Ranganathan.12

WhenYJ
the' dlslocatlon llne does not lie on the plane of observation, g, we

fcons1der g - b 'whlch glves the component of the Burgers vector normal

ithe plane,‘ (The case where the dislocation llne lies on the plane
'1_1s rare and can be dismlssed from cons1deration') This component can be

lelther zZero or equal‘to an 1ntegral number of interplanar spacings. Inﬁnﬁul

.‘the first case, i.e., 1f g b =0 net plane rings will appear as rings;”fﬁefiifﬁ

ff_“If g ‘% = n an n—leaved splral resultss A double spiral is sbserved to t i -

:i' be present 1n Fig. 18 and the appllcation of the above g . b wle
:?fassuming that 1t 1s a perfect dlslocatlon gives the Burgers vector to be

&a/2 [lll] or a/2 [lll] It is poss1ble 0 ass1gn, 1n partlcular cases.-"‘

a Sign to thls Burgers vector from the nature of the spirals. The relationff_-_

;'zvof the Sign of the Burgers vector to this sense of spirals in fleld ion ffz

B images ‘has been dlscussed in Appendix 1. The dlsturbance of atoms in '

. region A of the microscope geems to be due- to the core of the dislocatlon.u

N 5.5 'Work on Ta-lOMb Alloy«

Flgure 19 (a) shows & helium fon micrograph from & Ta-lOMo tipi . The -
"radditlon of 10 a/o of molybdenum is seen to have disturbed the field ion .

'_.1mage extensively. - Slnce'the addition of Mo also results in con51derable

S

B

A e (g
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strengthening of Ta (Fig.Bb) the appearance of such random surfaces cannot
be due to lattice deformation by the field stress. The excellent resolution

in the {110} and {130} regions rule out the possibility that the specimen

- did not quite attain low temperatures.

The addition of Mo als§ results in a good nuﬁber_of dark regions where
no imaging iéQapparently taking place, apd which perSis#s during»field:
evaporation (Fig.l9b); The reason for this is obscure, though preferential
field evaboration:is likely to.be responsible. Significantly presént are
also a large number of bright spots which are-dlSO"not removed by extensive

fleld evaporation., 'The discussion in the field lonization section will

_shOW'that‘SuCh bright spoﬁs‘are to be attributed to field penetration

polarization and,sizé,différence effects.

3.6 Work on Ta-50Mo Alloy

Figure 20 showsg the helium ion micrograph of a Ta<50Mo tip. The

| micrograph is characteristic of a concentrated alloy in that only a few
,plénes e.g., (110), (112), (222) than (310) have formed in a good manner.
. The image is observed\to be lacking in the characteristics of pure Ta or Mo

and in fact is more similar to that from W alloys. The image intehsity

is uniform throughout the entire micrograph. This is, however, to be
expected since the composition corresponds to that of middle alloy and
Ta and Mo are complementary in their image intensity relationship.

The number of spots alsé appear to be significantly less than would

- be expected from a tip of this radius. Further, almost all of the spots

appear to be bright. These observations suggest that perhaps not all

 the surface atoms are participating in image formation, and as mentioned

above, those that are giving rise to lmage spotls are perhaps in protruded

positiohs on the surface. It is however difficult to categorize whether



' all‘fﬁese af@méjﬁéiéns.touﬁﬁe same atomicfsfecies‘asruap?eus”to’geithé5 {,v~
7'{rcaSe'in oiéeféd-éiiéyg., Besides the inherent distrlbutlon of atoms in :efg[
 the lattlce, che field ionizatlon and fleld evaooratlon processes ‘are |
 also to be carefully considerednfor a'clearrunderstanding of-the'S1tuatiou,sf

Flgures 21 (a-c} are a serles of micrographs from a Ta-50 specimen.-

‘»"show1ng the effect of local clusterlng.. The - (200) plane in Fig. 21 (a) is:.

'uvfound to be well developed.: Figure 21 (b)fwas obtained by fleld evaporafji
vtion_of;the surface of Fig. 21 (e),rwith a small-pulse and it'is‘seeu that .
EJ:Ithe:(QOO) region hes;oecome cousideraoly random.. Afeer the remoral ofi,':‘
" seven more atoﬁ planes, Fig; 21(55 was obtained,‘ The ﬁicrograph‘shows.thef:"
f:appearance of a Well developed (200) reglon¢ The seriesvof'micrographs
'obtalned thus shows that thls clustered reglon is approximately 25A 1n '.;
dlameter. A good number of such plctures have been observed’ to vary R
.; ¢01t1nuous1y in regularlty, thereby providlng strong evidence for the _
1. existence of - such small clustered regions. This result is in accordance
H'With the proposal of Van Torne and Thomas7 that_Suchbdeviations:from

‘Arandomness occur on the (200) plene in the Ta-rich Ta-Mo alloys.
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Lk, DISCUSSION

b1 General Features

L.1.1 Comparison with W-Mo System.

Since Caspéry and.Krau.tz2 have previouslyvperformed a, similar study
on the W—Mo.systeﬁ, it is pérhaps best tp bompdrebthe‘miérbgraphé obtained
from the two systems. - o

'. It is\obvious that the'ion images from the Ta—Mévsystem are consgid-
erably more irregulaf.: Table II;Which lists the planes that are iden-
tifiably present in the Ta-Mo alloy micrographs, well substantiates this
point; This assumes greater significance in the light of the féct that

the two énd_élloys-of fhe Ta-Mo system studied are éuite dilute coﬁpared
to the two of W-Mo studied by Caspary and'Krautz.' An asymmetry similar to
the one observed about the 50% solute in the W-Mo system can be observed
.-fo be present in the Ta-Mc micrographs as well,but\the sense of‘this
asymmetry is_oppogite‘ In W—Mo; the W-based alloys are more regular over
a larger solute concentration,'ﬁhereas in the Ta-Mo system it is the Mo-
based alloy that is found to be more regular. It should, however, be nofed
that the compositions of the alloys of. the two systems studied are not the
séme. ”

. Though thevtwo systems.are comparable in ﬁhat they form completely
misciﬁle ‘alloys with bee structure, previous work on the mechanical pro-
perties of the alloys of the tWo systems has shown that there exists
éonsiderable difference in their plastié behavior. While the W-Mo- alloys
are ductile‘at all compositions, the alloy crystals in the high conben—_
tration range éf the Ta—Mﬁ system,suffér cleavage on specific crystallo-

graphic planes. This prittle behavior has been attributed to deviations

from random composition which are possi%ly brought about by differences



. Table T. Ligt of planes appearing in fleld ion imsges of Ta-Mo alloys and W-Mo alioys<2)

Zones Planes Mo content (a/o,) of the Ta-Mo Alloys | Mo Content (e,/o) of the W-Mo Alloy

b > 2 P ,
hk i h 4k +/ 0 10 50 92 100 0 25 50 5} 100

[100] 110 2 - x x x x x X X X X x
200 L x x X x x X X x x x
310 10 X X X X X x X X : X
biTeTo) 20 x x x X x : x
510 26 X : X X
530 3l x : x
640 52

[111] 110 2 x X X x x X X X X X
211 6 x x x X x ‘X x x x x
321 1h x x x X x x x
h31 26 x X X x x
541 Lo x x |

[110] 110 2 X x x X x X X X X X
200 L X X x x x x x x x x
211 6 X X X x x x x x x x
222 12 X X X X X’ b 4 X X b4 b 4
L1y 18 x X X, | x x x x X &
330 pores X X X X X X
433 L X X X X X L
Lo ' 36 X X X C X i
611 38 x x : ]
622 L X
552 5k X
6L 68 X
662 6 X
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in atomic size of the two species.7' It is logiéal'to consider the same
factors to fe responsiﬁie for the differences in ion images from the fwo
systems. Thié is diséusSéd in«greater‘detail in the field evapofation
section.

L.1.2 FEffect of the Second Constituent

It is evidént that the addition of a second element is responsibdle -
for the bréak}ng dowﬁ of the regularity of.the'pure metal micrographs.
As mentioned previously there is the overall irregularity of the imeges
stemming from the absence of thé high'index planes. This, as well as the

- occurrence of pitted regions, is dué to the preferential evaporation of
- one species. The atomic rings also appear jagged and fhis'local irregu-
- larity is possibly due to the size.differenée éffect‘

The addition éf an élloying element brings about changes in the lon
images by its effect‘on the physicalvproperties and electronic pfoperties
of the éolvent. An important physical‘property,_relevant to field ion

T , ‘
microscopy, is the yield strength. For most bec metals except for W and
Ta, the field stfeﬁgth which increases asAthe second pdwer of the field
causes yielding in restricted areas. W and Ta are apparently strong
enough to stéy undeformed at their respectivé evaporation fields. The
.addi’ciqn of 8% Ta considerably strengthens the Mé-lattice sé that the
. (222) regions of the Mo-8Ta are developed without the incidence of dls-
location loops formed as a result of the field stresss A careful con-
.Sideration, fherefore, of the effect of solute can be used to obtain
useful inforﬁation about the distribution of the two species.

The distinct differences betweén thé‘field evaporétion end forms of
the three refractory metals with bece iattice-— W, Mo, and Ta, have been 

attributed to the specific electronic structures of the metal surfaces.
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In W £he'ih£énsi€y ig more or. Less uﬁifdrm throughout. Molybdenum
develops_éh ihtensé:tfiahgle bbunded by {110) planés énd in Ta the
‘séme'rggion-is dérk'e;cept for the {222) plane. Aé ﬁentipned earlier,
| there are’_mar‘ked'v- .dif_i‘eren-;;es in the depiction of the zone decoraticn
lines alsox ‘Théjintehsity;differenéés havé been'suggested>by Mullerl5 :
as arising éut”of a fairly larée crystal-orientation and material-
'vdependgnf feflécfipn coefficiént for an electron about to tuﬁnel ou
gof an imaging:gas,étom§' We thus expect the behavior of the Ta -Mo
: _élloy to be anjévéraged effect of ﬁhe Ta and Mo lattices and indeéd

'fthe Ta~-50Mo micfogréph resembles the W ones with even ,intensity

'ﬁhrbughout* 

B ko2 ‘_f*ieid Tonization in Ta-Mo Alloys
Image fofmatiohbin the field ion micrdscope ié,gdvérned by two

'importaﬁt pfocesSésglviz‘, field ilonization and fieid'evéboration*of :
. atoms, The distinctﬂdiffereﬁces-gf the ali&y ﬁicrographs from those'of x,frf
pure metals are'therefpre SOughtvto be explained by‘considering what |
effect the solute afoms,have on these phenbmena. .Field ionization is
”__considered fifét and since it isvé quantum medhanical ?rocess, knowlédgg._ 

T of which is meagér,'é summary of fhe thgory of field ionizatibﬁ is first
"présented béforé thé concluSionskthaﬁ have been drawnf |
‘As-an.atom épproaCheé a metal surface; there 1s a probability that
'_ifs'ﬁalenéebelectfon'will tunnel into the metal. Thls effect as @odified.' -_
| By an extefnally'applied eléctric field is field_ionizatioh‘ When the |
i étomvcomes cldser to the‘surface then a certain critical distance, X
'ioﬁization is'ﬁOjionger possible because all the electronic states
below the Fermi level of the metal, to which tunneling can éccur, are

occupied. When a solute atom is added to the solvent matrix, 1t producés
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a chaﬁge, AE; in the electronic eﬁergy of the solveﬁt; If the lonization
energy bf thé solute atom is:greater than that 5f the solvent, then the
iqn.coré of thé"soluteJWill attract a valenée electron more strongly than
will a solvenﬁ_afbm. This will result in an accumilation of charge at the

solute ion at the expense of the electronilc charge distributed over the

_rest pf the lattice. The result of such a "spilling” of even a smell

fraction of the electronic charge from the solvent to solute will dras-

vtically reduce the local fiéld strength and, therefore, the fileld ion-
.iZatipn rate above the solute’aféms, such as to make them invisible or
only partially visible. _Tﬁe'opposite situation is expected if the ion-
' i2étion enefgy'of the solvent is greatef than that of the solute,. It is

. seen that the immediate effect in either case is that the potential field

Will become Sméothed:oﬁt by the valence electron shifts. Unfértunately,
the ionizafioﬁ pofentialé of the refractory metals are too poorly known to
draw useful conclusions of this nature. We can, howéver, assume that if
the_nuclear charge of the solute étoms differ by oniy one or two from the’

charge on the solvent atoms, then such polarization of the conduction band

near the solube will not be large enough to cause large field ionization

differences by itself; We can thus conclude that in the Ta-Mo system,

“since the atomic number of Ta is 75 and that of Mo is L2, such fileld =
“ionization differences could}be large, and, as the following discussions

will‘indiéate, that the charge transfer would be from Ta to Mo.

Besides the inherent electfonic nature of the solute, a purely phys-

Lcal factor such as the atomic size has a- slgnificant influence on the

" field ionization processs Results on the Ta-10Mo and Ta-50Mo alloys

showed that the micrographs of these alloys are characterized by a large

number of bright spots which are not removed by extensive field evaporation.
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ThlS observatlon suggests that these are not caused by adsorbed foreign

,.atoms or moleculep;(ln Ta-lOMo 1t can, for example, be oxygen dlffused

e

}:durlng preparatlon.of the spec1men) the blndlng energy ‘of whﬂch to uhe:
rly has been 1ncreased by fleld penetratlon polarlzatlon. On the
.fother hand the cons1derable size dlfference ( 5%) between the two spec1es,
:that results in a surface7wuth cons1derable protrus1on,'1s to be considered
x“?respon31ble tor thls effector'Above the surface protrus1ons the local fleld
sals enhanced and consequently the 1on1zatlon rate is also increased leadlng
’?fiif.df“ to thevuormation of brlght spots.v Also 1t magt be noted that et such ..
7 .-Uprotruded atoms fleld penetratlon must be hlgner and the effect of the'
y-.lncreased fleld penetratlon is to reduce the crltlcal dlstance X, beyondi

ﬁvp*:whlch the fleld 1onlzatlon of the 1mag1ng gas 1s permltted. The resultsalt

”'fwiol Tsong and N“llerluv have 1nd1cated that the 1on1zatlon probabllity

. rlses sharply at x and dropS, unexpectedly fast, beyond that dlstance

Hﬂerlth the crltlcal dlstance X, reduced by the depth of field penetratlon,
. ,f'there is further 1ncreased 1on1zatlon probablllty leading to a brlghter
h _{;1jlflrmage‘v The absence of such large numbers of spots in the mlcrographs of

uyf;W-Mo alloys studled by Caspary seems to support thls explanatlon. B

'M.B'.PolarizatiOn Effects

Polarlzatlon affects the field evaporatlon process as expressed byt

o the fleld evaporatlon equation,r

where Q 1s the actlvatlon energy for field evaporatlon and P 1s the

'blndlng energy due to surface polarlzatlon. Slnce polarlzatlon effectS’

: 'ﬂg_3w1th a half w1dth of only l/6.Ao Therefore, at a protuberant surface atom h .
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have been shown to affect the topography of. field evaporated surfacésl5'

it is qonsideredvbefofé field evaporation.

4.3.1 Polarization in Pure Metals

'_"Thé origin‘of_polariéation éffects has'béen reviewed by Brandori,l
Essentially, thefe are three polarization corréction'factors corresponding
to 1) a double.layer potential, 2) a dipole moment, andl5) the polar-
iZabilify of surfacevatoms‘ The double layer potential is already accounted
for in the fiéld evapofation equation written above, since the measured
work.fﬁnction ® has been used inStéad of.the inner potential ¢o’ fhe
dipéle moment is pfoportiondl to l/q where g is the screening distance
. ,ahd is nearly the samé for W, Mo and Ta. Thé.surface polariZability :

" correction factor Ps'is given by

o N
.Ps = 1/2 (qa-ozi) S

where o, andrai are the/polarizability'of the atom and the ion éore re-

| spectiﬁély andvF is'fhe field.‘oca is of thevorder of 1-10%5 depénding

on the density of_the plane and is related to‘the_compressibility, X of

'the metal, sinée X is a measure of the electrical‘forces between the ion
éorgs. Q. is éimply related to the univalent radius of the lon and 1s

commonly of the order of O.EK5 1) fhat its effepﬁ can be neglected.

‘i Thus, é largé value of X indicates a'large Py . Of the three refractory -
metals{bw, Mo;iand Ta, Mo does not show the ?resence of atoms occupying
low coordination sites. TIn W, such atoms are observéd, which are removed

,by'fiéld evaporation at_77°K. " In Ta, on the‘other hand, they.persist v~
tiil field evaporafion atBOO?K.8 It has already been mentioned that

such low coordination sites are stabilized by field penetration polariza-

tion and it can, therefore, be coné¢luded that the polarization effects
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arehstrongiin;laihnttnnchfless?so.invMovana'w.:ylhis‘conclusionVis,
sapoortea b& a comparlson'of the X values llsted 1n TableIIL where it
is seen that Ta has the largest compress1blllty. ‘In accordance Wlbh
sthls crlterlon,‘Nb thlch has an even hlgher X than Ta. should also ghow
a Strong tendenoy for’stablllzaulon of low coordlnatlon s1tes and 1ndeea “7"l | v
'hpZmlcrographSishowpsuch occurrence of'a.large'numher'oflspots occupylng

o T
metastable sitess 7;

&;3.2‘ PolariZatlon inﬂAlloys

Polarlzatlon effects in alloys can become 1mportant 1f the polarl-- -

Zatlon term correspondlng to one spe01es 1s larger than the other.. The' L

- clfect of . polarlzatlon in the fleld ionlzatlon of an alloy, hav1ng

""f”alloy mlcrographs malnly through the preferentlal evaporatlon or re- -

"”ftowards understandlng the fleld evaporatlon process,

l;dlfferent polarlzatlon.correctlons, has already been shown to result in B
h:the occurrence ‘of brlght spots, Whlch correspond to atoms w1th hlgher‘

‘vfleld penetratlon._ The above dlscu531on, therefore, leads to the con—‘flﬁf‘f;"' O
.ppclus1on that 1n TaeMo alloys, the brlght spots are more llkely to corres— j;h;i P

fpond to Ta atoms.‘ The effect of polarlzatlon on the fleld evaporatlon:f-:Iu

,'process w1ll be dlscussed in the next sectlonsv

'_.Moh tField Evaporation

Fleld evaporatlon 1s now well recognlzed to affect the nature of '
"tentlon of the solute 1n the lattlce. This approach has been recently
_~employed by Brandon18 ln-the case of fileld evaporation from dilute

"I;alloys. A 51m11ar v1ewp01nt has been taken 1n the dlscuss1on below
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4. 4.1 Field Fvaporation Equation for Alloys
The field evapqrafioh process from pure metals is now relatively
well understdod, Rewriting the original equation for the activation
energy,Qo for field évaﬁoration to include the polarization corrections,
QL = + - + F
9 = AFEI w4

where N = sublimation energy, 'ZI# = sum of the ionization potentials,

the charge of the evaporating ion being ne, ¢ = work function and P =

binding energy due to surface polarization.

In the case of an alloy, we are interested in field evaporation from
particular sites since these can be occupied by different species. The

field evaporatioh“equaﬁion'has to be modified therefore to account for
. / ’

. the chénges in the various parameters, appropriaté to the particular

species. It is apparént that there are two distinct cases to be con-

sidered. The first is that of the dilute alloy, where the solute content

igs assumed to be small enough for solute-solute interactions to be

) neglected; In the second case, the solute content is appreciable enough

for the solute atom to affect the evaporation of both the species.

Electronically, this corresponds to the situation where the perturbations

produced by the solvent atom are no longer restricted to the immedlate

',IOCality of the solute, but may extend to the nearest or second nearest -

neighbor atoms. The case of the dilute glloys is considered first.
The activation energy Qé necessaryfto'field evaporate a B atom from

the surface of & dllute alloy ofB in A can be calculated by considering

‘the following cycle:
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12.' Ionlze 1t n tlmes where ne 1s the charge w1th which B 1s_
-ionized 1n the fleld evaporatlon process ;f.
‘v3{cvrvReturnltneinuelectrons-to_the matrix'A;f '
. Q}. is therefore given by

dy = At _zzf - z%- + p('B).»_»- |

T,where AB is the subllmatlon energy of B in A, and P(B) is the polar1za-7_f;r‘

clon correction approprlate to the B atom.u

15

kB is approx1mately glven by

S

when x 1s the sublimatlon energy of pure B and H, 1e‘£ne heat of solutionLiAV

Slnce the alloy is. dllute the actlvatlon energy QA for evaporation of ?v“"'

A

if;f;ﬁA can be equated to 1ts actlvatlon energy Q "of pure A. A’ 1t:therefore i?ef

iiglven by o

+ ZIA - nqu + P(A)

’i'fWherevﬁhe‘parameters have the same meaning as“before, bﬁf refer}to tne‘;
sPecies'A‘ For convenlence, it has been assumed here that both A and B

PN

”1on ize w1th tne same. charge ne in the fleld evaporatlon process. 

' Slnce ‘the dlfference in the two actlvation energy values will dé:»”jﬂ:sr.-'

ﬂc1de whlch component Wlll be preferentlally fleld evaporatlng and to ;"

' 7rhvwhat extent we determlne QA - Q!v to be

».jS‘.-‘QJ'B.e,‘{Sv-FI(?\A A (T - B ) +PA) - R(B)

R
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" This expression is exacf'fgr field evaporation of A and B from the same
or equivalentléiteé in %ﬁe_lattice. For atoms 5n difféient sites,(sitéé
that are on different planes or that have different céordination, etc.)
the diffefences‘in bindihg energy and in the field enhanéement factors
operating at thevfwofSifes must be taken into consideration.

Brandon18 has discussed in detail thercase where the solute avoms,:
represented by B in our discussién, are preferentially e§aporated. The
field at any site-is reiated to 1) the local radius of cﬁrvature, and |
2) the locél lattice geometry, usually, fhe 1at£ice step height., For
Tfileld evaporation on a high index plane, since the sublimation energiles
of atoms in the edgeslor‘at,the interior differs only by the binding'
j_energy of the §rd or ﬁth nearest neighbors, the acfivatipn energy for -
field evaporation is'very neafly‘the same in the absence of‘any field
enhancement. Of the field enhancement factors mentioned, the first one
denoted by ﬁl is not important for afoms on the éame plane, thereby
making the other factor 52 to be regponsible for edge atoms evaporating
first. However, this factor dréps of f rapidly for lattice steps on
crystal planés of increasing high index and it is therefore obvious
that it is the magnitude of the aifference Q} - Q) which will decide if
the solute atoms in the interior of the high index plane will also be-
field evaporated. If.fieid evaporatlion takes place_at lattice sites
Within a plane, then pitted surfaces are to be expected. As the differ-
encés get larger there will be random field evaporation from the ldw |
index planes as wells On the basis of sucﬁ arguments, Brandon has pre-
dicted that the field ion images from a dilute alloy of a refractory
metal in a less refractory matrix will be moreAregular than the image'

from the alloy of'some components but with atomic fractions .reversed.
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o Like2 ;Faotors%Affecting Field EVapOrationfin Alioysii B

Our dlscu351on 1nd1cates that the greater ﬁhe dlffererce of QA‘- QB’

:uhe greater w111 be the dlfference in regularlty of the mlcrographs from o

':{:{ the end alloys. Before applylng such a conslderatlon to the Ta—Mo afloys, ;'

'*1t is. useful to cons1der—the factors that determlne the magnitude Q’ - Q

’ These.are;

1) "Ax;.‘ffhe differenoes'in'sublimafionfenergies of A and B,

' 2) 'aVAE the differences in the 1on1zatlon potentlals of A and B ff

Hy "_h'ea;t_ ofv solution.

’

A i;Except of AA all the other terms are only poorly known for thev

f:7refractory metals, whlch are. commonly studled Wlth the fleld ion micro-";f'

:}j:scope. Stlll many useful qualltatlve conclus1ons can be drawn by con—_f{f

‘ s1der1ng them carefully._ Slnce the calculeted evaporatlon flelds of ;
Dure‘metalSNdo notflnclude bolarization correcﬁions, the first two i

‘ ffactors can be convenlently treatea together and thelr effect Wllr be"“

'ﬁlndlcated by tne dlfferences in the calculated evaporatlon flelds QA andff“

“EiQB for uhese metelSa-gThese are llsted-ln Table III?E?IL, on the}otheri

;hand,ffheveveporetioh fields’ere]determiﬁed.byvexperiment,:onlyfheat of?_ﬁf
fkiiéolutfonrhasfto be;eorsidered seﬁaretely.-”In‘the absence of sueh date,:fe?

.polariiatfoﬂ;dfffereﬁeeeihave £o be deﬁermfned in ao'empfriceifmeﬁoer.ae_iﬁ;
vwee desorfbed.in‘fhe“Eecfion onvpolarizetion effects; Eitherlthe com;.~if:"

. vpre58101llty data or the dlmens1onless parameter (r -r, )r . ¥hich

L-Brandon has employed (r - is half the nearest‘nelghbor spacing and‘ri

is the unlvalent ionic radlus) can .be used | as an 1ndex for the magnitude_"'

of polar;zatlon effect; ‘The heats of solution, also, have to be 51mllarly"

determined since theérmodynamic data for these systems do not exist.

"”3)1';vpolarlzat;on dlfferences, (A) - P(B); and o v‘--?fo”}u

| paenmanme | wa
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Accordlng to qua31chem1cal theory, the heat of solutlon 1s positive 1f
cluste”1ng occurs and ne gative 1f orderlng is favored. Dev1atlon from
Vegara s law can glve'valuable 1nformatlon on short range ofaerlng or
clusterlng that is exhlblted by an alloy. Thus,ﬁa positive dev1at10n(
from Vegard's law can.be ldentified with a tendency for‘clustering and,
tﬁerngrQ, E.‘“v'Posi’cive'..hea’c of solution: Similarly, a’négative deviation
'Wduld imply a neéafi&e heét of’solﬁtion. | |

- hh3 Field EVaporafién ofvTaFMb Alloys

These Qoﬁéideréﬁions éaﬁ now be applied to the Ta}Mo system. The
polarization effects of Ta aﬁd Mé have already been discuésed-and it was
shown that P(Ta)-- P(Mb) is expected to be considerable. ‘Since, as
Mﬁller 11 ‘has shown in the case of W, the polarlzatlon term Will:ﬁin-;
erease for the high.in&ex planes, AP for Ta-Mo alloys would also increas? |
for such planes; The lattice parameter data of Fig.8(a) shows that theré
. 1s a positive deviatién ihvthe Ta-énd'of the Ta-Mo phase diagram and thué
‘a pos1t1ve ‘heat of solution is 1nferred. Thesé two positive contributiongﬂ
along with the p031t1ve M (= QTa QM , see Table III) will therefore make
Q%a; Mo quite large‘ For thils reason, it appears that the»Ta-Mo micro-
graphs .are ex¢eedingly disorganized in spite of the low solute content._

It is also easy to see whyfthis‘efféct‘is not too pronouncéd in the W-Mo‘
systém. The cpmbressibility_data‘indicate that the polarization corrections
_should be approximately equal for W and‘Mo and the heét of solution from
the lattice paraméter data is inferred to be zero or negative. Thus

Q& -~Q&é>is not large enough to caﬁse serioué irreguiérity in the W-Mo

micrographs.
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4. b, Extension to Other Systems

Fef any alley syetem, Bfandon’S'rule for the case of dilute alloys
can be expected te hold true. The difference in the regularity ofvthe'
tTwo end alloys will be controlled by the difference Q’ - Qé and as seen
_above, this difference.will be modified by both the polarization correc-
.fiops and the deviation from randomness. Of the four refractory metals
Ne, Ta, Mo, and W as shewn in thé.section on polerization, Nb and Ta have
high pelarizatioﬁ corrections, If we associate short range oréering with
a negatﬁve heat of solution and clﬁsterinc with a positive heat of solu-
tion, - thﬂs is true for dIIUbe alloys, - for the Nb-Mo, Nb W and Ta-Mb,
TaW system the appllcatlon of Vegard's law to the Nb and Ta ends 1nd1cate
'cluSEerlng and therefore S posltlve heat of solutlon. Since the polari-
zaulon correctlons also for the system.w1ll be large and positive; these
~alloys alSo will give lrregular images.at the Ta and-Nb end. Mo-W and Nb-Ta'

on the other hand:are-.expected to yleld fairly regular Iimages at both ends.

h L,5 Field Evaporatlon from Concentrated Alloys

The case here 1s more complex beceuse we encounter random evaporation
frem both solute and solvent atcms. In very simple terms the situation
can be explained as follows: If the solute atom of a concentrated elloy
is less easily evaporated the solute atoms left behind during fileld evapor-
ation do not experience a field enhancement comparable to the case where
the solute cencentratlon is low and therefore tend to remain on the surface.
It then follows that the concentration of the eﬁaporating species will de-
‘ ciae the extenf of regularity of ionvimages. The situvaticn is thus very
different from the case of a dllute alley and we can predict that a con-
cenﬁrated alloy of a iefractory metal in a non-refractory matrix will show

more irregularity than an alloy wlth the same components but with the atomic

fractions reversed.
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s 4,5”'Imagé'dontrast in Alloys

The‘field ion'images;from alloys are easily distinguished from

“those of a pure metalf:from'theif'gross lrregularity, An exception is

'Uthe‘case of ‘the ordered.alloy which, fof'all practical'pruposes, behavesfl.a]f»a

like a. pure- metal and develops very regular 1mages. In general the
. alloy mlcrographs do not develon high 1ndex planes, show the presence
¥ of dark or pltted regions where no 1mag1ng is probably taklng place and

3 large number . of bright Spots whlch have been shown to arise out of

vpolarizatlon effects. It is clear that these effects are to be attri- : o
_buted‘tofthe field ionization and evaporation processes in the'alloy and’ -
as we have-already obsefved"these processes are modified to a consider= -

able extent by the presence of the solute.i The extent-of this modifica;tf

' uion, though obv1ously dependent on the neture and concentration of
' solute, cannot[still be predlcted for a‘glven system in our present

f“statezof understanding of image contrast in alloys“ |

vh 5 l A Slngle Criterion for Field Ionization and Fileld Evaporation a et

Processes in Alloys

. For understanding the contrast from alloys, we will, theérefore, con- ..
sider the effect of the field ionization and the field evaporation pro}'iii

cesses together as a single parameter. The strong resemblance of images, -

© compubed on the assumption that only atoms lying within a perticular
";distancelffomfthe surface hemisphere can give rise to image spots to .

the actual field lon micrographs,.indicates that such a consideration is

‘useful‘ The'irfegularity of the alloy micrographs can then be attributed

' fr'to the absence of & number of 1mage spotso For convenience, we'shall

fvlnvoke a v1s1bility crlterlon and then cons1der the characteristics of
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thé solute that coild méke the solute atom be totally invisible §r either
the solute or éolvent-atoms be parﬁiaily.iﬁvisible& |

We have already discussed the facbors that affect the field ioniza-
tion ﬁrocess, hamely the‘transfer of charge and size'différences of the
atomic constituents. The transfer of charge onto an atom résu}ts in the
reduction of the local field aﬁd,.hence,>the ipniiation rate. The atéms
mey not then give rise to an imaée spétkorvthé spot will appear dirm.
Similarly, the profrudingvatoms in'anlalloy, where the specles have con-
siderable size differences, will resuit in ihcreased ioniiation ovér them
with tﬁe resulf'that thé'neighboriné atoms may occur és weak spots. The

appearence of polarization effects will accentuate this situation.. A

'bfcombination of these effects has been suggested to render the cobals

atoms in the ordered CoP’c\alloy,_l9 invisible. Though the crystallography

of the micrographs obtained from ordered CoPt are in accordance with the

- assumption that cobalt atoms are not imaged at all, it ié'hard to explain

‘the absence of the superlattice_planes'conSisting of cobalt atoms only,
merely on the basis of field ioﬁization effects; Eor fhese planes, where
Co and Pt are distributed on alternate layérs,’charge Spiliing cannot be
’very Important énd 1t seems more attractive to consider the field evapora-
tion efféctvto be more domihant.‘ Because of the large differences in the

evaporation»fields'of~Pt.and Co, the cobalt layers are possibly removed

from the surface region of the specimen by field evaporation before

imaging can take plaée. It is thus possible to ‘treat the field ioniza-

tion and evaporation phenomena together to explain the characteristics
of alloy micrographs.

4.5.2 Computer Simulation

In order to check whether a singie visibilityv criterion unifying
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the field 1on1zatlon and evaporatlon p”ocesses can lead to random sur -
faces characteristic of the arloy mrcrographs 1t was de01ded to run a
computer program. It 1s;now wenl'reallzed'that-the general features o
the field ion image}offa pure‘metal.can be explained in terms of the
geometry of the approx1mately spher..ca1 surface which is obtained when

‘ 20 ' :
2 crystal‘lautlce is cut by a sphere. Moore was the first to point out

that by essuming_that oniy those atoms that 11e within a shell of glven

thickness can -give rise ‘to spots, image patterns that strongly resemble'.

D

field ion images can be obﬂained with the help’of & computer.

+

h

ally the computer obtains the coordinates of the atoms within-

[92])
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the. shell. Recently Moorezj'has extended this work to solid solution

alloyse. To account for the different evaporative properties of the two

"spec1es he a551gned dlfferent shell thlcknesses. ‘A similar program has . .

been performed on_alloys of dlrferent compositions but with different -
criteria, which are deseribed below.

”,4’5'2‘1 Method of COmputetion. " Since the field ion images of the bce

‘metals Mo, Nb, W, and Ta generally correspond to a. (llO) wire texture;-~fff

it was declded to obtaln computed 1nages corresponalng to a (llO) orlenta-c.

' 22
tion. For thls purpose the program developed by Ranganathan et al

was suitably modified., In this method, a given crystal structure is
considered in terms of the Bravails lattice. If the latter has centering

.ﬁhen‘the structure'can be generated'byrrepeated epplication of the method

to the primitive lattice with different coordinates for the origin. Since-

.

we are interested in the (110) orientatiOn, we chose the coordinate axes
~to be [110], [110] and  [001]. With this set of axes, the bec lattice

vecomes & face centered tebragonal lattice with a c/a ratio of 0.703 -




R

= l/fé)v It 1s tnerefore necessary to consider four prlmltlve tetragonal

11 .. 131 l 1
553 03 5 0 2, and 0 = =. _The crysta“ is

lattices‘W1th orlglnsAat.OOO; 5

projected‘gn§0“the (110) planes and the radl; RA and RB of the circles
obtained by the inférsectién of the‘spherical,shell>with the {110} planes
are detefmined o (Flg-,gg) fhe distances of ali ﬁﬁé atoms on the basal
Dlane from the orlgln are caLculated and compared with the different sets -

of (R ) Values‘ The coordlnaues of an atom are recorded only if it

A B
falls within any set of theSe:values. Since the stereographic projection
1s, a nearer approxlmatlon to the flelq lon image, the orthographic co-
"ordlnates were Llrst convertea to the ste*eographlc ones and the Cal-Comp
plotter subroutine was used tO'plotjthe 31mulated-1mage. The computations
Were_programmed.in FORTRAN fbrfCoﬁtrol Data 6600-Computef. Figure 23

: |
gives the compuﬁed image for a bece metal of radius 200a where a2 1s the
lattice parameﬁer.' ‘ ‘ y

4.5.3 Random Alloys __

.The above program corresponds to the case of a pure metal. First
- the random alloys weﬁe considered. For the application of the'#isibility
criterion; acédrding to which the -solute atoms are totally invisible; a
control statement was introduced_that permitted the'coordinate_of an
atom to be recorded only if the random number generation funcﬁion ex-
ceeded the solvent content of the.alloy; This allows for a random dié-
':tribution,df the two species with:tﬁe solute atoms not participating in-
" the image; | |

.Figures.Eﬂ (a-e) show the computed images for bec lattice with com-
positions of OO% 80% TO% 60% and 50% of solvent. A 10% interval was
chosen to detect any onset of irregularity clearly. The computed images

corre3pond to a radius of 200z and the value of P, the shell thickness,



--'was-¢hcsén5%5"5é/beosa. ;Moore and Ranganathan 3 have used a SLmllar

value lor a fcc lattlce of comparable radlus. There 1s very llttle

dif erence 1n Flgs. Eh (a-c) in. terms of the regularlty, slze, and. nuber

"rof nlanes.A Only the number of p01nts have decreased whlch is not ea51ly -

I;:'dlstlngulshed by the naked eyeo “The computed images from 60% and 50%
zsolvent alloys are somewhat 1rregular._ A-comparlson of these 1mages with
B those obtalned from the Ta-Mb system or the W-Mo systen clearhy 1ndlcate |
uhe fleld 1on patterns from alloys are cons1derably more 1rregular than
’_the computed 1mages.h A count of the spots from the mlcrographs of the
| Ta—Mo alloys w1th lO% and 50 solute contents does not indicate a sharp

1 reductlon 1n the number of. SpOuS“ Further, s1nce 1t 1s only the appear— .

ance of a- few rows of atoms 1n any plane that makes the plane recognlzable,f”lh

fjlt follows that the onseu of 1rregular1ty is a crltlcal functlon of the

'radrus and that for the same alloy there w1ll be 1mprovement in regularltyjl':“: '

«]w1th 1ncrease in radlus. ,Prolonged field evaporatlon of the Ta-Mo allqys o

resultlng 1n cons1derable change of the radlus was not observed to have '

zany marked 1mprovements of the regularlty of 1on 1mages° A similar

‘;-observatlon ha s been made by Brenner " on the regularlty of Pt~ lOIr- o
;alloy mlcrographs durlng prolonged fleld evaporatlon. Tt is to be con—f“ff”'”'l

‘ fcluded that the total 1nv1s1blllty crlterlon is too great an oversimpll- -

'flcatlon to yleld computed 1mages comparable to the observed alloy mlcro-p

'L‘graphs.> It is proposed to consider cases Where solute and solvent atoms c

' ”follow ‘some type of partlal v151b111ty crlterlon.‘ A useful start can _
’;jbe to. assume that a solute atom.w1ll be 1nv1s1ble 1f 1t is surrounded :

iby more than a- flxed number of" solvent nelghbors‘ -



T

b, 5.4 Clustered Alloys

So far, a random distribution has been agsumed for the atomic
species of the alloy. When deviatidns from such randomhess exist,
the contrast to be expected will be, in genéral; partly due to the
intrinsic imaging behavior of the specles, modified by the presence

of the secomd component, and partly due to the interface effect. An

-interface can be defined to separate regions of a crystal different

in structure and/or composition. While the interface effect is,

therefore, not important for a random distribution or short range or- -~

_dering, it should have marked influence in the case of clustering,

since a clustered sitﬁation neéessarily implies ;egions of different
composifion‘ The interface éffect, however, will be confined to the
interface only.

The simplest casé of an interface wili be a high angle boundary.

Since élloy micrographs are strongly irregular; high angle grain

boundaries are difficult to be Qbserved and analyzed. Other types of

interfaces are 1) an intermediate phase, and 2) a precipitate or a

Guinier-Preston zone. The o-phase in W-3k Re”’ has been shown to give

enhanced contrast near the interface with a high degree of bright spots

and in spite of the lack of crystalline regularity of the disordered
metrix, a partial coherehcy wa.s inferréd from the continuity of atomic
planes along the interface, Similarly a NiBe-Ni solid sclution inter-

' 2 . -
face has been reported by McClane and Miller. # The intermediate phase

~has a CsCl structure while the solid solution has a fcec structure. A

second'interface,écross which complete coherency was observed has been
identified as a G.P. zonea Mii’l.lerl'7 has also reported the observation

of a lens shaped martensite plate in a high carbon steel. It must be



conceded_that’allﬁtheselddentdficationsfare1still tentative, since no -
,characterlstié_érwstal;planes of(the7secondpphase:have‘been observed
'inhthe mdcrographs.tf ' | “

‘lO understand thevtype of contrast that can he expected from clustered
alloys computatlons were performed W1th 2 SpeClllC model of clusterlng. o
A mooel whereby the comp051tlon varled in a s1nus01dal manner radlally-‘
along_the crystal‘vwas.assumed ln'order_to mlnlmlze-computatlonal
difficulties;' The radlal dlstrlbutlon ensured that there is no crys-
"tallographlc habwt for the clusterlng present.; |

For thls clusterlng case, the parameters that can bevvarled are” the'5?
perlod and amplltude of the slnus01dal varlatlons oftthe composltion°=l”'

The mean compos1tlon was held at 50—50 and the clusterlng perlod was

:_ assumed to be flfteen (llO) planes (— 15 —-—-A. where a is the lattlce 'i*‘ e

‘parameter) To 1ntroduce this clustering model the distance of an atom,j"'

- that lays w1th1n_any.annulus from the apex was calculated and converted _

vinto ERﬁ +u9 radians:hy ditiding by EH/periodL_ Then o cose + 0. 5, where

- *{O is the clusterlng amplltude, is the solvent concentratlon on the

spherlcal surface w1th radlus correspondlng to the distance of the atom. : SO

': under cons1deratlon from the apex . (Flg. f25)§@ Now the v1s1blllty

: onslderatlon is applled by the control statement that allows the re-

L cordlng of the atom coordlnates only if the random generatlng function E

“exceeded a cose + 0.5. This was repeated for all atoms.in any annulus.
Flgures 26 (a-d) show the computed 1mages from a 50-50 alloy with

"‘ a clusterlng dlstrlbutlon. The perlod is'a constant l5a/V5X. for all cases

hfand the amplltudes vary from O 1 %0 0. in steps of 0.1. It is seen that

. the computed 1mages for small dev1at10ns are as 1rregular as those from’

¥

'random,alloys of the same compos:;:tlon° When the deviatlons 1ncrease.to-.,.:
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0.3 and O.h(a band strucfure becomes marked.* The regions with fewer spots,
obviously, correspond to the regions where soluté atoms are concentr ated.
Though the weakness of the total invisibility criterion becomes again
readiiy apparent, the interface effect offers some insight as to the

- nature:of microgrephs obtainable from clustered‘alloys. It is seen that
the band structure becomes narked only ii the deviations from the random =
composition are substantial and‘also;if the width of the clustered zone is
small in comparison to the radius of the fip; When’clnstered regions have

a larger width, it is obvious that the interface effect can be missed.

L4.5.5 Demixed Alloys

A case where ciustering widph exceeds such limits 1s that of a demixed
alloy. In this situation it is not possible‘to detect the demixing effects
from a single'micrograph. "

An inperesting case of demixing has been reported in Ta-Mo alloys in
the high concentration range.7 Segregation of the two speciles here occurs
“with e crystallographic habit;F‘In the Mo-rich alloys this composition de-
viation is on a {200} plane and in the Te-rich alloys the deviations occur
on {110} planes.‘ The.result of such demixing is the formation of domains
richer in either of the two components‘of the alloy than warranted by the
nominai-composition‘ We have already mentioned that thougn Ta ana Mo are
bce metals of.the transition type their‘ion images display distinct sing-
ularities. Bach has an image of typicai but ‘different intensity distribu-
tion; Also Ta. develops {200] planes very well while Mo does not‘ Thus on
cross1ng from a Ta-rich region to a Mo-rich region the image characteristics
should change 1nia marked,fashion‘ . |

Experimentally, pulsei fieid evaporation nas performed on a number of

— : . [~
Tz-50Mo tips. About 200 micrographs covering a distance of about 800A were



thainedfinf@fsiﬁélé;fiéidtevaporationiséquence‘and'were‘analyzed‘for'5“w5
- effects mentionedpabove.. Except for local clustering effects, evidence”.

‘for-demixing'was:notudetected This could very well méan that the w1dtn -

f‘of demixed zones 1s‘larger than lOOOA.

h56l,Distinguishing;Between Atomic Species‘
The above'discussion.leads:to‘the‘important question.of whether
rtabsolute 1dent1fication of the two spec1es on J‘he micrographs is poss-. .
- 1ble. The question 1s stlll a. largely unanswered one,v The problem lSr-'
"of con31derable 1nterest because a method to 1dent1fy the two species Wlll

'e‘give‘a clear picturefaboutwthe_field 1onization-and evaporation processes,xi»

'ffand also abOutfthe‘surfacefdistribution-of atomsQ The latter 1nformat10n .

’ ”7::5,can be used w1th the help of field evaporation, to shed light on the ) -fﬁf““

';extent of local ordering present 1n the alloy, Curiously enough an in—:,f"
,“alrect method for distinguishing between atomic spe01es has been developed f
”Hfor a case when the distribution of atoms, however, is precisely known.

.”For instance,-in'the,casepof ordered equiatomic CofPt alloy, the observed“"

"id field ion‘images agree.with computed structures:if‘the assumption that one

“7,&1nd of species is not 1maged° It was prev1ously mentioned that if the

| local field strength and therefore the fileld 1on1zation rate above an atom;ﬂ;

'w:}is drastically reduced the atom, does not give rise to an 1mage spot., Inrf_.!

Pt Co the inv151ble spec1es has ‘been 1dent1f1ed to be Co atoms and the ﬁ”

.reduction in field strength has been att rlbuted to-the s1ze-effect a’’s

'”;ffcharge smoothing effect of the Smoluchowski type or a valence effect thevpfﬁ'

latter two resulting in a spilling of electronic charge from.the: Pt atom -'(sxif

-to the Co atom.- Simllarly the micrographs obtained from ordered NlAMOQSv’

I3

".'correspond very well with lattice,structure_obtained from the Mo,sites onlv5t3

!
\
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In particular .cases, largé brightly emitting imégé points away from
thé ﬁormal.zbng lines havé.been associated with impurity atoms such as
carbon, oxygen and‘nitrogén; Thus oxygen matrix concentration in iridium
has been calculated by fortes‘and Ralpéxs from‘the number of bright spots.
While.the authoré-attribute the brightness of spots corresponding to such
_impurity atoms t5 a fairl&’large and.leSS localized‘pérturbation due to
these atoms, it seems ﬁoreblikely as nmentioned before that the brightness
associated with these gas molecules 6rigiﬁates from the increased binding
' energy by fieid penetfation polarization, as é result of which the critical
diétance‘fo? ionizatién? X is reduced.

The situation with disordered alloys, howevef, is complex. The field
ionization and evapdrationvprocesseslfrom alloys are not clearly under-
stood and untii such time a general theory for identification of speciles
seems unlikely. A method for identificatidﬁ of épeéies due to Ralph and
_Brandonfyz‘has been found to be very sﬁbjeétive. It is based on the wvol-
tage analysis of the numbér of image pqints} The .graph of thé number of
points against the applied voltage'waé shownito pOSSess a linear relation-
ship for a pure metal but a discontinuity was obser&ed in the case of an
alloy. The diéconﬁinuity wag found to be ?ropprtional in magnitude to the
solute content in W-Re alloys. The dpplication.éf this method to the Ta-Mo
alloy system did not show a linear relation as well as any discéntinuity.
A siﬁilar conClusiop has been reached by Brehner from hié work on Pt
alloys}l ‘

We have already mentioned the possibility of using specifi¢ effects
‘of the solute atoms, to obtain useful though qualitative information about
the distribution.of the two species. For instance, Ta unlike Mo or W is

known to deveiop- the {200} planes and thelr vicinities to a very high



'"f\ The Ta atoms on the other hand are expected to ve brlght in the flrst

'“_h8;@f

L perfection.‘ An examlnation of the regularlty of the [200} planes in a

E Ta-do alloy will thus glve 1nformatlon on the Mo content in those nlanes,

31nce a decrease 1n the Mo content is expected to result 1n a better
developed {200} plane and an 1ncrease in a more, random {200} plane. The,

fvarlatlon of such regularlty over contlnued fleld evaporatlon will thus,

.;vlndlcate a varlatlon‘of the Mo content.' Figure 21 mentloned earller, Wa.s

'.1nterpreted to show clusterlrg on thls ba31s.' Slmllarly the resolution’ in

'the {222} reglons of the Mo-based alloys can be - 1nterpreted to show the
relatlve concentratlon of the solute atoms in any evaporatlon sequence.

Durlng the pulsed fleld evaporatlon of the Ta—No alloys an alter-

- natlve poss1bllity to dlstlngulsh between the Ta and Mo atoms was observed. o
“fls_'All the Mo-8Ta micrographs) as mentloned before, show a small number of

'”;brlght spots in the usually less 1ntense reglon between {llO} and {200)

(hplanes and a small*number of weak-spots 1n the 1ntense-tr1angle reglon.-if‘

'reglon and weak in the second. Thls leads to the possiblllty that there»*

f*jtcould be a one-to .one correspondence betvesn such spots and Ta atoms. It fr'
s::?:i on thls bas1s, that in the evaporatlon sequences, Flgs. l6 and lT, the o

- atomlc 1dent1f1cat10n of the groups of atoms that evaporated has beenvmade; df

hiThls method recelves further support from the dlscuss1on on polarizatlon

eflects in alloys,-31nce brlght spots occurrlng in the reglon of {llO} to

'{200} even 1f attrlbuted to the polarizatlon effects, would be 1dent1f1ed

- as due to;Ta.atomso;.J"t
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4.7 Summary of the Results.

The.maiéobjectiﬁes df thig research, to recapitﬁlafe, have been
twofold:. the first being to increase the state ofkknowledge on the field
ion microscopy pf alloys with particular emphasis on how the solute affects
the field ionization and field evaporation of the matrix atoms, and the
second it to catégorize thé segregation effects that become Important
enoﬁgh at high conéenération,levels to make the alloys brittle.'.

The first objeétivé'has been met satisfacthily. Alloy micrograﬁhs
répresentaﬂive of a complete system have been obtained so that comparisons.
can be made with availlable data on other systems. The factors affecting
field ioniiation and evaporétion have been discussed so that micrographs
from other alloys can be studie@ on a firmer basis. Computef simulation
work has also been shown to be useful in understanding the nature of alloy
micrographs. |

As for the éecond,objecfive the resulté obtained are still‘incon-
clusive. It has been meﬁtioned,earlier, that the brittle nature of the
cgncentrated Ta-Mo alloy emanate from the size differénces of-the two
atomic species which result in the clustéring of the two components on
spgcific crystallographic planes. Since the elasticlcomplianceé of the
v'fwo metals are expected to determine what these crystal planes will be,.

‘ a consideration of'these properties of Ta and Mo becomes important. The
ion images of Ta and Mo are'characteristically different frém each other
and these differences have been enumerated earlier.

‘Since Ta and Mo also exhibit dissimilar elastic énisotropies; it
seems logical to consider that the elastlc anlsotropy of metals can play
an important role in the field ionization procesé. A similar suggestion

the® the nature and the number of bonds in specific crystallographic



s uSing dark field and split Kikuchi line techniques‘ The alloy Ta Lo -

regions on the speCimenfsurface may be as important as polarization effects"s:

ES

in. determining the nature of ion images, has been voiced by Xnor and

- Muller 8 in the lhth Field Emission Sympos1um. However*a deeper under-if'fva

: iStanding of the field ionization process is essential to carry this

_suggestion to a more preCise form._-

The eVidence on clustering is however is quite strong. Field evapora-i

: ,‘-!r .

tion experiments show the’ Width of. the demixed zones suggested by Van, Torne .

:’and Thomas to be the cause for embrittlemenu, must ‘exceed lOOOK though

+

clear eVidence for their existence has not been obtained. However the”"'i“f
uendency for clustering in regions less than 5OA in width has been estab-t"7

7f'lished and this clustering situation has been observed on the {200} planes. .

_This result is in accordance with earlier suggestions6 made on the basis
' of compliance data that such deviations from random distributions Would
f'foccur on {200} planes.f

It is now proposed to perform a more detailed electron microscopy

gfinvestigation in an attempt to determine the s1ze of the demixed regions, .

T that_ is exp,ected,to_be,most ,demi'xed7 should be par’cicularly suited. for - o

o this work.

O e T SR S
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5. CONCLUSIONS

1. A field iinmicroseope-study of'fhe téntalﬁm;molybdenum system hae
been carried out at liquid hydregenvtemperature and micrographs have been
thained from Ta, Ta-10 a/o Mo, Ta-50 a/o'Nb, Mb;8 a/o Ta and Mo, |

2, The TaéMb“alloy micrographs obtained show far ﬁore irregularity .
fhan those from WAMo’aligyé: As in the W-Mo system there 1s an asymmetry
of the regularity about»the 50%’solute.here also but the sense of -asymmetry
is opposite. It‘isvfhe Mo-end elloy which is‘more regular than the Ta-end
alloy. :‘ |

'3; Physical and electronic factors have been shown to affect the
nature of alloy micrographs. Thus the Nb-BTa micrographs show much less
distor£ion in the {222j region than pure Mo and the Ta-50 Mo alloy
micrographs resemble those of W—allbys with uniform intensity distribution;

‘A. The bright spots obtained in these alloy micrographs have been
.attribﬁted to size diffefences in the atomic speeies'Which result in
surface protrusiohs. The increesed local field as well as field penetra-
tion polarization both increase the ionizatioﬁ rate over such protruding
ato%s resultlng in bright spots. ‘ .

5« The greater regularlty of Mo-38Ta micrographs over those from
Ta-10 Mo has been shown to be in accord with predictions basged on field
>‘_evaporatlon from dllutevalloys but the unexpected large difference in the

- regularity has been explained by accounting for the polarization and heat
of solution terms in the field evaporation equation.

6. A single visibility criterion for both the field lonization and
field evaporatioﬁ proCesses, has been proposed. The far too regular

computed images from random and clustered alloys that have been obteined



- »'.V‘ ; : . | | B .
. on tbe assumptlon that solute atoms ao not part1c1pate in the 1mag1nv

"~ show that a total inv151b111ty crlterlon 1s an oversimpllflcatlon. A

fnjband snruCuure has been shown to- result when fhe dev1atlon from randomness

jﬂ;_‘ is appreclable 1n the clustered alloys"nib"w

"" Te Ev1dence fbr local clusterlng has been obtained from pulsed

PR fleld evaporatlon of the Ta-BO Mo alloy; The study of a large number of

:mlcrographs obtalned 1n thls:@shlon dld not reveal the contrast ef¢ects
thau have been predlcted for a demlxed alloy of the Tano sysbem, It has

' 'been concluded that the w1dth of the demixed zones exceed lOOOA.-

S
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. _ ‘ APEENDIX l - _
DEIERMINATION'OF THE SIGN OF. THE BURGERS VECTOR
' FROM FIELD ION MICROGRAPHS

R _}

The determination of the Burgers vector.of‘dislocations 1n‘f1eld 1on fi?i
spec1mens has been dwelt upon in Sec. 3 h Hbre the relation of t |
: nature of the spiral contrast (rlght-handed or left-handed) to the swgn
of the Burgers vector is discussed.

The SIgn Of the Burgers VECtor: ﬁ: Of any disl@cation is a Quantlty ;jﬁv-

:-,; beset by much arbltrariness., It is dependent on the line sense'? and on;?il

_the coordinate system lf the line sense 1s cons1dered part of 1t, on the}{“
nature of the Burgers c1rcuit, 1.e., whether it is rlght-handed or 1eft-jgf¥

fhanded, s1ght1ng down on the dislocatlon 1n the pos1t1ve dlrectlon andfrif;ﬁ ‘

vwhether the closure feature is expressed as the finish-to start or the ffff;:'V
. start-to- finlsh vector.A The effect of all of these arbitrary conventions\f"
is to make the Burgers vector p01nt in either of the two directlons and .

.i.hence, only two notations need be considered to make the sign of the

l";Burgers vector unambiguous._ In Burgers notation, the Burgers c1rcu1t 1s Co SO

":E“defined in the imperfect crystal in a clockw1se fashion while looklng at

a dislocatlon.in the positive direction and the flnlsh-to-start vector 1s-the

’ Burgers vectorc In Frank’s notation, the circult is made 1n the perfect

- crystal and hence the opposite s1gn 1s obtalned. We shall adopt the Burgers‘f."

-fodefinition._ The Burgers notation 1s 1llustrated in Fig.27 ( )
As mentioned 1n Sec. 5 3, the information concernlng the Burgers
vector to be galned by observation in the field ion microscope is given

}by'the scalar product'

0 ) . . s

o s S g g e
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= .. . | . X .
g being the vector normal to the plane of observation. It is obvious

. — = . .
that n represents the projection of b perpendicular to the planes in
7 ,

\8g;
. . . > . . . . e ..
whether the projection of b points in the direction of g or opposite to

units of d = »  Its sign 1s positive or negative depending upon
it.

Since Eaénd therefore n can have either sign unless the line sense
is fixed, we make the furthef ‘assumption fhat the positivé direction of
the dislocation is the one as it emerges from the crystal. In the Burgers
notaticn which is belng USed, depeﬁding upon whethé;ij*f T is pdSitive
or negative a left-handed or right-handed spiral results.

In the field ion microscope, the image seen by the camera corresponds
to looking at ‘the specimen from the tip side and the image is recorded
in the positive print in the same relation. Therefore a right-handed
ciréuit (clockwise looking at the positive direction) around thd dislocation
with 711 g)gives an anticlockwise splral in the print; 1f 71D a
clockwise spiral results. The second case is illustrated in Fig. 27 (b).
In Tield ion images, it 1s therefore evident that a clockwise spiral
implies that“§ -5 is negative and an anticlockwise splral: that™
it is positive.

In favorable cases, a single micrbgraph can be used to determine the
sign of the Burgers vector. For instance, let us consider’an a/2 (111)
dislocation -line in a plane labelied (321) in the field ion micrographd
of a bee metal. Siﬁce E?- D is different for each of the four possible
Burgers vectors a/2{111], a/2[I111], a/2[111], and 2/2[111], the number of
spirals will uniquely determine the Burgers vector to be one of the four

or its opposite vector. The sense of the spiral can now be used to decide

on either of the two. A three-leaved right-handed spiral or (321) can



g{;58;

o bo ee lnterpreted nollndlcate akdlslocation w1tn the Burgers vector %o be_
ijva/Q [ii ]' Slnce Flg. 18 shows a two-leaved left landed spiral on the -
N (150) plane the Burgers vector can be either a/2[lll] or a/2[111]..

| ' The llne sense z can be determined by field evaporauion when the

nature of the dlslocation can be completely determined. Sign (f . “)~

dd'w1ll decide the nature of the screw component,. lef*—handed if ‘positive,

rlgh*-handed 1f negatlve, and o X £ will decide the nos1tlon of the

Cextra plane.
The author Would like to thank Dr. S. Ranganathan for valuable

ddiscuss1ons‘on this section.
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APPENDIX 2

CONTRAST FROM DISLOCATION ﬂOOPS

In ideal cases, the contrast from dislocation loops can be.simply
obtained by superposition of the effects of the two line segments of the
loop intersecting the surface. In practice, the identification of a loop
can become complicated if the loop intersects the specimen at two different
“net planeé or at more than two points. We shall diséuss here the simple
case of a dislocation loqp intersecting a singlekcrystallographic‘plane at
 two points (Fig. 28 (a) ). |

The naturevof the contrast can be directly used to determine.whether
the loop is perfect.or faulted. If the atomic rings Join up eisewheréA
except at the extra half plane the loo§ is a perfecﬁ'one. A discontinuity
on one side of which the rings aré shifted with respect to those on the
‘othgr indicates alfaultgd‘loop. However ii‘é?~ %= 0 when D is the Burgers
| vector of the ioop,no contrast due to the loop will be observed and it is
not possible to differentiate between a faulted énd a perfect loop. Since
stacking faultéin bee metals are nét well understood, only perfect loop
coﬁtraSt is described here.

The contrast due to the loop in Fig. 28 (a) will be the sum of the
sépérate effecﬁs due to the line segments. Since the dislocation ha;

- different line sense at these points, the sense of the spirals will be
opposite and Fig..28 (v) illﬁstrates the cumulative effect assuming that
a single spiral is forﬁed at each point. I£ is seen that an extra (or
incémpletg) ring results. In gemeral, if the Burgers vector of the dis-
ioéatioﬁ is such that an n—léaved spilral resulté at an intersection, n

incomplete rings will result as a result of the dislocatlion loop cutting

the surface at two points.
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Determination'of‘therBurgers Vector orithe Loopﬁ
Tt is customary to define the Burger circuit around a dislocatﬂon
1‘loop such that the: Burgers vectors of all. segments of the loop are’
iﬁfidentlcal. ThlS results 1n the assigning of opposite line senses to the
cation loop as 1t emerges at two points on ‘the crystai.

HOWever, since the contrast In. the field fon image is the cumulative :
‘A‘Effer of two separate dlslocation lines, the assumption that the positive
: direc lon of the line is the one that as 1t emerges from the crystar will
result in glving opposite»Burgers vectors to the two segments. The sense
_of}the spiral of the_intersection points will enable the assigning of the
'proper Burgers vector’ at these p01nts. Thus‘if Fige é8 (b) is assumed to
h,v be a contrast of a loop intersecting the (521) plane on a becc metalg'the .
';VSingle spiral will 1mply the Burgers Vector to he a/2[1I1] or a/2[ill].
::'Since at p01nt A the spiral is anticlockwise the Burgers vector at A is

}”:a/E[lll] and the Burgers vector at B 1s therefore a/2[lll]

Determination of the Nature of the Toop

The nature of the loop, 1.e., whether lt is of the vacancy or inter-i'

"z-,stitial type, can be eas1ly determined if the loop plane 1s known. If

oIe

:.;7 rings coupled to a simple geometric construction can be employed to deter-

E

-—l and 2 at points A and B can be determined and 1f zA 1s not parallel f:, l ' :
to Z’ the cross product 2 X ﬁB or
N ,

' 7

szA
‘and 2 -are parallel fleld evaporation of a known number of atomic

Will define the loop plane.

A

' ‘mine the_loop plane, If h; and h% are the Burgers Vectors corresponding to.
- -
J) ﬁA

A are- nB = bB X Z will deflne the extra half

- - . =
and z then M "'bA X

'5Tv'planes for the two- segments of dislocation. Tt 1s clear that If the extra

f planes are outs1de the loop, the loop 1s of vacancy type. If the extra .

planes are inside, the loop 1s interstitiel in origin,
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Fig. 11
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FIGURE CAPTIONS

Schematic view of the field ion microscope.

" Image formation in FIM (from Mﬁllef).ll

‘Schematic_view of the hydrogen liquifier.

Schematic View of the FIM unit.
Legeﬁd for Fig. L.

Photograph of the FIM unit.

Microscope head and the liguifier,
Schematic view ofvthéapulge generator.
a) TIattice parameﬁer and D) ﬁechanical property data fo: the
)

Ta-Mo alloy system (from Van Torne and Thomas present data

in (a).

Ta-Mo phase dilagran.

Heliumrion miérograph of Ta at 77 K.
Helium iqn micrograph of Ta at 21°K.

Helium ion micrograph of Mo at 21°K.

Helium ion micrograph of Mo-8Ta at 21°K.

Fig. 14(a)Helium ion image of Mo-8Ta at 77 X (imaging voltagei9kV).

(b)Same specimen after considerable field evaporation.

(c)Same at best imaging voltage (imaging voltage 10 kV).

Fig. 15 .

Figs. 16
(2,b)and
17(a,b)

Mo-8Ta micrograph at 21°K showing good resolution and little

distortion in the {222} region.

Pulse evaporation sequence showlng the evaporation of a group of

. atoms tentatively identified as Mo and Ta respectively. In both

cases (b) was obtained by a single pulse of height 1 XV and width

30uUS.
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pFig5y187;{No—8Ta mlcrograph show:.nc dlslocatlon contrast at region
vmarked A |
Fig. 19 _Hellum ion mlcrograph of Ta—lOMo at 21 K show1ng great irreg- :

o 'Z_Eularlty ( ) and the presence of brlght spots (b)

"%’FiggiéO“v:Hellum ion image of Ta.- 5OMo at 21 K..

| Fig. El:p Ta- 50Mo mlcrographs show1ng a tendency for clusterlng 1n tne":
| ta—e__) - ‘»{200} regions. N |
'Fié;.EE >;T1p geometry for computatlon. ' | .
f‘Fiés‘QB :lComputed patterns for a progect bee crystal in the.(llo)_orien-,ﬁ'
o -‘.tatlon. Radlus = 200a : shell thickness = O O5a..
;fig.:éh -lComDuted patterns w1th total 1nvis1b111ty of solute atoms from

v(a_e)v .

!;alloys of 90 80 70 60 and 50% solvent content.
.fig;rzf'ffCluster geometry for computation._.»L-“ . e
- fig; 26" voomputed patterns for clustered alloys (w1th the clustered .
- <a-§) vfj'model of- text) _ Average composition 50% solvent. Cluster
f.perlod l5a/fé A and amplitudes 0.1; O. 2 0.3, and 0.h,

_ v yrespectively. _ ' S

.;cFlg. 27(a)Burgers notatlon for the Burgers vector.s_

1 - (b)Splral contrast in FIM 1mage. ‘ |
VLf:Flg.-28(a)D1slocatlon loop and specimen geometry.

(b)Dislocatlon loop contrast
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LEGEND FOR FIG. 4
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Fige 12
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Fige 14 (a)
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Fig. 14 (b)
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XBL 6764135

Fig. 24 (e)
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The vector FS 1s the Burgers vector in Burgers notation

Fig. 27 (a)
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

7

Makes any warranty or representatlion, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

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

As used in the above, "person acting on behalf of the
Commission'" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access

to, any information pursuant to his employment or contract

with the Commission, or his employment with such contractor.






