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ABSTRACT 

A field ion microscope study of the tantalum-molybdenum system has 

been carried out at liquid hydrogen temperatures. The purpose of this 

investigation was twofold; the first being to increase the knowledge on 

the field ion microscopy of alloys with particular emphasis on how the 

solute affects the field ionization and field evaporation characteristics 

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

effects that become important at the high concentration levels to make 

the alloys brittle. 

For this purpose, a field ion microscope fitted with 'a cryo-tip 

that generates a small volume of liquid hydrogen was built. 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 ion specimens were 

obtained from crystals grown in an electron beam zone refiner by a com-

bination of swaging and cold rolling or repeated spark cutting. 

The Ta-Mo alloy micrographs obta ined show far more irregularity than 

those from W-Mo alloys. Physical and electronic factors have been shown 

to affect the nature of alloy micrographs. Field ionization and field 

evaporation processes in alloys have been discussed. The size differences 

in the two species forming the alloys have been suggested to be responsible 

for the presence of bright spots. The greater regularity of the Mo-8 Ta 
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micrograr'hs . over those from Ta-lO Mo has been sh6wnto··be in accord with ' 

.predictions based on field evaporation from dilute alloys and the un­

expected large difference in the regularity has been accounted for by 

considering theJ?olarization and heat of solution terms in the field 

evaporation equation. 

Computer simulation· of images from random and clustered alloys has 

been performed on the assumption that solute atoms do· not participate in 

image formation. The far too great regularity of. such. computed images 

. ""indicates that the total invisibility criterion is an oversimplification. 
. . 

··A qand structure results when deviations from randomness become appreci-
. . 

able in"the clustered alloy. Contrast to be expected from a demixed alloy 

in"the Ta-Mo system has been discussed buj::;the available experimental 

evidence did not reveal such contrast effects. It has been c::>nchided 

". 0 
that th(! width of suchdemixed zon~s probably exceeds~ JroOA. However a 

t~ri.dency for. local clustering on the [200J planes was observed in the 

Ta-50 :M..oalloy. 
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I. INTRODUCTION 

When 'atoms of two or more elements are able to share - 'with chang-, 

ing propOf'tions_~and:various • sites of _ a given. cry?ta;l: structure, a 

solid solution is formed. This concept of solid solution was introduced 

by Mattiessen in 1860 but did not become generally recognized until the 

advent of the Gibbs phase rule.. After these initial formulations, few 

developments in the theory of solid solutions occurred until x-:rays were 

applied to the study of metal structures. Since that time, the develop­

mentof' the theory of solid solutions has advanced rapidly. Hume-Rothery 

and Raynor were the first to set forth the factors which con t rol the 

structure and properties of 'solid solutions .. The electron theory of 

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

others,has also been effectively used to formulate the structure of 

solid solution alloys. 

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

irreglJ.1arities in the crystal both electronic and structural. The elec­

tronic disorder arises from the fact that the electronic charge distri­

bution is no longer truly periodic in the crystal when solute atoms are 

present. Structural disorders, can arise from the differences in size 

betweerr solute and solvent atoms which produce the Huang- effects. The 

atoms, thus, no longer reside on the average lattice sites .. 

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

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

enough low energy states to accomodate all of the electrons in the crystal. 

;BiYert'sen: and Nicholsonl have discussed the principal factors that alloyT 

the description of electronic structure of the alloy.. Since it is the 
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modified electronic str~cture of the surface of the alloy, which is . 

i...'1laged in the field ion microscope (the next section deals with this-

image formation) the field ion microscope is becoming a,valuable tool ..... 
" 

in the study of alloys~ ..... ". 
; 

l..l Field Ion Microscope 

From the beginning it has ,been the aim of the microsc0pists to see 
, -

,the very small.. < Fora hu..'1dred years the optical microscope r..as served' 
:' ~. 

to lool( into the microstructure' of metallurgical mater'ials. In the last' 

tyro decades more pOHerful techniques involving, x-ray and electron micro-
';,:.} . 

scopy have given us a; keen understanding of the relation bet~,;een structure 

and properties.. These haVe a ,much improved resolution over, the optical 

microscope, but still fall short of resolving individual atoms. This 

logical limit to' mic:t,oscopy has .been achieved l·rUh the adyent of the 

field. iori. microscope invented by l!Iu':Uer in 1951. 

" 1.1.1 Image Formation in the Field-Ion l-1icroscope 

A schematic drawing of the m:'croscope is given in Fig. 1. Gas 

molecules; generally helium, at a lo.-r pressllre of 1-511 arrive at a tip 

maintained at a positive potential of afe'\v -r-V. Upon co11isionwithth~ 

tip surface they 10se part of their 'kinetic energy and if the rebound 

energy is too small the gas atom is trappeclwithin -the region near the, 

surface of the tip. If it does, it will lose further energy on each 

. bounce. and proceed to hop over the s:urface of the metal until~ after 

.haVing been, slm-leddo"m in a sequence of.up to' several hundr~d contacts) 

they l0se an electron by tunneling. This process is kno"m as field ion- .. 

ize.tion..The ion formed is accelera.ted by the 'field andtra vels in a 

radial dlrection tO~tTards the phosphor screen where it gives rise to . 

"\ ~. 

;. ; 

" 

,~ :~, 

i,~~1:' 

... ·l'.:::, 

" , 

". ~. 
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clear visible dots. A.schematic view of image formation in the field 

ion microscope is given by Fig. 2. 

If the field 'on the surface atoms of the tip is high enough then' 

they can-,be evaporated as ions. This process is known as field evapora­

tion. Field evaporation constitutes the strength of field ion microscopy 

since it allows clean atomic surfaces to be looked at and since it reveals 

the bulk structure of the specimen by careful removal of atomic layers. 

o 
The field ion inicroscope is capable' of a resolution of 2-3A and 

therefore can display the atomic arrangement on a metal surface. The 

microscope is thus ideally suited for investigations. ,in which the behavior 

of atoms in a metal crystal is to be ronsidered. In particular it has 

shed valuable information in the study of lattice imperfections, structure 

of metals. and ,alloys, and the dynamics of radiation damage. Valuable 

information has been mostly obtained from pure metals, the micrographs 

of' vlhich are characterized by extreme regularity. 

1..2 Work on Alloys. 

Field ion microscopic studies of alloys; however, has. progressed at 

a much slower pace. Except in the case of ordered alloys, the ion :Lmges 

from alloys are extremely irregular., A significant limitation imposed by 

such a lack of crystallographic regularity is that it is very difficult 

to recognize and determine the nature of any lattice defects present. 

In the past,two systems, namely the W-Mo system and the W-end of 

2 
the'W-Re system, have been studied quite extensively. Caspary and Krautz, 

who investigated the W -Mo system, obtained micrographs from alloys contain~ , 

ing 25,50 and 7'Y/oMo; and ,compared them with those of pure Wand Mo. The 

micrographs were found to be quite regular though the ,irregularIty in-

creased towards .the Mo. end. They concluded that the random surfaces are .. 

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

at two single phase' a~i6ys" viz o;w..;5 a/oR,?- andW-:-26 a/o'Re' and a two-

, phase alloy .containiqg ,34 %, Re: The single...,phas.e concentrated ,alloy was 

found to yield very'irregular images. ' The two-phase alloy was shown to 

exhibit contr~st duet,o the ~-phase'.' They also presented evidence to 

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

between the atomic speCies. 

Work on individual alloys hasbeericonducted to understand specific 
, , 4: 

,phenomena, such as field evaporati~:m~ DuBroff and Machlin studied the 
. . . . 

field evaporation and ,imaging characteristics, of dilute solid solutions 

of g'old, cobalt, nickel, tungsten, and palladium in platinum. They in-' 

, terpreted the vacancies observed on high index planes to arise out of 

preferentia.l evaporation of solute atoTm;l'or of solvent atoms or of both~ 

All previous work on alloys has thus resulted in the formulation bf 

these two questions: ' 

1. How, doe s the solute atom affect 'the fieidioniiationand field' 

evaporation of the solvent atoms? 

2. Is it possible to distinguish between the atomic species? 

Answers to ,these'questions are at best 'only partially known though 

" 

theories and methods have been'put forward. A deeper understanding of 

the basic processes of' field ion microscopy as well as a vindication 

(or a ,refutal) of the theories is, however, possible only with more data 

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

a studyto,:be madecf the bulk structure,of materials cart be effectively 

used to determine the distribution,?f ,the ,'\j,?,o atomic species in an alloy. 

It is thus possible: to'detectariy'tendency -for. deviations '"from random dis-

tribution:., Eviaencehas thus'oeen obtained/,to, shoWth..8;t 'the Re atoms: in 

-, 
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w-26 Re alloys tend to cluster.3 Controlled field evaporation in such 

cases will fUrther indicate the extent of such zones and it is then 

possible to relate the mechanical properties of the alloy to the loca,l 

structure. It vms therefore decided to investigate an alloy system in 

,.;hieh these consid.erations can be important, viz the Ta-Mo series7 for 

which a previous investigation by techniques other than FIM indicated 

that these solid solutions are demixed. 

1.3. Choice of a System 

The ,previous secti,on on image formation shows a,'serious limit;,.' 

. ation of the field ion microscope. It is evident that successful field 

ion microscopy is possible only for those metals where the ionization 

field is lower than the ev~poration field. In most metals, field evapora­

tion occurs' below the threshold. field of ionization and only refractory 

metals give stable helium ion image's. Atte'nt'ionwas thus directed towards 

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

to their refractoriness, their alloy systems possess interesting mechanical 

properties. Of the six possible binary 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 concentrations. 

As mentioned be:(ore, the W-Mo system, belonging to the ductile group has 

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

was therefore chosen since considerable information on its alloys is 

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

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

The use of low temperatures in the range of 77°K'has been the nor~al 

practice in field ion microscopy. To obtain high re$'olution micrographs 

it is, however, necessary to work at lower temperatures since the resolution 



I:" 

o is proportional to the half power ofT. Working at lower temperatures 

confers other adVantages as well. 
. . . ' 

The working range"which is the region 

between the best imaging voltage and the field, evaporation voltage, is 

widened at low temperatures and tperefore operation 'below 30
0

K becomes 
, , 

mandatory in most cases. . Besides, theiricreased resistance to plastic 
, , 

flow at low temperatures reduces the possibility of specimen deformation 

due to the electrostatic field and cryogenicp0mping of the system re-

duces the contamination rate .• 

Both Ta and Mo are not' imaged ',satisfactorily at';'77°K. For Ta, the 

resolution is p:oor .and for Mo, ,the working range' is extremely short. It 

was there.fore decided to conduct the field ion micro'scopy of the Ta-Mo 

, system at temperatures . below 30° K.' 

" . 

-.)' 

.' . 
f' 

,: 

, . 

, i , 
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2 .EXPERD1ENTAL PROCEDURES 

2.1 Lo",' Temperature Microscopy 

The present study was conducted in a stainless steel microscope 

fitted with a liquid hydrogen cryotip. The advantages of working at low 

temperatures have already been enumerated in the previous section~ Tem­

~eratures lower than 30
0
K are obtained by using liquid ne.on (27°K), 

liquid hydrogen (21
o

K)., and liquid helium (4°K). The use of liquid neon, 

at a cost of approximatelY $100.00 per liter is prohibitively costly; 

liquid helium, on the other hand, poses problems in the design of micro­

scopes since the losses due to its extremely rapid evaporation have to be 

minimized. Liquid hydrogen, in spite of the safety hazards associated 

with its use, has been most commonly u~ed. In the present study, a 

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

a source of liquid hydrogen. In the cryotip, a small volume (2-5 cc) of 

liquid hydrogen is generated and maintained in a sealed portion of the 

microscope, thereby eliminating storage, handling and transfer. The ex­

plosive hazards attendant on the use of liquid hydrogen are thus avoided 

completely. 

2 .. 1.1 Cryotip 

.::,> The liquefier, a schematic diagram of whl.ch is given in Fig. 3, is 

"ai 

an open-cycle Joule":Thomson refrigerator and has two separate circuits, 

one each for the nitrogen and the hydrogen gases. The main purpose of the 

nitrogen circuit is to provide the precooling of the .hydro,gen below its 

inversion temperature (1600 K) 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 esse~tiallyat room.temperatur~. The copper. block (see Fig. 6) is 

the onlypo:r,:t{on of'~h~ 'heat exchanger assembly which is at liquid hydro­

gen temperature. However) by regulat~ngthe gas pressure above the 
. . ,. . 

liquid pool)' known as the hydrogen back press'ure) aIT temperatures in the 

o 'So . range of 77 K to. 1 K.canbe ,obtained. The cool~down time depends upon) 

. a). the refrigeration ava.ilable) b) specimen load, and c) direct heat 

leak. Table I gives typical cool-down tiines for a few combinations of 

hydrogen and nitrogen pressures •. 

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

Initial pressure 
before.inletof 
gases 

~10-5 

lx10-5 

1><10-5 

liquifier. . 

N2 pressure· 
.. (psi) 

1400 

1500 

1500 

H2 pressure 
. (psi), 

1000 

1100 

1200 . 

"2.2 Field Ion Microsco;p~ 

2.2.1 Description of the Apparatus 

. Formation time 
(mins) 

liq.N2 lig.H2 

8 35 

6 30 

6 25 

The microscope was designed s~ that the cryo:tip can be fitted' onto' 

it in a facile manner. The microscope consists of three parts) a) the 

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

schematic view of"9he overall set-up is given in Fig'. 4. Figure 5 is a 

photograph of the entire microscope with all units used in experiment. 

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

. is inva:riab1y helium, the other can be neon or hydrogen·. The image gases 

I,"', 

...... I 

I " I 
.1 
.1 
j 
I 

I 
I 

vi 
I 
I 

i 
i 
t 

I 
j 
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ivhich are of research grade (99.999.5%:purity) are contained in liter 

, bottles at 80 psi and can be bled into the gas supply system after evacu­

ation of the system, by means of a Granville-Phillips leak valve. The 

vacul1.'!l· system, which pumps both the gas supply system and the microscope, ' 

consists of a rotary pump backing a 2-inch oil diffusion pump with a 

stainless steel liquid nitrogen trap. The vacuum joints between com­

ponents'are made of copper O-rings. The ultimate vacuum is read on a 

Veeco ionization guage. 

The microscope head is made of stainless steel and has three 

openings, a 4-1/2-inch opening for the cryotip, a 5"';'inch opening for 

the screen and a 1-1/2-inchopening for conr:ecting to the pumping system. 

Two types of specimen holders have been used+ One is the cryotip it­

self with provision for attaching the specimen. The other is a specimen 

ho+der made of glass which has been used to study specimens at liquid 

nitrogen temperature. 

Figure 6 shows a schematic view of the microscope head with the 

cryotip sealed off from the surroundings. The copper block at the 

bottom end of the cryotip is attached to the specimen through an inter­

mediate alumina block 1/4-inch in thickness. The alumina, which is 

threaded onto the copper block, provides inSUlation between the tip at· 

high potential and the grounded cryotip. At the same time, by virtue 

of its high thermal conductivity, the alumina also serves to cool the 

specimen to liquid hydrogen temperatures fairly rapidly. The high ten­

sion lead, which isa 1/8-inch thick tungsten wire, 'is brought into the 

chamber insulated by means ofa glass tube and is' connected to the 

specimen through a thin wire. Early results showed that good thermal 

contact between the alumina and copper blocks is essential for the 
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specimen to reach temperatures near 210 K and be maintained there. This. 

was .achieved by coating the well-cleaned bottom surface of the copper 

block with a low melting gallium-indium eutectic.alloy and by vapor de-

positing pure indium on the top surface of the alumina block before 

bringing the ti.,ro surfaces together. 

Tne other specimen holder, made of glass, is attached to a flange by 

means of a Kovar seal and can befitted to the .microscope head. Leaks 

through the Kovar seal giving in at liquid· nitrogen temperatures have 

given considerable vacuum problems and it is a~visable to use c~ppc~ 

seals. The specimen holder can .be filled with liquid nit~oge~. It is 

thus possible to look at specimens·at 77°K. 

The screen isa5-l/2-inch diameter, 'l/4-inch thick pyrex disc. A 

transparent tin oxide layer deposited on its surfaces helps to keep ·the 

screen a.t ground potential. The phosphor is deposited on the screen 

6 
using a technique described by Gomer. ' 

2.2.2. The Pulse Generator 

An attractive tech~ique in field ion microscopy is controlled field 

evaporation,whereby surface atoms can be removed by application of pulses 

of electrostatic field greater than the evaporation field. Particularly, 

for studies such as . examination 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. This can be 

.readily accomplished by superimposing onto the best imaging voltage a re­

petitive pulse or s.ingle pulse voltage with an amplitude,justsufficient 

to cause field evaporation. 

~/ . 
~' , 

v. 
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A Ve10nex pulse generator Model 350 provided voltage pulses with 

desired amplitude, width, and frequency. The pulse shape is app~ox­

-8 imate1y square with a rise time of 10 sec. and a fall time of 

sec. The pulse width can be adjusted from 0.1 ~sec. to 200 ~ 

sec. The typical pulse amplitude vias 1-2 kV in the field evaporation 

process. The schematic diagram of the field evaporation pulsing 

unit is shown in Fig .. 7. 

2.3 SEecimen PreEaratio~ 

The specimen preparation is the single most important step in 

successful field ion microscopy. Tantalum and molybdenum are avail-

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

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

alloy crystals were first obtained as rods grown 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 purification by the refiner results from the high energy.of 

the electron be~m which is capable of decomposing the most stable compounds 

of the refractory metals with the common interstitials such as oxygen, 

carbon, nitrogen, and hydrogen. The alloy crystals were prepared by melt-

ing together proper combinations of tantalum and molybdenum rods of differ-

ent diameters. Complete mixing of the alloy constituents, thereby assuring 

a homogeneous crystal, was achieved by giving a number of passes, generally 

four, and by melting from top and bottom on alternate passes. To check 

the homogeneity of the alloy, a disc of an alloy rod was mounted into an 
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" , 
electron microprobe analyzer, along with pure Ta and pure Mo. Counts were 

, ta.k~na,t 'intervals of 100 p." The composition deviation's w~re found to be 

less than 3%.1'he exact compositions of the alloy crystals were then de-

termined'by measuring the lattice parameters and by comparing the present 

'data with those for the Ta-M~' alloy system measured previously (Fig.8a') .. '7' 

An x-ray diffractometer was employed to measure the lattice parameter and 

the alloy powders were prepared by filing the ,rods carefully. The lattice 

parameter computed from the high' angle lines was plotted against sin2e and, 

'extrapolated to 1. ,The compositions of the alloys grown were determined to , 

'be Ta-IO a/o Mo, Mo~8, a/o Ta, and Ta-47 a/o Mo. The Ta-47 a/o Mo alloy, 

for. convenience, will from now on be referred to as the Ta-50 Mo alloy. 

.' " 

, "Field ion specimens are generally prepared from thin wires and the 

reduction of the alloy rods to such wire form poses problems • While the 

concentrated alloy is inherently b~ittle,even the normally ductile dilute 

alloys were found to be extremely brittle under the compressive and twisting 

conditions of swaging. The two end alloys, however, were successfully re-

duced by a combination of swaging and cold rolling. The rods were jacketed 

in a stainless steel tube and swaged in small reductions t'o 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 mil 

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

'were annealed for 24 hrsin an annealing furnace at 2000 ... 2200
o

C in helium 

atmosphere. The helium used was or' 99.9995% purity obtained in a helium 

purifie.r. Pure Ta was used as the resistor in the furnace. 
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This method was found not to be applicable for the Ta-50 :r.c~ al::"oy 

which is too brittle. Spark cutting has proved to be the only metc~d 

that is fairly successful. The cylindrical rod, 1/4-inch dia;:;:., "Tas 

first sectioned on the spark cutter longitudinally. The strips obtained 

were cut at uniform intervals to.obtain wires of square cross sections. 

T\venty rr.il thick wires were fOlL.'1d to be of the .optimum dinension~ 'J'hinner 

w'ires crumbled while spot welding to the nickel Ivire of the specimen holder 

preparatory to electropolishing, whereas thicker wires took too long for' 

polishing. 

2e3b3 Preparation of Field Ion Specimens 

° Tips of a few hundred A radius are necessary for ion imaging at low 

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 conveniently polished in a 20% aqueous solution of KCN 

at 5-10 volts AC. The double layer method, whence the specimen is dipped 

in a 2mm layer of the electrolyte floating on top of a bath of carbon 

tetrachloride, has been adopted. Specimen preparation,by this method has 

been found to be very fast and reproducible. The polishing of Ta, Ta-10 a/a 

Mo,and Ta-50 a/a Mo is considerably more' difficult. These were 

electropolished in an electrolyte consisting of 4 parts of HF, 2 parts of 

H2S04, 2 parts of H
3

P04, and 1 part of acetic acid to which someHN0
3 

was 

added. An iridium cathode was used and polishing was done at 10-15 volts 

dc, 0,,1-0.15 amps, and -IOto _20°C. The low temperature was meant to re-

duce oxygen and hydrogen pickUp. Normally, the impurity pickup during 

polishing is not a serious problem in field ion microscopy since under the 

high field conditions near the tip, the impurities are ionized and removed. 

In the case of bcc metals however, the b:dttleness associated with "1:;-:'.e 
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presence, of smallamour~ts of impurity makes it necessary to minimi'ze such 

diffusion of i,nterstitials. The method is not reproducible; in particular 

'Ta-10:a/6Mo specimens gaye extra difficulty while polishing. The tips 

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

apparently due to oxygen embrittlement during polishing. 

,Polished specimens were looked at with an optical microscope for 

sharpness and absence of multiple tips. 

2".4 Operation of the Microscope 

The specimen;:! were first observed at liquid nitrogen temperature 

'using the dummyspeciI11en holder. This served to determine whether the 

specimE!TIS gave large streak-free images. ?nly good tips vTere transferred 

to the cryotipspecimen holder. After attaching the cry ot ip to the micro~ 

scope head, the system is evacuated to a vacuum of lxlO-5mm Hg or better. 

The nitrogen gas and the hydrogen gas circuits are opened ,to the cryotip, 

carefully folloWing the instru,ctions given in the cryotip ma:nual,~ In 

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

capacity 'of alumina, it is best to wait for at lea~t 15 minutes so that the 

specimen will reach temperatures near 21
o

K. Research grade hellUlii'is let 

'inat.6xlo-
4 

p;essure (lxlO-
4 

on the ,ion guage) and the voltage increased 

graduaily. ,The image is observed either directly or, ona iOx ocular tele-'" 

scope. Since the image intensity is low, it is necessary to have the fastest 

possibl!=combinations of film and camera lens. A Canon Camera with a 

f.O.95 lens and 'suitable extension rings for close-up work was used in con.. v 

junction with Kodak Tri X film (AsA 300). The fi~ is developed in acufine. 

Because of the large aperture optics, perfect focusing is essential and is 

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

best focus 0, 
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3. RESULTS 

3.1 Tantalum-Molybdenum System 

Tantalum and molybdenum fo!m completely miscible solid solutions with 

each other as do all'the other binary alloys of the fourrefr.'.lctory metals 

I'w) Ta) Mo) and vI. The phase :diagramof this system is given as Fig. 9. 
. T 

Previous >'1ork on the Ta-Mo system 'has shown that alloys in the composition 

range of Mo-19Ta to Mo-58Ta cleave on the {lOO} planes. X-ray intensity 

measurements indicated that there existdevii3.tions from random solid sol-

ution in these alloys. It';was suggested 'that cleavage occurs due to a 

violation of the :strainenergyrestrictions on the :'elastic coeffic'ients 

ina 10caVregion of the crystal. 

3.2 Work on Pure Tantalum 

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

77°K and 21 o K) respectively. The splendid resolution of Fig. 11 clearly 

brings .out the advantages of working at lower temperature. Since the 

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

MUller
8 

in detail) only the important observations, which will be useful 

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

develop a large number of planes, in particular {200} which is developed 

poorly in Wand Mo, with excellent resolution. The micrograph has a 

characteristic intensity distribution: the square {002} region bounded 

by (OIl} planes is bright, whereas the triangular {222} region also 

bounded by {OIl} 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 
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[112Jto , (114}is found 
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tObe~characterized~y'~ random appearance brought ' 
. , 'I 

.~".> " ' 

ab~utby a r~a'rrang~ment, of atoms> ' The pr~mine~t spots 
" .,' ',," ',"8":"" ",', 

have :been' suggested;'to}Jed1).e :to metal atoms in'low ,coordiriationsites •. ' 

in the se ' re gions , ' 
.. ./' 

;,', I ' 

Sucl:J.sites may be stabilized under theinfluEmce'of 'the field if,thegain 

iripolarizati~n binding energy due ,to increas~d:field\ penetration is ~) ... 
, , .' , 

greater, thanth~ los:~',in electronic binding energy. 
" 

.. :.': 

',,3.3 Work on Molybdenum 
'-' 

F;igure 12" is: a field 'ion micrograph of Moat 2loK. The number of . ',"-,) .. ~' 

pla:n~s'appearing,welldeveioped and well resolved is considerably less,> " 
'. ,," 

than in'i'a~, ' This-is to be attributed to the higher 'strength of the Ta,',,;". 
'.'1' 

':.1.att~ce,:as well, Cl,sthe poor working r~nge of Mo.... In;Mothe {222} region,s 

in' particular, Yie'{duncter' the shear component of the field str,ess.. M"Uller9 

has, suggested that the dislocation loops formed as a result of this 
~ " -

yielding) are,responsible for the, random appearance of the {222}<planes 

'in Mo~ Th~ dislocation loop contrast'obtained in field":"ion,micrograph~,' 

has,been considere'd carefully by the author, Petroff .. and Ranganathan. _' , 
". : ) ~" ~~ .. ~ ... ~{: ':. ,', 

The:fhters~'ctio~ of .'iloop on the specimen surface results in welldefihecCJ',' " 
1; ~ ... 

• i!l'lage~ contrastd1H~ :to the two line segments ,thenature of which is defined',;,:, 

by th~ Burgers' vector and the habi tplane of, the loop. A more detaiied' 

di~cussionoftheioop'contrast is ',given in Appendix ,2. It is to be 
" 

.. ~ .. ," concl~ded that the,pr~sence of dislocation loops c'annot be 'the primary 
.. ~ r·· ,,', 

ca\lse" fqr this random appear,ance of {222} plane s in MO~ ,The Mo micrographs" 
..... 

show ,other' differences, as ,weTl .. from'the Ta patterns~ The intense ,square" , v' 
". . ,. '. . 

.:,' 

, T~gion:bI:Tais'dim'in:'Mo yrhile'"the 'Weak ,regions"ar.6urid, {222} , in Ta are 
: .. ~ .' 

eiceedingly bright:..:, The presence of low coordination sites identified by 

theirb:{ightne.ss is not observed.. The [OOlJ zone decoration line running, " 
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between {Oll} arid {002},planes) totally C),bsent in Ta,is observed, though 

rtot in a clear fashion as in W. Since ,these ,features arise as a result 

of the field penetration it is to be qoncluded that polarization effects 

are much stronger in Ta than in Mo; this point is discussed at length 

in Sec .. 4.3. 

3.4 Work on Mo-8TaAlloy 

Of the alloys of the Ta-Mo, system studied,Mo-8Ta gives the most 

regular images.. Figure 13 is a typical field ion micrograph from a 

Mo-8Ta tip. The orientation is an unusual (100) compared to the normal 

(110) texture developed by Ta) Mo, and W. This is obviously due to the 

severe deformation introduced during the reduction of the alloy rod to 

a wire and the subsequent annealing. All the specimens of this alloy, 

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

3.4.1 Mo-eTa at 77°K 

In view of the ease "lith which Mo-8Ta specimens can be prepared and 

the reasonably good images they cast even at liquid nitrogen temperature) 

this alloy was studied'both at liquid nitrogen and liquid hydrog~n tempera­

tures .. Figures 14 (a-c) are a series of micrographs, taken at 77°K with 

considerable field evaporation in between. 

Figure 14 (a) is a helium ion image at9 kV. The (200) which appears 

first as a result of earlier field ionization is found to be absent. This 

could be due to the presence of a pit. Continued field evaporation 

resulted in a shift of the image to Fig. 14 (b). The {nO} planes are 

rather poorly imaged but the (200) plane at the center has come into 

existence .. Figure 14 (c) is the irnage taken at the best imaging voltage) 

obtained after further field evaporation. The micrograph brings out nicely 

the (100) orientation of the pattern.. It is apparent that the resolution 
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. .' 

isquit~ 'p~or,~xcePt;inisblated regions nea;,:t':heJIIO} .and {222}. This 

is in accordance with the behavior to be eXpected from a Mo-based alloy~" 
.~ ... , 

. since the working range for Mo at liquid nitrogen.temperature is quite 
:,' i 

low. In faci:;the i:inage obtained is fairly w~ll 'resolved in comparison to 

. . 
that of a pure Momicrograph and this is believed 'to. be a result of the 

addition of tantalUm .. '. There is considerable solid solution strengthening: , 
, . , ". 

, .. hen Ta is added to Mo up to 18%, (Fig~ 8), and the increased yield 
.' 

. 1 . 

strength enables the lattice to 'idthstand .. the stresses due to the field', 

without much plastic deformation... The slight increase in the evaporation .. 

. field due to ttle addition of Ta possibly contributes. to the improvement . ". 

in image quality:". Small additions of Zr. or l:Ji .which produce spectacular) .... .:. 

'. ". ." ID . 
increases' in theyieid strength of Mo ; are . thus e:xpectedto. result in 

improved micrographs even at liquid nitrogen temperature. . . 

The characteristics of the. Mo micrographs are observeQ to be other-":' ~.'" 
. ,.~.' 

; ~ . 
. -,' 

wise preserved .... The bright triangles bound~d by {110} planes, though 

incomplete because of the unfavorable. orientation, are present. The 
" 

." .' . marked contrast .of image points on either side of the' (111)' zone line"';' 

: ....... ,' 

'. ," 

", .. ' ~ ':. 

.' 

I ~ .... :~.~" . ."' 

, ", •... 

" 

'. -' 

;assing through {Oll} , {112} , and {101} plane s is also clearly ob served .... 

3.4~ 2 •• ·Mo-8Ta at Liquid Hydrogen Temperature .' 
.'''' 

Since low' temperatures have the effect .of increasing the working 

,rang,e in ~e~al~, Mo-8T~a ~hould be expected to give superior micrograph~ 

at2l oK. Figure 15, which is ·a helium ion micrograph of Mo-8Ta obtained 

at liquid hydrog~n temperature, shows that this is indeed so. 

. The 'Occurrence of the typical (001) zone deqoration Ifne present 

in Mo (as als.o in W) establishes 'that the V!orkingtemperature would be 

,~. ~ ...•. 

" l 

. much lower than 77°K., The, intensity d,ifference on either side of the {~12}.:. 

.... 

• I~' 

. .... 
! 
~ 
; 
I 

! 
\ 
I 

r 

·1 , 
,1 
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planes is observed to be much less marked than in the micrographs of 

Mo-8Ta imaged at 77°K., A similar feature can be observed in the Ta 

micrographs presented earlier. The roie that temperature plays in the 

field ionization process is, however} not understood well enough to 

explain this. A good number of planes like (110}, (112}, (310}, and (222} 

are all observed to be well developed.. The (222} region of Mo which generally 

appears 1-1ith poor resolution is delineated with much better resolution 

in these micrographs- (see Fig. 15). 

A large series of pictures from this alloy tip was taken using the 

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

30 jJ.S€c .• It is clear from Fig.. 15 which was obtained after about 30 pulses 

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 energy in a specimen 

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

. 11 
As Brenner· has pointed out, the resolution is found to be significantly 

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

only the edge atoms are visible. 

All the Mo-8Ta micrographs obtained in any evaporation sequence 

show the common features of a Mo micrograph. HOI,rever, in the usually 

less intense square described in Sec. 3.2, some bright spots are observed 

and similarly in the intense triangle bounded by (110} planes there are 

some 'weak spots~ In the section on, the distinguishing between atomic 

specie,s, 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 Me atoms. In Fig. 16 (b) which viaS obtained by a 

single pulse all those atoms are seen to have been removed by evaporation. 
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'Figures l7;(a) and '(b ).wh'iCh we're also obtained 'in 'conse.cutive field 

evaporation pulses.')3imilarly show: the evaporation of'a 'group of atoms 

tentatively identified as Ta atoms" 

.,' 

·The presericeofdislocations has been fre<luentlyobserved in this 
. . 

alloy. Continued field evaporation was rarely found tq change the pole 

through which a dislocation emerged on the surface, indicating that the" 

dislocation line is parallel to the' wire axis. Figure 18 is an example of a 

micrograph showing dislocation contrast on the' (130) plane.. Dislocation 

. . .' 12 
contrast in field ion images has been discussed by Ranganathan. When 

) 

the' dislocation ,line does not li~ on the piane of observation, t, w'e 
.' ~ ~ ,... '. ' 

eonsiderg·,b which gives the component of the Burgers vector normal' 

~, .·.:G¢<the: plane.. (The case wheretlte dislocation, line lies on the plane 
. . ~:~ >3 . , 

. . 

is rare and c~n be di~missed from considerati~n~) This component can be' 

either zero or e<lualto an integral numberof interplanar spacings. In" 

.' ' . " .. ,: ~ ~ " ,'" .:~ 
the first case , i.e., if g- b = 0 net plane rings will appear as rings .. ' ... t' 

, .~ ~ 

. If g • b = nann-leaved spiral results.. A double spiral is observed. to 

be present in Fig. 18 
~ ~ 

and the application of the above g .. brule 
," ' . 

'. assuiningthat it is a perfect dislocation gives' the Burgers vector to'be 

- a/2[111J ora/2 [11IJ .. It is possible to assign,. .in particular cases .. ' 
.' "'!3 : ":~ ", 

a sign to this' Burgers vector from the nature of. the spirals. The relation···' 

of the 'sign of the' Burgers vector to this sense of spirals in field ion 

images has been discussed in Appendix L The disturbance of atoms in 

region A of 'the microscope seems to be due-to the core of.the'dislocation. 

3..,. 5 . Work on Ta-10Mo Alloy·;. 

Figure 19 (a) shows a 'helium ion micrograph from a Ta-l0Mo. tip~ .. The' 

addition of 10 a/o oi'.molybdenum is seen to h?-ve disturbed the field ion 

image extensively •. Since, the addition of Mo also results in considerable 
I 

t 
f 
r 
f 
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strengthening of Ta (Fig.8bJ- the appearance of such random surfaces cannot 

be due to lattice deformation by the field stress. The excellent resolution 

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

did not quite attain low temperatures. 

Tne addition of Mo also results in a good number of dark regions where 

no imaging is apparently taking place; and which persists during field 

evaporation (Fig.19b). The reason for this is obscure, though preferential 

field evaporation is likely to be responsibl~" Significantly present are 

also a large number of bright spots which are also -not removed by extensive 

field evaporation. The discussion in the field ionization section will 

Sh01v that such bright spots are to be attributed to field penetration 

polarization and size difference effects. 

3.6 Work on Ta-50Mo Alloy 

Figure 20 show-~ the helium ion micrograph of a Ta.;.50Mo tip. The 

micrograph is characteristic of a concentrated alloy in that only a few 

,planes 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 intensity 

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 nuinber of spots also 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 image spots are perhaps in protruded 

positions on the surface. It is however difficult to categorize 'whether 



,.,-... 

., ." , '. 

~. '. . 

-22- L 

all these atoms belong to th~ . same atomic. 'species as happens to 'be the 
, .' " 

case in orderedallqys~ Besides the inherent distribution .of atoms in 

the lattice,the'fieldionization and field evaporation processes'are 
J. ,," , 

also to be carefully considered for a clear understanding of the"~ituation. 

Figures 21 (a-c) are a series of micrographs from a Ta-50 specimen. 

showing the effect of local clustering • The· (200) plane in Fig .. '2i (a) is. 

found to be well developed. Figure 21 (b)'.wasobtained by field"evapora-

tion of the surface of Fig .• 21 (a), with a small pulse and it is 'seen that 

the (200) region has become considerably random. After the removal of 

seven more atom planes, Fig., 21( c) was obtained. The micro~raph 'shows the 

appearance of a well, developed (200) region.. ,The series of micrographs 

obtained thus shows·thatthis clustered region 1s :approximately 25A in 

diameter. A good number of such pictures have been observed to 'vary 

continuously in regularity, thereby providing strong evidence for the 

existence of s'uch small clustered regions. This result is in accordance 

with the I'roposalof Van Torne and Thomas 7 that such deviations from 

randomness occur on the (200) plane in the Ta-rich Ta-Mo alloys .. 
\ 
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4. DISCUSSION 

4.1 General Features 

4.l.l Comparison with W-MoSystem 

. 2 
Since Caspary and ,Krautz have previously performed a similar study 

on the if -Mo system, it is perhaps best to compare the micrographs obtained 

from the two systems. 

It is obvious that the ion images 'from the Ta-Mo system are consid-

erably more irregular. Table I~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 fact that 

the two end alloys·of the Ta-Mo system studied are quite dilute compared 

to the two of W-Mo studied by Caspary and Krautz. An asymmetry sLmilar to 

the one observed about the 500/0 solute in the W-Mo system can be observed 

to be present in the Ta-Mo micrographs as well, but the sense of this 

asymmetry is opposite. In W -Mo, the W -based alloys are more regular over 

a larger solute concentration, whereas in the Ta-Mo system it is the Mo-

based alloy that is found to be more regular. It should, however, be noted 

that the compositions of the alloys of. the two systems studied are not the 

same. 

Though the two systems are comparable in that they form completelY 

miscible 'alloys with bcc structure, previous work on the mechanical pro-

perties of· the alloys of the two systems has shown that the're exists 

considerable difference in their plastic behavior. w~ile the W-Mo alloys 

are ductile at all compositions, the alloy crystals in the high concen-

tration range of the Ta-Mo system suffer cleavage on specific crystallo-

graphic planes. This brittle behavior has been attributed to deviations 

from random composition which are possibly brought about by differences 



Table I. List of planes appearing in field. ion images of Ta-Mo alloys and W-Mo alloys(2) 

Zones Planes Mo content Ca/o) of the Ta-Mo Alloys Mo Content (a/o) of the W~Mo Alloy 
uvw 2 2 2 

hk£ h +k +£ 0 10 50 92 100 0 25 50 75 100 

[100J 110 2· x x x x x x x x x x 
200 4 x x x x x x x x x x . :~, 

310 10 x x x x x x x x x 
420 20 x x x x x x 
510 26 x x x 
530 34 x x 
640 52 

[lllJ llO 2 x x x - x x x x x x x 
211 6 x x x x x ·X x x x x 
321 14 x x x x x x x 

''::;-'~ ... 
.:i. I ... 

431 26 x x x x x ':::'.;~~','.' , 

541 42 x .X 

[llO] 110 2 x x x x x x x x x x 
'. '. ~ 

200 4 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 x x x x x 
411 18 x x x x x x x x 
332 22 x x x X x x 
433 34 x x x x x 
442 36 x x x x .J 

611 38 x x .~>'~: 

622 44 x 
552 54 x 
644 68 x 
662 76 x 

(: ., 
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in atomic size of the two species. 7 It is logical to consider the same 

factors to be responsible for the differences in ion images from the two 

systems. This is discussed in greater detail in the field evaporation 

section. 

4.1.2 Effect of the Second Constituent 

It is evident that the addition of a second element is responsible 

for the breaking down of ·the regularity of the pure metal micrographs. 

As mentioned previously there is the overall irregularity of the images 

stemming from the absence of the high, index planes. This, as vrell as the 

. occurrence of pitte~ regions, is due to the preferential evaporation of 

one species • The atomic rings also appear jagged and this local irregu­

larity is possibly due to the size. difference effect .. 

The addition of an alloying element brings about changes in the ion 

images by its effect on the physical properties and electronic properties 

of the solvent •. An important physical property, relevant to field ion 

microscopy, is the yield strength~ For most bcc metals except for Wand 

Ta, the field strength which increases as the second power of the field 

causes yielding in restricted areas. Wand Ta are apparently strong 

enough to stay undeformed at their respective evaporation fieldS. The 

addition of 8% Ta considerably strengthens the Molattice so that the 

(222) regions of the Mo-8Ta are developed without the incidence of dis-

location loops formed as a result of the field stress~ A careful con­

sideration, therefore, of the effect of solute can be used to obtain 

useful information about the distribution of the two species. 

The distinct differences between the field evaporation end forms of 

the three refractory metals with bcc lattice - W, Mo, and Ta, have been 

attributed to the specific electronic structures of the metal surfaces. 
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InW the intensity is more or less uniform throughout. Molybdenum 

develops an intense triangle bounded by ellO} planes and in Ta the 

sai'ne region is dark' except for the (222} plane. As mentioned earlier .. 

there are marked differences in the depiction of the zone decoratiC:1 

lines also .. '3 The inte'nsity differences have been suggested by Muller-

as arising out of a fairly large crystal-orientation and material-

dependent reflection coefficient for an electron about to tunnel ou"':; 

.' of an imaging gas .atom~ We thuseArpect the behavior of the Ta-Mo 

alloy to b~ an averaged effect of the Ta and Mo lattices and i~deed 

the Ta-50Mo micrograph resembles the W ones with even ,intensity 

throughout .... 

. 4.2 Field Ionization in Ta-Mo Alloys 

Image formation in the field ion microscope is governed by two 

important processes, viz .. , field ionization and field evaporation of 

atoms. The distinct differences of the alloy micrographs from those of' 

pure metals are therefore sought to be explained by considering what 

effect the .solute atoms .have on these phenomena. Field ionization is 

considered first and since it is a quantum mechanical process, knowledge 

of vrhich is meager, a summary of the theory of field ionization is first 

. presented b~fore the conclusions that have been dra~~. 

As an atom approaches a metal surface, there is a probability that 

its valence electron will tunnel into the metaL This effect as modified. 

by an externally applied electric field is field ionization. When the 

atom comes closer to the surface than a certain critical distance, X , c 
, 

ionization is no longer possible because all the electronic states 

below the Fermi level of the metal, to which tunneling can occur, are 

occupied~ When a solute atom is added to the solvent matrix, it produces 

,.. 
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a change, .6E, in the electronic energy of the solvent. If the ionization 

energy of the solute atom is greater than that of the solvent, then the 

ion core of the solute will attract a valence electron more strongly than 

will a solvent at()m. This will result in an accumulation of charge at the 

solute ion at the eXpense of the electronic charge distributed/over the 

rest of ·the . lattice. The result of. such a T! spillingll of even a small 

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

tically reduce the local field strength and, therefore, the field ion-

ization rate above the solute atoms, such as to make them invisible or 

. only partially visible .•. The opposite situation is expected if the ion-

ization energy of the solvent is greater than that of the solute.. It is 

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

will become smoothed out by the valence electron shifts. Unfortunately, 

the ionization potentials of :the refractory metals are too poorly known to 

draw useful conclusions of this nature. We can, however, assu~e that if 
! 

the nuclear charge of the solute atoms differ by only one or two from the'. 

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

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

differences by itself ..We canthus conclude that in the Ta-Mo system, 

since the atomi.c number of Ta is 73 and that of Mo is 42, such field 

ionization differen~es could be large, and, as the following discussions 

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

Besides the inherent electronic nature of the solute, a purelyphys-

ical factor such,as the atomic size has a significant influence on the 

field ionization process... Results on the Ta-lOMo 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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This ol:)ser~ation':suggeststhatthese are not c~us~d :by ad~orbedforeign ,," 
. ~.' . 

atoms or rr:olecules (t~: Ta-iOMo' 'it c,an, , for 'exampl~) 'be oxygen diffused < 

'duriTlg prepara~iori6f -the'speCim:~n) the binding'energyofwhich to the 

matrix has beenin:creased by' field penetration polarization. On the 
, ". 

,other hand~the 'consider~blesizedifferenc~ C-5%) between the two species, 
.• :' . 

that results'in a surface with consid~rableprotrusion) is to be considered' 

,res~onsible for this effeCt", ,Above the" surface 'protrusions the ,local 'field 

,is eI'..hanced and, consequently the ionization rate is also increased lead~ng 

to :theforniation of b:right' spots. Also it must be noted that at such' 

protruded ato~s'field,penetration must be higher and the effect of the 

increased field penetration is to reduce the critical distance x beyond 
" ,'" " c 

'whichthe field ionization. of the imaging gas is permitted. The results:'': 
,," ' ." ,14:',,' :,' "', """, " ': " ' " 
:of TSOhg and MUller" hav,e, indicated that the ionization probability 
.' . "'. ','.' '. 

rises sharply at x arid drops, unexpectedly fast, beyond that distance 
c 

, , ' 'C' " , ' '" C> 

with a ,half width of only 1/6A"Therefore, at a protuberant surface atom 
"", / ' 

with the critical distance x reduced by the depth offield penetration,' c 

there is further inCreased ionization probability leading to a brighter , ,,' 
, ' 

. .. ,-. 

',image.. ,The absence of such large numbers of ,spots in the micrographs of, 

'W-Mo alloys studied by Caspary seems to support this explanation .. 

4.3 Polarization Effects 

Pol'arization affects the field evaporation process as eXpressed ,by 

, the field evaporation, equation, 

"There Qis the activation energy for field evaporation and P is the 

binding energy due to surface polarization. Since polarization effects 

, . 
f' 

r ' 
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1 have been shown to affect the topography of field evaporated surfaces 5 
. . 

it is considered before field evaporation .. 

4.3.1 Polarization in Pure' Metals 

The origin of polarization effects has been reviewed by Brandori.16 

Essentially, there are three polarization correction factors corresponding 

to 1) a double layer potential, 2 Y a dipole moment, and 3) the po1ar-

izability of surface atoms. The double layer potential is already accounted 

for in the field evaporation equation written above, since the measured 

work function ¢ has been used iI).st'ead of the. inner potential ¢ o. The 

dipole moment is proportional to l!q where q is the screening distance 

and is nearly the same for W, Moand Ta. The surface polarizability 

correction factor Pis given by s 

P 1/2 (cx -cx.) F2, 
s a ~ 

where CXa and CX
i 

are the/polarizability of the atom and the ion core re-

spectively andF is the field. CX is of the order of 1-10A3 depending 
a 

on the density of the plane and is related to the compressibility, X of 

the metal, since X is a measure of the electrical forces between the ion 

cores. CX. is simply related to the univalent radius of the ion and is 
~ 

commonly of the order of 0.2A3 so that its effect can be neglected. 

Thus, a large value of X indicates a large Ps • Of the three refractory 

metals, W, Mo, and Ta, Mo does not show the presence of atoms occupying 

low coordination sites. In W, such atoms are observed, which are removed 

. by field evaporation at 77°K. In Ta, on tre other hand, they persist 

t -lll f" Id t' t 3 . "K 8 It h 1 d b t' d""'h t -'- le evapora lon a. 00. as a rea y een men lone v a 

such low coordination sites are stabilized by field penetration polariza-

tion and it can, therefore, be concluded that the polarization effects 
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are str6ng'in Ta'but mqch'less so in Mo apdW .. This conclusion is 

• " \ ' ..1:" 

support~d bya comparison of the X values listed, in Table III, where it 

is seen that 1'a -'has' th~ largest compressibility. "In accordance with 

this, criterion,Nbwhich has an even higher x'thah Ta should also show' 

astroi:1g tendency f~r,' stabilization of low coor(iination sites and indeed 
, • " 'j', " , 

No micrographs' show s1..lch occurrence ofa large number of spots occupying 

t ,', b1 . .!-17 me as-ca, eSl,t.-es.: " 

4.;3.2 PolarizatiOn iri'Alloys 

Polarization effects in alloys can become important if the polari-

zation term corresponding to ones,pecies,is larger than the other. Tne 

effect'of polarization in the field ionization of an alloy, having 
" 

di:ffe~entpoiarizatiori.:: c'orrections , ,has 'alrea:dybeen shdwnto reS,ti1t in 
: ". "';" "" ;' " ',: " ',',' r, ;.' , 

the()cc~rrence'Ofbr~ght spots, which' correspond to'~toms with highe~ 
, , , 

fi'eld penetration. The above discussion, , therefore; leads to the con-

c'lu-sion that in T~-Moailoys, ,the bright spots are more likely to corres"; 

ponc'j.to 'Taatoms. The ,effect of polarization on the' field evaporation'" 

process 'will be discussed in the next section .. 

4'04 Field Evaporation 

• . ',.,:! 

" , 

Field evapori'!-tion, fsnow well re'cognized to affect the riature of,,' 

alloy micrographs mainly, through the preferential evaporation or re­

tention of the solute in the lattice... This approach has heen recently 

. ", ~.' 

, '" ,18 
emploY~9-,byBrandonin: the ca,se of field evaporation from dilute 

, ,alloys.. A similar yieW]?oint has been taken, in: the discussion below 

, towards understanding the fie'ld evaporation process ~ 

, ..... ' 

,', '""', ", '(I-

j 

I, 
I, 
I' 
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4.4.1 Field Evaporation Equation for Alloys 

The field evaporation process from pure metals is now relatively 

well understood. Rewriting the original equation for the activation 

energy, QO for field evaporation to include the polarization corrections, 

Q = ~ +~ I - n¢ + P o ,n 

where ~ = sUblimation energy, . ~I = sum of the ionization potentials, 
n 

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

binding energy due to surface polarization. 

In the case ,of an alloy, weare interested in field evaporation from 

particular sites, since these can be occupied by different species. The 

field evaporation'equation has to be modified therefore to account for 
I 

, , 

the changes in the various parameters, appropriate to the particular 

speciesoIt is apparent that there are two distinct cases to be con-

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

is 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 immediate 

Ibcality of the solute, but may extend to the nearest or second nearest 

neighbor'atoms. The case, of the dilute alloys is considered first" 

The activation en~rgy QB necessary to field evaporate a B atom from 

the surface of a dilute: alloy ofB in A can be calculated by considering 

the following cycle: 
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Evaporate a .~ atom 

2. I6~i'z~'it~n·'times where ne is the:~harge with which B is 
, -

-, ionized ihthe field .evaporationprocess::: 

'. ,'; .:.~ 

, . 
.'.'. 

RetUrn the· n electrons to the ~trix A. 

Q,B' is therefore given by 

= A. .. L:IB '-'·n;;' .+ P(B) . B T n 'flA 

,.There ~is. the sUblimation energy of B in A) and P(B) is the polariza-

tion correction appropriate to· the B atom. 

" ' A.B is approximately given by15. 

. .'~ 

when A.o is the sublimation energy of 'p~e Band HS is the heat of solution •. 
,. ", ~ 

Since the alloy is dilute the activation energy Q,l for evaporation of 

,A can be equated to its activation 'energy Q,~,' of pure A. AA it therefore 

given by 

Q,t 0 
A.

0 + L: 
t-. 

,n¢A + P(A) = Q"A -.'A A n .~ .. ~ 

.. where the parameters have the same meaning as before, but refer to the 

speciesA. For convenience, it has been assumed here that both A and B 
. . 

ionize with the .same. charge ne in the field evaporation process. 

Since . the difference in ,the twb activation energy values Will de­

cide which component will be: preferentially field evaporating and to ' 
. . ' 

what extent. wedete.rmine Q,! - Q,f· to be / 'A B . ' 

P(B)· 

'." ~ 

~ " 

.. \ . 

-." 

I . 
.,:\ 

! 
j .' 

1 
" 

! . 
.; 

i 
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This expression is exact for field evaporation of A and B from the same 
, -

or equivalent sites in the lattice. For atoms on different sites. (sites 

that are on different planes or that have different coordin?-tion, etc.) 

the differences in binding energy and in the field enhancement factors 

operating at the two sites muSt be taken into consideration .. 

18 Brandon has' discussed in detail the case where the solute a-:Oms;· 

represented by f3 in our discussion, are preferentially evaporated. The 

field at any site is related to 1) the local radius of curvatUre, and 

2) the local lattice geometry, usually, the lattice step height. For 

,field evaporation on a high index plane, since the sUblimation energies 

of atoms in the edges· or at the interior differs only by the binding 

energy of the 3rd or 4th nearest neighbors, the activation energy for 

field evaporation is very nearly the same in the absence of any field 

enhancement. Of the field enhancement factors mentioned, the first one 

denoted by 131 is not important for atoms on the same plane, thereby 

making the other factor 132 to be responsible for edge atoms evaporating 

first. However, this factor drops off rapidly for lattice steps on 

crystal planes of increasing high index and it is therefore obvious 

that it is the magnitude of the difference Q,l- Q,~ which will decide if 

the solute atoms in the interior of the high index plane will also be· 

field evaporated. If field evaporation takes place at lattice sites 

within a plane, then pitted surfaces are to be expected. As the differ­

ences get larger there will be random field evaporation from the low 

index planes as well~ On the basis of such arguments, Brandon has pre-

dicted that thefi:eld ion images from a dilute alloy of a refractory 

metal in a less refractory matrix will be more regular than the image 

from the alloy of some components but with atomic fractions:.reversed. 
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4·. 4 ... 2 Factors' Affecting Field Evaporation in Alloys 

. Our discv.ssionindicates thattpe. greater the difference ·.of (\A1 
.'_ (\1 "(, "(,B' ....•. 

the greatervTill be the difference in regularity of the micrographs from.··· . . 
the .end alloys .. Before applying such a consideration to the .Ta-Mo alloys,; 

it is useful to consider the factors that determine the magnitude QI Qt 'A - ·Bo 

These. are: 

1) &j the differences in sUblimation energies of A and B, 

2) . LU, ,:the differences in the ionization potentiais of A and B" 

~ . ~' . 

3) 

4) 

- .... '.. . 

polar;j.zation differences', P(A)- P(B), and: 

. Except of &,. all the other terms . are only poorly known for the 
. . - . . ~ " 

.• > refrar;::tory metalS,. which arec6mmonly studied with the field ionmicr,o-· 

scope. still many usefuL qualitative conclusions . can be drawn by ·con.,. 

sidering them.~arefully. Since the calculated evaporation fields of 

pUre metalS do hot include polarization corrections, .the first two 
.. 

. factors can be conveniently treated together and their effect will be 
, '. ,-

. ,'. 

indicated by ·the differences in the' calculated evaporatiQn fieldsQ~ anq·.· 

Q
B 

for these metals~ . These are listed in'Table IIr.
18 

If; on the other. 

. hand, the evaporat.ion fields are determined by experiment, only heat of ., 

. solution has to be considered separately. In the absence of such data,···· .. 
polarization differences have to be determined in an empirical manner as 

"'Tas described in the section on polarization effects.. Either the com-
.. . 2 

pressibility data or the dimensionless parameter (r -r.)r vrhich .. a ~ a . .. .' m . 
Brandon has employed . era is half the nearest. neighbor spacing and r i 

is the univalent ionic radius) can be used asah index for the magnitude 

of polarization effect. The heats of solution, also, have to be similarly 

determined since thermodynamic data· for these systems do not exist. 

;': .. ," 

I 
. ~ 

l 
I 

·f 
l. , 
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According to quasichemical theory, the heat of $olution iis'positive if 

clustering occurs and negative if ordering-is, favored. Deviation from 

VegardTs law can give valuable information on short range ordering or 

clustering that is exhibited ,by an alloy. Thus"a positive deviation, 

from Vegard t s law can, be identified with a tendency for clustering and,' ' 

therefor'e, a posit:i,ve' heat of solutidn~ _Simila~ly, a negative deviation 

would implY a negative heat of solution. 

4.4~3 Field Evaporation of Ta-Mo Alloys 

These considerations can nOvi be applied to the Ta.;..Mo system. The 

polarization effects of Ta and Mo have already been discussed and it was 

shmm that P(Ta)·- P(Mo) is expected to be considerable. Since, as 

MULlerl1 has shown in _the case of W, the polarization term will'.in- ' 

crease for the high index planes, 6P for Ta-Mo alloys would also increase 

for such planes. The ,lattice parameter data of Fig.8(a) shows that there 

is a positive deviation in the Ta-e'nd of the Ta-Mo phase diagram and thus 

a positive heat of solution is inferred. These two positive contributions 

along with the positive 6Q(= CL .. - C)" _, see Table III) will therefore make 
, ~a !Mo 

QT
t ~ QM

t quite large. For this reason, it appears that the Ta-Mo micro­a LO 

graphs ,are exceedingly disorganized in spite of the low solute content. 

It is also easy to see why this efJectis not too pronounced in the W -Mo 

system. The compressibility data indicate that the polarization corrections 

.should be approximately equal for Wand Mo an9- the heat of solution from 

" the lattice parameter data is inferred to be zero or negative. ,Thus 

Q! _.QI~ is not large enough to cause serious irregularity in the W-Mo 
\i7 !Mo 

micrographs. 
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".' 

Some useful properties' of· 
Mo, Ta and \'1.' 

. ' 

" 

====================~===================,., ' 
z 

h2 

,·:"73 

. 74 

A 

x 

. , 

''':,". 

'. ".' , 

• "-t;. 

l .. 

Element ¢ A 

(eV) (eV) 

Mo 4.30 
, 

6.15 

Ta 6.15 8.25 

1{ '4 .. 52 8w67 

, .. , 

'\olOrk function 

sublimation energy 

Q.0 

(v/A) 

3~ 8', 

4.6 

5.7 

X 
2/K X 106 ' cm . g ., 

.0.36 

. '0.48 

:,., .. ': 

.'~ , . 

;., ; 

: ... . i, 

•. . ~1.' 
<-" • ~ • 

.. 
eV!3-pbration field for evaporation as a doubly chargEid ion~, .. 

" " 

" ',c'ompressibili ty 

... ,). , ..•. 
-r-', . ~ 

.~.-~ . 
. ",,' 

, "!'1 

~ ;" 

"i- , '.~, 

·V·," ,. 

" 
, '. ~ '. ,I. '. 
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4.4~4 Extension to Other Systems 

For any alloy system, Brandonts rule for the case of dilute alloys 

can be expected to hold true. The difference·in the regularity of -'-' vDe 

two end· alloys will be controlled by the difference QA - QB and as seen 

above; this difference will be modified by both the polarization correc-

tions and the deviation from randomness. Of the four refractory metals 

~o, Ta; Mo; and W as shown in the section on polarization, Nb and Ta have 

high polarization corredions.. If we associate short range oro.ering "Tith 

a negative heat of solution and clustering with a positive heat of solu-

tion; - this is true for dilute alloys; - for the ~o-Mo, 1~ Wand Ta-Mo, 

TaW system the application ofVegardTs law to the NO and Ta ends indicate 

clustering and therefore ~ positive heat of solution., Since the polari-

zation corrections also for the system will be large and positive, these 

alloys also will give irregular images "at the Ta and Nb end. Mo':';W and Nb-Ta 

on the other hand are expected to' yield f§1.i:dy regular il1'l..ages at both ends. 

4.4.5 Field Evaporation from Concentra.ted Alloys 

The case here is more complex because we encounter random evaporation 

from both solute and solvent atoms. In very simple terms the situation 

can be explained as follows: If the solute atom of a concentrated alloy 

is less easily eva.porated the solute atoms left behind during field evapor-

ation do not experience a field enhancement comparable to the case where 

the solute concentration is low and therefore tend to remain on the surface. 

It then follows that the concentration of the evaporating species will de-

cide the extent of regularity of ion images. The situation is thus very 

different from the case of a dilute alloy and we can predict that a con-

centrated alloy of a refractory metal in a non-refractory matrix will shm'i' 

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

fractions reversed. 
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4'15 Image Contrast in Alloys 

The field ion images, from alloys are easily distinguished from 

those of a pure metal/ from theft, gross irregularity. An exception is' 

the ;case of :the ord~red alloy which, for all practical pruposes; behaves 

like a pure metal and develops very regular images. In general, the 

.alloy micrographs d6not develop high index planes, shoyr the presence 

of dark or pitted regions where no imaging is probably taking place and" 

a large number of bright. -spots which have been shown to arise out of 

polarization effects .. It is clear that these effects are to be attri-

buted ·to the field ionization and evaporation processes in the alloy and 

as we have already obse~~ed)these processes are modified to a considet~ 

able extent by the 'presence'of the solute. The extent·of this modifica-
.' .' \ 

tion,. though obviously dependent -on the nature and concentration of 

solute, cannot still be predicted for a given system in our present 

state of understanding of image contrast in alloys .. 

4,,5.IA Single Criterion for Field Ionization and Field Evaporation 

Processes in Alloys 

For understanding the contrast from alloys,we i-rill, therefore, con-

sider the effect of the field ionization and the field evaporation pro-

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

computed on the assumption that only atoms lying within a particular 

.. distancefrom :the surface hemisphere can give rise to image spots to 

the actual field ionmicrographs,:;indicates :that such a consideration is 

useful·.. TheirreguIari ty of the alloy micrographs _can then· be attributed 

to the absence of. a-number of image spots.. For convenience, i'leshall 

invoke a visibility criterion and then consider the characteristics of 

." 

I 
i ' 
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the solute that coUld make the solute atom be totally invisible or either 

the solute or solvent atoms be partially invisible .. 

We have already discussed the factors that affect the field io~iza-' 

tion process, namely the transfer of charge and size differences of the 

atomic constituents., The transfer of charge onto an atom results i::l the' 

reduction of the local field and) hence, the ionization rate. The atoms 

may not then give rise to an L"l1age spot or the spot will appear diE. 

SL'11ilarly, the protruding, atoms in an alloy" where the species have con-

siderable size differences, will result in increased ionization over them 

vlith the result that the' neighboring atoms may occur as weak spots.. The 

appearance'of polarization effects will accentuate this situation., A 

'combi,''1ation of these effects has been suggested to render the cobalt 

atoms fn the ordered CoPt\alloy, 19 invisible. Though the crystallography 

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

assumption that c,ooalt atoms are not :Lmaged at all, it is hard to explain 

the absence of the superlattice planes consisting of cobalt atoms only" 

merely on the basis of field ionization effects. For these planes, where 

Co and· pt are distributed on alternate layers, charge spilling cannot be 

very important and it seems more attractive to consider the field evapora-

tion effect to be more dominant. Because of the large differences in the 

evaporation fields of 'pt and Co, the c9balt layers are possibly removed 

from the surface region of the specimen by field evaporation before 

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

tibn and evaporation phenomena together to explain the characteristics 

of alloy micrographs. 

4~5.2 Computer Simulation 

In order to check whether a single visibility criterion unifying 



-40~ 

the field ionization and evaporation processes can lead to random sur-

faces characteristic of the al:J..oY micrographs it was decided to run a 

computer program. It is. now well realized that the general features ~ 

the field ibn image of a .puremetal can be explained in terms of the 

geome-cry of the approximately spherical surface which is obtained v;hen 

20 
a crystal. lattice is cut by a sphere. Moore' . was the first to point out 

that by assu..."1J.ing, that only those atoms that lie within a shell of given 

thickness can give rise 'to spots, image patterns that strongly resemb~le' 

the field ion images' cE!-n be obtained with the help of a computer .. 

Specifically the computer obtains the coordinates of the atoms within 

the shell.. Recently Moore:21 has extended this work to solid solution 

alloys.... To acc6;unt for the different evaporative properties of the two 

species he assigned different shell thicknesses •. A similar program has 

been performed on alloys of different compositions but with different' 

criteria, which are described below. 

L~ ... 5.2 ~l Method of computation. Since the field ion images of the bec 

,metals Mo, Nb, W, andTa generally correspond to a (110) wire texture, 
. . . 

it was decided to obtain computed images corresponding to a (110) orienta-, 

22 
tion~ For this purpose the program developed by Ranganathan et al .. 

was suitably modified~ In this method, a given crystal structure is 

considered'in: terms of the Bravais ;Lattice. If the latter has centering 

, then the structure can be generated by repeated application of the method 

to the prL."1J.itive lattice with different coordinates for the origin. SL~ce 

we are ,interested ~n the (110) orientation, we chose the coordinate axes 

to be [110J, [110] and [OOlJ. vJith this set of axes, the bec lattice 

becomes a face centered tetragonal lattice with a cia ratio of 0.703 j 

I 
I 

'i 
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(= IjJ2)" It is therefore necessCl,ry to consider four primitive tetragonal 

1 1 1 ~. 1 1 1 
lattices with origins at, 000; 2 2 0; 2 0 2; and 0 2 2- The crystal is 

projected onto the (110) planes and the radii RA and RB of the circles 

obtained by the intersection of the spherical shell with the {110} planes 

are determined ((Fig.22) ~., The distances of all the atoms on the basal 

plane from the origi~ are calculated and compared with the different sets 

of (p~ RB) valUes. The coordinates of an atom are recorded only if it 

falls within any set of ,these valUes. Since the stereographic projection 

iS,a nearer approximation to the field ion image, the orthographic co-

ordinates were first converted to the 'stereographic ones and the Cal-C'omp 

plotter subroutine viaS used to plot' the simulated image. The computations 

,,-rere prograrmned in FORTRAN for Control DatCl, 6600 Computer. Figure 23 

gives the computed image for a bcc metal of radius 200a where a is the 

lattice parameter. 

4.5.3 Random Alloys 

The above program corresponds to the case of a pure metal. First 

the I random alloys were considered. For the application of the visibility 

criterion, according 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 function ex-

ceeded the solvent content of the alloy.. This allows for a random dis-

'. tribution of the two species with the solute atoms not participating in 

the image. 

Figures 2.4 (a-e) show the computed images for bcc lattice with com-

positions of 90%, 80%, 70%, 60% and 50% of solvent. A 10% interval was 

chosen to detect any onset of irregularity clearly. The computed images 

correspond to a radius of 200a and the value of p)- the shell thickness, 
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was chosen:'to'be',O.05a~':'Moore and Ra,n~~na~h~n2}ha~e used a similar 
! :," 

. 'r, 

" 

value fora fcclat-tice Of comparable radius., There is very little . . - '. . 

differerice~n;igS.2'1+,(a~c) in terms of, the. regularity" size, and,nUmber' 

:of planes. Only'the nUmber ofpointsli,ave decre'ased:which is not easily 

solvent alloys are somewhatirf:'egular. A'conrparison 'of these images with 

those obtained fronithe Ta>-M~ sy,stemorthe W-Mo system clearly indicate 
-~. ,",. .~ . 

the field ion pa'tterns,froni,alloys arecons:l.derably more irregular than 

the computed images.;: A count' of" the 'spots, from the micrographs of the 

Ta -Mo' alloys 'with lCP/o arid 50% ,so'lute contents does not indicate a sharp' 

reduction in the number of, spots. Further, since it is only the ,appear':' 

ante of afefl roys "of~to.~s. in any plane that ma~esthe plane recognizabl,e, 
". . 

it follows that the 'o.nset 9f irregul~rity is, a critical fu...'1ctic)ll of the , 
", . ., 

radius and that foI<. the same alloy there will be improvement in regularity' 

'with, increase in ra:dius. -Prolonged field evaporation of the Ta-Mo alloys. 
. . . . 

resulting in considerable change of the radius was r).otobserved to have 
, ' , 

any marked iTIrpr6vements of the regularity of ion images.. A similar 
, 11 

observationhasbeert made by'Brepner ' on the regularity of Pt-IO'Ir 
. ,-' . 

ail6y micrographs during 'prolonged field evaporation.' It is to be con-

cludedthat the ,total invisibility criterion is too great an overs:tmpli";~'" 

ficaticin to yield compl1tedimages, c:om.parable to the observed, alloy micro­

graphs,. It is proposed to consider cases where solute and solvent atoms 

follow some tyPe Of; partialvisibility criterion. A useful start' can 

;be to,assurriethatas~lute atom will be invisible if it, is surrounded 
- . . - L 

by more than a fixed number of solvent neighbors.' 

" 

.- j; " 

'J , 
I 
\ 
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4<>5 .. 4 Clustered Alloys 

So far, a random distribution has been assumed for the atomic 

species of the alloy~ Wnen deviations from such randomness exist, 

the contrast to be expected willbe,in general, partly. due to the 

intrinsic imaging behavior of the species, modified by the presence 

of the second 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. vJhile the interface effect is, 

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

. dering j it should have marked influence in the case of clustering, 

since a clustered situation necessarily implies regions of different 

composition. The interface effect, however~ will be confined to the 

interface only .. 

The simplest case of an interface ,·;ill be a high angle boundary. 

Since alloy micrographs are strongly irregular.; high angle grain 

boundaries are difficult to be observed and analyzed. other types of 

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

Guinier-Preston zone. .The a-phase in W-34 Re3 has been shovffi 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 

matrix, a partial coherency ,vas inferred from the continuity of atomic 

planes along the interface~ Similarly a NiBe-Ni solid solution L.ter-

24 
face has been reported by McClane and M'u"ller.· The intermediate phase 

has a CsCl structure while the solid solution has a fcc structure. A 

second interface across which complete coherency was observed has been 

identified as a G.P. zone... MUller17 has also reported the observation 

of a lens shaped martensite plate in a high carbon steel. It must be 
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conceded that' all: these identifications',are still tentative) since no 

characteristic crystal: planes of the second phase have been observed 

in the micrographs. 

To understand the ,type of contrast that can be expected from clustered 

alloys, computations were performed with a specific model of clustering. 

A modei, whereby the composition 'varied in a sinusoidal manner radially 
• I ~. 

algng the crystal) wasass~ed in order to minimize computational-

difficulties .. The-radial distribution ensured that there is no crys­

tallographic habitf~r the clustering present .. _ 

For, this clustering 'case, the parameters that can be varied are-',the 

period and amplitude of the sinusoidal variations of the composition .. " 

The mea:n. composition was held at 50-50 and the clustering period was 

assumed to be fifteEm (110) planes (= 15 ,~A ,.;here a is the lattice - -','" :J2:- ' -
parameter). To introduce this clustering model, the distance of an atom 

that lays within ,any, annulus from the apex was calculated and converted 

into 2Rrr +e radiarls,by dividing by 2IT/period. Then ex cose + 0.5, 'where 

. ex is the clustering amplitude, is the solvent' concentration on the' 
- , 

-- spherical surface with radius corresponding to the distance of the ainrii<' 

under consideration from the apex ',': (Fig~ ,:25):. Now the visibility. 

consideration is applied by the control statement that allows the re-

cording of the atom coordinates-only if the random generating function 

exceeded ex cose, + 0.5. This was repeated for all atoms in any annulus. 

Figures 2q (a-d) shaw the computed images from a 50-50 alloy "\n.th 

a clv..st e ring distribution. The period is a ~onsta;nt l5aAflA for all cases • 

,'and the amplitudes vary from 0.1 to- 0.4 in steps ?f O~l. It is seen that 

the computed images for small deviations are as irregular as those from 

random alloys of the same composition6 When the deviations increase to' -



0.) and 0.4 a band structure becomes marked. The regions with fewer spots, 

obviously, correspond to the regions where solute. atoms are concentrated. 

Though the weakness of the total invisibility criterion becomes again 

readily apparent, the interface effect offers some insight as to the 

nature of micrographs obtainable from clustered alloys. It is seen that 

the band structure becomes marked only if 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 tip. When clustered regiOns have 

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

4.5.5 Demixed Alloys 

A case where clustering width exceeds such limits is that of a demixed 

alloy. In this situation it is not possible to detect the demixing effects 

from a single micrograph. 

An interesting case of demixing has been reported in Ta-Mo alloys in 

the ,high concentration range. 7 Segregation of the two species here occurs 

with a crystallographic habit. In the Mo-rich a~loys this composition de-

viation is on a [200} plane and in the Ta-rich alloys the deviations occur 

on [110} planes. The result of such demixing is the formation of domains' 

richer in either of the two component s of the alloy than warranted by the 

nominal composition. We have already mentioned that though Ta and Mo,are 

bcc metals of the transition type their ion images display distinct sing-

ularities,. Each has an image of typical but' different intensity distribu-

tion. Also Ta develops [200} planes very well while Mo does not. Thus on 

crossing from a Ta-rich region to a Mo-rich region the image characteristics 

should change in a marked fashion. 

Experimentally, pulsed field evaporation was performed on a number of 
o 

Ta-50Mo tips. About 200 micrographs covering a distance of about 800A were 
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obtained in'a sin~l.~' fi~~devaporation sequence and were analyzed for 
.' ~ ... 

'-. '.' ~ 

effects mentioned ,above.,'Except for local ,clustering effects, evidence 

for dem1.xing was n~t:d~t~cted~ This could very well mean that th,e width 

o 
of demixedzones ~s larger than lOOOA • 

. ~', 
, .. 

4.6 .Distin~u1.shingi Between Atomic Species 

J 

The above discussion leads to the important question of whether 

absolute identificatioriof the two. species on the micrographs is poss-

ible. The question is still a largely unanswered one.. The problem is 
'. :. . . . ..' . '. 

of considerable interest because 'a method to identify the, two species will " 
.' . . . . . 

give a clear picture about the field ionization and evaporation processe~,' . . . . 
"'.: . 

and also about the surface distribution of atoms. The, latter information 
. , 

::~ ", can'be used, with the help of field evaporation, t~ shed l~ght on the 
,," ", 

extent, of local ordering present in the' alloy. Curiously enough 'an in-

"direct method for distinguishing between atomic species has been developed 
, . 

for a case when the distribution of atoms, however, is precisely known. " 

For instance, in the, case of ordered equiatomic Co-Ft alloy, the observed 

field ion images agree with computed structures if the assumption that one 
. ",' 

kind of species is not 'imaged" It was previously mentioned that if the 

local field strength and therefore the field ionization rate -above an atom' 

' •. ,< 

is drastically redu_ced, the atom; does not give rise to. an image spot~",. In 
, , , 

pt-Co the invisible species has been identified to be Co atoms and the 

reduction infield strength has been attributed to the size effect, a 

,',charge' smoothing effect of the Smoluchowski type or a valence effect, the 

latter two resulting in a spilling of 'electronic charge from the pt atOm "~.' ,', 

<to'the Co atom. ,Simiiarly the micrographs' obtai~ed fromord~red Ni4M025", 

correspond very well with lattice, structure obtained from the Mo. sites only. ' I 
\ 
,J 
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In particular ,cases, large brightly emitting image points away from 

the normal zone lines have been associated with impurity atoms such as 

carbon, oxygen and nitrogen. Thus oxygen matrix concentration in iridium 

26 
has been calculated by Fortes and Ralph' from the number of bright spots. 

1fnile the authors attribute the brightness of spots corresponding to such 

impurity atoms to a fairly Clarge and less localized perturbation due to 

these atoms, it seems kore likely as mentioned before that the brightness 

associated with these gas molecules originates from the increased binding 

energy by field penetration polarization, as a result of which the critical 

distance for ionization, x , is reduced. 
. c 

The situation with d~sbrdered alloys, however, is complex. The field 

ionization and evaporation processes from alloys are not clearly under-

stood and until such time a general theory for identification of species 

seems unlikely. A method for identificat'ion of species due to Ralph and 
,. 27 

Brandon, has been found to be very subjective. It is based on the vol-

tageanalysis of the number of image points. The graph of the number of 

points against the applied voltage was shown to possess a linear relation-

ship for a pure metal but a discontinuity was observed in the case of an 

alloy. The discontinuity was found to be proportional in magnitude to the 

solute content in W-Re alloys~ The application of this method to the Ta-Mo 

alloy system did not show a linear relation as well as any discontinuity • 

A similar conclusion has been reached by Brenner from his work on pt 

11 
alloys~ 

We have already mentioned the possibility of using specific 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 

knmm to develop' the [200} planes and their vicinities to a very high 



.:,,' 

, ' 

\~ .' . 

.. ' 

... " . '~" " ' 

" .. , , 
" . ",' , -48-

. " : ," 

perfection.; An exa'minatio~ ,of the regul~rity,:of:the' (200} planes in a 

Ta-Mo alloy will thus g~ve' inforInation on theMo ,cont'ent in those planes, 
.. ; ..•. 

since a decrease inth~Mo content is expected t'oresult 'in a better 

developed (200}pla~eand an increase in a more random {200} plane. The 

variation of such regUlarity over continued field evaporation will thus 

indicate 'a variation of the; Mo content. Figure 2l,mentioned earlier, was 

interpreted to show ciusteringon this basis. Similarly the resolution in 

the {222} regions of the Mo~based alloys can be-'interpreted to show the 
- -

- ' - , 

relative concentration of-the soiute atoms in any evaporation sequence .. 

During th~ p';l-lsed field evaporation 0:( the Ta-Mo alloys an alter­

nat'ive possibility to distinguish- between the Ta and Mo atoms was observed. 
" ". 

All the Mo-8Ta micr:ographs, as mentioned before, show a small number of ,,' 

.,,';, 

"bright spots in the usually less intense region between (110} and (200) . " " 

planes and a small number of weak spots _ in the intense triangle region. ' 

TheTa atoms on the other hand are expected to be bright in the first '. ";", 

, , 

- region and. weak ,in the second. This leads to the ,possibility that there" 
,f 

' ..... ,. 

could be a one-to.,one correspondence between such spots and Ta atoms. It, 

",' is,on'this.bf3,.sis".that'in the evaporation sequences,. Figs., 16 and 17, the 

atomic identification of the ~roups of atoms that~vaporated, has 1?een made. 

This method rec,eives 'further su.pportfrom the discussion on polarization ;. ,; 
. . . . 

effects in alloys, since bright spots occurring in the region of (lIO} ,to, 

- [200} even if- attributed to the -polarization effects, would be identified' 

as due toTaatomso 

i, 

" 

I 
! 

': 
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4.7 SUmmary of the Results 

The main objectives of this research, to recapitulate, "b..ave been 

twofold: the first being to increase the state of knowledge on the field 

ion microscopy of alloys ,vith particular emphasis on how the solute affects 

the field ionization and field evaporation of the matr~ atoms, and the 

second it to categorize the segregation effects that become important 

enough at high concentration,levels to make the alloys brittle. 

The first objective has been met satisfactorily. Alloy micrographs 

representative of a complete system have been obtained so that comparisons 

can be made ,'lith available, data on other systems.. The factors affecting 

field ionization and evaporation have been discussed so that micrographs 

from other alloys can be studied on a firmer basis. Computer simulation 

"lOrk has also been shown to be useful in understanding the nature of alloy 

micrographs. 

As for the second ,objective the results obtained are still incon­

clusive. It has been mentioned earlier, that the brittle nature of the 

concentrated Ta-Mo alloy emanate from the size differences of the two 

atomic species which result in the clustering of the two components on 

specific crystallographic planes. Since the elastic compliances of the 

two 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 Moare characteristically different from each other 

and these differences have been enumerated earlier. 

Since Ta and Mo also exhibit dissimilar elastic anisotropies, it 

seems logical to consider that the elastic anisotropy of metals can play 

an important role in the field ionization process. A similar suggestion 

that the nature and the number of bonds in specific crystallographic 
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, , 

regions on the spe~im~nsUrf~ce may beasinlportantaspolarization effects 

in determining -the nature 'of ion images". has be'en voiced. by KnOT and 

Mrrller
2B 

in .the 14th. Field Emission Symposium •. Hbwevera deeper under­

standing~of the ofi~ld '.iop.iz~tioriproces~ is essential.tocarry this 
~ , .., . -~ 

suggestion to a more precise form •. 

Tb,e evidence on clustering is however is quite" strong. Field evapora-
,'r~ , ' 

tion ,exper,iment's spow the/width of. th~ ~ demixedzones:suggested by Vah.Torne 

and Thomas~,to' 'be the cause for .embrittlement,must:exceed 1000A, though 

clear evidence for'th~ir existence has not been obtained. However the 

o. . 
tend~ncy' for clustering in regions less tha,n 50A in width has been estab- . 

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

This result is'in acc~rdance~ithearliersUggestions6made on' the basis 

of.compliance data that such deviations from random distributions' would 

occUr on {200} planes .. 

It is' now,pr~posed to perform a more detailed electron microscopy 

.... -investigation, irian attempt .todetermine the size of the dem.i.xed regions, 

using daTkfield and split Kikuchi li~etechniques. The alloy Ta-44Mo 

. that is expected.. to be most .demixed 7,' should be particularly suited for' 

this work. . r=. 

, " . 

,.' , 

'it.. 1-' 

.:.' , 
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5. CONCLUSIONS 

L A field ion microscope study of the tantalum-molybdenum system has 

been carried out at liquid hydrogen temperature and micrographs have been 

obtained from Ta, Ta-lO a/o Mo, Ta-50 a/o Mo, Mo-8 a/o Ta and 10:0 .. 

2. The Ta-Mo alloy micrographs obtained show' far more i:cregt:_larity 
}: 

than those from W-Moalloys. As in the W-Mo system there is anas:,-:-~~etry 

of the regularity about the 50% solute here also but the sense of asymmetry 

is opposite. It is the Mo-end alloy 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 Mo-8Ta micrographs show' much less 

distortion in the {222-} region than pure Mo and the Ta-50 Mo alloy 

micrographs resemble those of W-alloys with uniform intensity distribution. 

4. The brig.1.t spots obtained in these alloy micrographs have been 

attributed to size differences in the atomic species which result in 

surface protrusions. The increased local field as well as field penetra-

tion polarization both increase the ionization rate over such protruding 

atoms resulting in bright .spots. 

5~ The greater regularity of Mo-8Ta micrographs over those from 

Ta-lO Mo has been shown to be in accord with predictions based on field 

evaporation from dilute alloys 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 ionization and 

field evaporation processes, has been proposed. The far too regular 

computed images fro.l11 random and clustered alloys that have been obt[',ined 
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on the assumption that solute atoms donot:pa:rti~ipate in the imaging 

shOl'! that a toiai:i.nvisib'llitycriterion i~ 'anovers~mplification. A 

band structure, has been shown to result when tlle' deviation from randomness 

is appreciable in, the clustered a.lioys. 

7. Evidence for local clustering has been obtained from pulsed 

/' field evap()rationof th~ Ta-:-50 Mo alJ,oy. The study of a large number of 
. '. . . : . . . 

,', micrographs obtained in 'this fashion did n~t reveal the contrast effects 

that have been predicted for a demixed alloy of the Ta-Mo system. It has 
o 

been concluded that the w'idth of the demixed zones exceed lOOOA. 

,", ..... 

Y .. ( 
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;:-;APPENDIX1, 

DETERMINATIONOF'THE-SIGN OF:THE BURGERS VECTOR 
. ' , ,FROM FIELD ION MICROGRAJ?HS, 

.~ ,~ 

. ,.', ,c •. ' 

The <deterIninatib~ of the Burgers vector of dislocations in field iOn -

specimens has been dwelt upon in Sec. 3~ 4., Here the relation of the 

nature of the sp:i,ral c~>ntrast (right-ha~ded or left-handed) to the sign, 

of the Burgers vector; is, discussed. 
'" .", . ,., '. '. 

-The signor~he Burgers vector, b, of anydis10cation is a <luantit;y 
.,' ~ . 

, "',I 

beset by much arbitrariness~ It is dependent on the line sense 1 and on 

_ the coordinate system if the line sense is considered part of it; on the', 

nature of the Burgerscirc'liit) i.e.) whethe,r it, is right-handed'or left ... 

handed,sighti:hgdo~!l0nthe dislocation in the "positive" direction and 
., c • 

"', ~," 

whether the closure ',' featUre is expressed as the finish-to-start or ,the 

start-to-finish vector .. 'The effect of all of these arbitrary conventions' 
"." ." . -.' 

is to make the Burgers vector point in either of the two directions and 

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

"'Burgersvector unambiguous .. In Burgers notation) the Burgers circuit is 

defined in the imperfect crystal in a clockw'ise fashion while looking at 

,a dislocation in the positive direction and the finish-to-start vector is,the 

Burgers vector.. ,In Frank's 'nota.tion, 'the circuit is made ,in the perfect'- ''-
.' . ! . 

crystal and h~nce the opposite sign is obtained. We shall adopt the Burgers" 

definition.. The 'Burgers notation is illustrated in Fig. 27 (a) .. 

,Asmeritioned ,in Sec. 3.3) the information concerning the Burgers;. 

vector to be gained by bbs~TVation in the field i9n microscope is given 
- ) 

by the scalar product: , -
", 

, , , 
'! , 
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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 

Uc'1its of d == .):.,.. Its sign is positive or negative depending upon. 
\g;J 

whether the projection of b points in the direction of g or opposit.e to 

~ 

Since b and therefore n can have either sign unless the line ~~ense 

is fi.xed, we make the further 'assumption that the positive direction of 

the dislocation is the one as it eme+ges from the crystal. In the Burgers 
~ 
~ ~. 

notation which is being used, depending upon whether.p • b is positive 

or negative a left·-handed or right-handed spiral results. 

In the field ion microscope} the image seen by the camera corresponds 

to lookLDg at the specimen from the tip side and the irrage is recorded 

in the positive print in the same relation. Therefore a right-handed 

circuit (clockwise looking at the positive direction) around thd dislocation 

wi th 1 t t b gives an anticlockwise spiral in the print; if 1 H b a 

clockwise spiral results. The second case is illustrated in Fig. 27 (b). 

In field ion images} it is therefore evident that a clockwise spiral 

implies the.t g .. b is negative and an anticlockwise spiral that . 

it is positive. 

In favorable cases} a single micrograph can be used to determine the 

sign of the Burgers vector. For instance} let us consider an a/2 (111) 

dislocation line ~n a plane labelled (321) in the field ion micrograph 

of a bee metal. Since g . b is different for each of the four possible 

Burgers vectors a/2[111J, a/2[111J} a/2[111J, and a/2[11iJ} the n~~er of 

spirals will uniquely dei!ermine 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 



:.<n, 

to be interpreted to indicate a dislocation with the Burgers vector to he 
. "," 

a/2 [:iiiJ .·Since Fig.:.18 shows' a two-leaved left-landed spiral on the 

(130) ,plane the < Bur~ers vector can be either a/2 [lllJ or a/2 [lUJ •. 
" .' . . 

The line s~nse 1'canbe d.etermined bY' field evaporation when the 

nature of the dislocation can be completely determined. Sign (1 . b) 

will decide the nature of the screw component, left-handed if pasit:;'ve, 

right-handed if negative, and 1t x twill decide t.he position of the 

, extra plane. 
.~'. 

The author would, like to thank Dr., S. Ranganathan for valuable 

discussion.s on this section. 
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APPENDIX 2 

CONTRAST FROM DISLOCATION LOOPS 

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 planes or at more than,two points. We shall discuss here the simple 

case of a dislocation loop intersecting a single' crystallographic plane at 

two points (Fig. 28 (a) ). 

The nature of the contrast can be directly used to determine whether 

the loop is perfect or faulted. If the atomic rings join up elsewhere 

except at the extra half plane the loop is a perfect one. A discontinuity 

on one side of which the rings are shifted with respect to those on the 

oth~r indicates a faulted 'loop. Howev~r if g . 'ii == 0 when 'ii is the Burgers 

vector of the loop,no contrast due ~o the loop will be observed and it is 

not possible to differentiate between a faulted and a perfect loop. Since 

. stacking faults in bcc metals are not well understood, only perfect loop 

contrast is describe,d here. 

The contrast due to the loop in Fig. 28 (aj will be the sw~ of the 

separate effects due to the line segments. Since the dislocation has 

different line sense at these points, the sense of the spirals will be 

opposite and Fig. 28 (b) illustrates the cumulative effect assuming that 

a single spiral is formed at each point. It is seen that an extra (or 

incomplete) ring results. In general, if the Burgers vector of the dis­

locatiori is such that an n-leaved spiral results at an intersection, n 

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

the surface at two points. 
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Determination of the Burgers Vector of the Loop. 

It iscustomaryt6define the Burger circuit around a dislocation 

loop such that the Bui-gers vectors of ali. segIilentsof'-theloop are' 

identical. This'results in the assigning of opposite line senseS to the 

dislocation loop as it emerges at two points on the crystal. 

HOvtever, since the contrast in. the field ion image is the cumulative 

effect of two s;parate dislocation lin~s, the assumption that the positive 
';i;. 

direction of the line is the one that as it emerges from the crystal will 

result in giving 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 points. Thus if Figo 28 (b) is assumed to 

be a contrast ofa loop intersecting the (321) P:La:ne on a bcc metal, . the 

single spiTal will imply the Burgers vector to be a/2 [lilJ or a/2 [iliJ~: 

Since at point A the spiral.is anticlockwise the :Burgers vector at~A is 

8./2[111J and the Burgers vector at B is therefore a/2[ili]. 

Determination of the Nature of the Loop 

The nature of the loop, i.e., whether it is of-the vacancy or inter-

stitial type, .can be easily determined if the loop plane is known. If 
/- -~. 

~ ~ ~ 
"A and "B at points A and B can be determined and if t A-iS not parallel 

~ .~ ~ ~ ~ 

to "B the cross product tAx "B or tB X "A will define the loop plane. 

If £:A and Jt
B 

are parallel, field evaporation of a known number of atomic 

rings coupled to. a simple geometric construction can be employed to deter~ 

mine the loop plane. If b
A 

and 'tiB are the Burgers vectors corresponding to 

~ ~ ~ rl ~ ~ rl ~ . 
"A and "B then ~A= bA X "A are ~B = bB X "B will define the extra half 

planes for the two segments of dislocation. It is clear that if the extra 

planes are outside the loop, the loop is of vacancy type. If the extra 

planes are inside, the loop is interstitial in origin. 

'f 

;, 
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Fig. 2 
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FIGURE CAPTIONS 

Schematic view of the field ion microscope. 

Image formation i~ FIM (from MUller).ll 

Schematic view of the hydrogen liquifier. 

Schematic View of the FIM unit. 

Fig. 4(a) Legend for Fig. 4. 

Fig. 5 

Fig. 6 

Fig. 7 

Fig. 8 
(a,b) 

Fig. 9 

Fig. 10 

Fig. 11 

Fig. 12 

Fig. 13 

Photograph of the FL~ unit. 

Microscope head and the liquifier. 

Schematic view of the·pulse generator. 

a) Lattice parameter ahd b) mechanical property data for the 

Ta-Mo alloy system (from Van Torne and Thomas),7 present data 

in (a). 

Ta-Mo phase diagram. 

Helium ion micrograph of Ta at nOK. 

Helium ion micrograph of Ta at 21o K. 

Helium ion micrograph of Mo at 21o K. 

Helium io.n micrograph of Mo-8Ta at 21o K. 

Fig. 14(a)Helium ion image of Mo-8Ta at 77°K (imaging voltage 9kV). 

(b)Same specimen :after considerable field evaporation. 

(c)Sa~e at best imaging voltage (imaging voltage 10kV). 

Fig. 15. Mo-8Ta micrograph at 2lo K showing good resolution and little 

distortion in the {222} region. 

Figs. 16 Pulse evaporation sequence showing the evaporation of a group of 
(a,b)and 
17(a,b) . atoms tentatively identified as Mo and Ta respectively. In both 

cases (b) was obtained by a single pulse of height 1 kV and width 
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Fig. 18 ,'Mo~8T~>rn:i.crograph 'showing d1.s1ocatioticontrastat region 

Fig. 19 
, (a, b) 

marked A;, 

Heli'UJ!l'ionm,icrograph of Ta-lOMo at '21
o
KshaWing ,great irreg­

,ularity (c) and the 'presence of bright spots (b). 
, , ' 

Fig. 20 'Helium i~n:tmage of Ta-50Mo at 21
o
K. 

Fig. 21 
(a-c) 

Ta-50Mo ~icrographs showing a tendency for clustering in the 
() 

{ 200} regions .. 

Fig~ 22 Tip geometry for,coIDputation. 

,; Fig .23 'Computed'patterns for aproj ect bcc crystal" in the (110) orien-, 

Fig. 24 
," (a-e) 

, '." 

Fig. 25 

Fig. 26 
(a-d) 

tation. Radius = 200~ shell thickness = 0.05a. 

'Computed patterns with total invisibility of solute atoms from 

alloys of 90,80, 70~ 60, ,~nd BCJfo solvent content. 

C,liister geometry for c~mputation:. 

Computed patterns for cluste:r:ed alloys (with,the clustered 

'model of text). Average composition 5afo solvent. Cluster 

per'iod15af!2 A and amplitudes 0.1; 0.2, 0.3, and 0.4, 

respectively. 

Fig. 27(.a)Burgers notation for the Burgers vector., 

" (b)Spiral, contrast in FIM image. 

;Fig~28(a)Dislocation loop and specimen geometry. 

(b)-Dislocation loop contrast. 

. ' 
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LEGEND FOR FIG. 4 

1. Microscope head with cryotip 

2. Ionization gauge 

3. Leal;;: valves for imaging gases 

4. Research grade helium 

5. Research grade hydrogen or neon 

6. Liquid n~trogen trap 

7. Diffusion pTh~ 

8. . High vacuum valve 

9. Roughing PQ~ 

10. Camera 
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XBB 678-4455 

Fig. 10 
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XBB 678 -4452 

Fi g. 11 



-75-

XBB 678-4453 

Fig. 12 
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Fig. 13 
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Fig. 14 (a) 

XBB 678-4456 

Fig. 14 (b) 
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XBB 678-4451 

Fi g. 14 (c) 
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XBB 678- 4462 

Fig. 15 
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Fig. 16 (a) 
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Fig" 17 (a) 

XBB 678-4460 

Fig . 17 (b) 
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XBB 678-4461 

Fig. 18 
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Fig. 19 (a) 
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XBB 678 - 4459 

Fig . 20 
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Fig . 21 (a) 

Fig. 21 (b) 

XBB 678 - 4463 

Fig . 21 ( c) 
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Top view of the 1 = Kth (110) plane. The lattice points 
within the annulus are recorded by the computer . 
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Fig. 22 
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Fig. 24 (b) 
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Fig. 24 (c) 
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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. Makes any warranty or representation, expressed or 
implied, with respect to the accura~y, 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 n~t infringe privately owned rights; or 

B. 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 behal f 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. 




