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STUDY OF NICKEL~TUNGSTEN ALLOY (Ni),W) WITH
FIELD;ION—FIELD-EMISSION MICROSCOPY
Joaqufn'LiréFOlivarés
Iﬁorgaﬁié Maﬁérials Research Division, Lawrence Radiation Laboratory
Department of Materials Science and Engineering, College of Engineering
University of California, Berkeley, Californisa
ABSTRACT
Field ion micrographs of pure metais and alloys usually show
regions cf different brightness. Some of these features have been
satisfactbfiiy explained. However, agreement is lacking as to origin

of’dafk bands és they appear in nickel and some of its alloys.

The present work substantiates the existence of dark bands and

clarifies the conditions necessary fbr their appearance in FIM images.

Fieid ionization micrographs of Niﬁw as quenched from 1300°C
showed a dark zone pattern at T8°K that is similar to the patﬁerns
obtained for Ni and NihMo. A less conépicuous pattern was.bbserved
in the B phase of the same alloy at 4.2°K.

The dark band pattern was explained using a t§pographic model
including preferential field evaﬁoration at dark band regions of the
specimen due to a higher work function at these regionms.

Thé use of field emission microscopy in conjunction vith field . -
ion micfo$COpy proved effecti&e”in meking it possible to discard §o£e 
of the previous hypdtheses and in relating work function to dark band

fcrmation.
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Date: April 24, 1973

ERRATA
TO: All recipients of UCRL-20330
FROM: Inorganic Materials Research Div. and Technical Information Div.

SUBJECT: UCRL-20330, "Study of Nickel-Tungsten Alloy (NizW) with Field-
Ion-Field-Emission Microscopy," Joaquin Lira-Olivares, (Dec. 1970).

Please make the following corrections on subject report.
Page 2, line 9; reads: we have photoelectric emission and when by phonons
we ﬁave thermionic It should read: we have photoelectric emission and
when by heating we have thermionic Eq. (1), reads:

1/2
6. 9x10~6 (/9

J Kf+¢ o e e 080 00

i

It should read:

1/2
J = 6.2x10"8 (“éf; e

Page 3, reads: expressed as electron volts/cm and J is amps/cm.2
It should read: expressed as electron volts/cm and J is amp/cm;2 a is a
slowly varying hyperbolic function that has been previously tabulated.6

Page 7, Eq. (9) reads: 6 = ArB(KT/Ve)I/2

482 22

It should read: 8 “LrB(KT/Ve) + (G SRMF )
(4)

(4)

Line 15, reads: voltage (V=KrF) and T is the absolute temperature.
It should read: voltage (V=KrF) and T is the absolute temperature,
M is the‘étomic mass of the imaging gas and F is the external field.
Page 49, Fig. 9, replace with attached corrected figure.

Page 53, Fig. 13, replace with attached corrected figure.
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1. INTRODUCTION

Direct observation of metallic surfaces with afomic or nearly
atoﬁic scale resolutién has been made possible thanks to the invention
of the field-ion microscope (FIM) and the field-emission microscope (FEM)
by E. Miller.

Field~-ion and field-~emission microécopes are both projection
microscopes where the image is fdrmed by particles projecting radially
from a sharp‘pointed needle-like specimen (500 A to 2000 A in diameter
at the tip) and striking a fluorescent séreen that can be photographed.

In the field-ion miéroscope the specimen is positively charged and
gas at‘loﬁ preésure is allowed into the instrument's chamber (a typical
pressure would be 10-h torr). The image is formed by the positive gas
iéns produéed near the spécimen's surface, when electrons from the gas
atoms tunnel into the specimen.

In the field emission microscope the image is formed by electrons
escaping from the negatively charged specimen by quantﬁm mechanical
tunﬁeling under the influence of an intense electric field. Ultra-high
vacuun 1s required within the micrdscope's chamber (pressures smaller
than 10-9 torr) to provide a long mean free path for the imaging
eleétrons;'and to retaid the contémination of the specimen's surface.

The_ihterpretation of some features of FIM images still remains
contrqxgrsial, gspecially the variations in image brightness from
point £o point. | |

As some of the least understood features have‘been observed in
field—ioﬁ micrographs of nickel and its alloys, we décided to.étudy

nickel 20 at.% tungsten utilizing FIM in conjunction with FEM, hoping to



ascertain thé'causes for some of the observed image characteristics.

1.1. Field Emission

The emission of electrons from the surface of adcondEnsed.phase into
ancther ph;ée; usuallj'vacuumkunder the action of a'high electrostaticv
field (0.3 to 0.6 volts/A) is called field emission.

"Emission of electrons from a metal surface can be attained by
' sUpPlying»the electron with the energy necessary to overcome the potential
barriergithat is the work funCtion ¢. When this energy is supplied by -
bombarding electrons we have secondary electron emission, when by photons
we have photoelectric emission and when by phonons we have thermionlc
'emission.v In field emission, however; instead of'overcoming the work
' function;‘the surface potential'barrier is‘defornéd'by the field in such
a ﬁay”asﬁto-give electrons & higher probability of tunneling throuéh.

| For a tria.ngular barrier of height ¢ and width ¢/Fe (Fig. la), the
_ tunneliné probability.has been found to: be proportional £§'

exp [ 1/2 !3/2
- h2 ° Fe

for electrons at the Fermi level.

If'the'image potential or Schotkvaffect is included, the triangular

barrier is' rounded - up as in Fig. 1b and reduced by an amount (e F)l/2

(1)

Fowler and Nordheim using this type of barrier calculated the
current density of electrons produced by field emission, yielding the

well known Fowler-Nordheim equation

6 (u/9)-2 T 32
J = 6.2x10'6 LH%%%F—— 7 exp —6.BX10F >/ “a) - (1)

“where utis the Fermi energy measured with respect to the bottom of the
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conduction band, and is expressed, as ¢ in electron volts when F is
expressed as electron volts/cm and J is amps/cmz.

1.2." Field Fmission Microécopy

A tip or sharply pointed cathode placed in a high vacuﬁm pointing
tqward avzinc suifide scfeen,vproduces ah enlafged image of the emitting
surface'Opce e high potehtial betﬁeen thé'cathode and the screen is
establishéa; The field at the surface of the cathodé is related to the

voltage V by using the expression

(2)

7ls

ﬁhere.r is the mean radius of curvature of the emitter surface and k is
a quasi cénétaht that depends on the geometry of the electfodes (k=5).

As the image on the'screen is a fadial magnification of the
emitter's surface, we can write the magnification attained as R/Br where
R is the emitter to séréen distanée; r ié the emitter radius and B is a
constant depending on thé microscope's geometry (821;5).

The fesolution § of the field emission microécope in.terms of
distance‘on the emitter surface can be written as

1/2 {1.16 1 1/2

et/ * YE
(2 )

= 2, 62x10 B R (3)

where 8§ and R are in centimeters and V in volts and o is a constant.

The first term is the contribution of the transversal momenta and the

second is the diffraction effect. For a crystal of 10-6 cm of radius,

¢ = 4.5eVand F = 5X107 volts/cm the predicted resolution is of the
order of 20 A.

The origin of the brighthess contrast in the field emission image
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may be seen from the Fowler-Nordheim equation (Eq. 1). As the emitted
electfon current dépeﬁds eiﬁoﬁehtially on”¢ 3/2 /F then slight variations
of work functlon and local fleld will be dlsplayed in the image

Variatlons of F reflect changes on the effectlve local radius of
curvature (Eq. 2) and consisté of'relgtivélY'large-scale variations
caﬁSEd:By the o#erall-shabe‘dfvthe emifter and shorter range variations -
due to the tépography of théAsﬁrface. Howeve},.the'dominant variable
deférmiﬁiﬁg the contrast in the field emission imege is the work
function'whiéh changes with crystallographic orientation, composition
aﬁd adsorbed impurities.

éﬁmﬁihg:ﬁp; the technique of fieldéemiésion.michScdpy permits the
oﬁsérfatidﬁ'bf small variations in the work function and local éurvature
of tﬁe_spééimens witﬁ magnifications of~lb+5 and resolution of ~20 A,

This technique has been appiiéd iﬁ(adéérption phenoﬁena,'work '
function'ﬁégsurements'anéxdiffus{on phenomena, etc.

It hss'éeldom.been employed for the stud& of allo&é, and in no case,
known to:fhis author, has it been éﬁplb&éd to study nickel tungsten
alloys. |

1.3.  Field Tonization

'*Field’ioniiation is»the~ioﬁi2&tion»of-a free étom by tunneling the
- electron through the deformed potential barrier (due to a‘sfréng external
electric fiéld)._ The field utilized in field ionization is much higher
_ than that of field emission (2 to 5 volts/A). |

A high gpplied'fieldv&eforms the potential surface of a_pOsitively‘
charged anode in such a way that it permitsvthe ionization of a free gas

atom if the electron tunnels thrdugh from its ground state in the mother

-
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atom into the metal surface as we can see in Fig. lc. When the atom is
near the surface, the atom becomes polarized and the effect of the

proximity of its charge on the surface potential barrier further reduces

the width by image forces.

The barrier penetration probability for the tunneling electron may

be found by the W.K.B. approximation, yielding

| N 12 5 |
D = exp <§§) / (v-E)"? ax ()
\n°/

X,

where Xe—Xl'is'the widfh of the potential barrier, m is the electron mass
and E is the total energy.

The frequency of ionization is given by
£=VvD : _ (5)

where v is the frequency with which the electron hits the potential
barrier as estimated from Bohr's atomic model;

The rédius of curvature affects the local fie;d as we séw in the
expression F = V/Kr. Then the areas of larger radius of curvéture will
appear darker in the field ionization picture than those of smaller
radius of curvatuie.

In general, the ion current produced by the imaging gas as it is
ionized near the surfaqe of the specimén depends on the amount of gas
atoms available at the tip and the number of atoms 5eing either ionized
or diffused away from the tip's area.

Considering that all the atoms that arrive at the tip are ionized

the ionic current is given by



i = asq | (6)

where o is a semiconstant depending on the number of the diffused ions,

g is the ionic charge and 3 is the supply function given explicitly by

P(2nKT)'1/2 . - A7)

.,S,= Geff

where P(dyneS/éme) is the gas pressure, and Oeff is the effective cross
. section of the tip which differs from the geometric cross section cg by
‘the factor (1 - 2V(F)/3KT) where V(F) is the potential of a particle in
the field F.

Thus the ion current can be written as

2v(F) 'o'g p(2mkr)~1/2 | (8a)

i=all- 3KT
If.we'take_into account that some of the atoms bounce on the tip

and then instead of being ionized diffuse down the shank of the specimen,

the ion current must be expressed as

. 2 KiKd
i=2mr. X, a0 wika -
(8b)
< = 1%

c cF

- where Xc is the critical approach at which an atom can be 'ionized. I

is the ionization potentiel, ¢ is the work function and F is the applied

field. '
- =,_gz' 1/2 . exp <—2(I-¢)a F;)
, 2qp T(I-¢) YEKT
| (2xr)3/2 B
Kd =
mllaapF2r
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qp = ionizetion probability, T ="peri'dd spent by the afom, within

" ionization range, m = mass of the gas atom, r = radius of curvature.

(3)

1.%. Field Ion Microscopy

In fhé fiéld ion micfoscope the specimen is positively charged and
gas is allowed at low pressure into the instrumenﬁ's chémber. The image
is formed on the fluorescent screen;by,the_positive gas ions produced
near fhe sbecimen's surfacé, when electrons from the gas atoms tunnel
»intd the specimen. The magnification of the field ionization microscope
is also a radial.

The field ionization'microscbbe has a resolution of the order of an
atomic diameter because of thé larger de Broglie wavelength of gas ionms,
compared to that for electrons.

The minimum resolveble diStanée in the field ion microscope is

given by:
§ = ,l;rB(KT/Ve)l/z (9)

where r»is the tip radius, B = 1.5 (depends on geometry), V is the
voltage (V=KrF) and T is the absolute temperature.( L)

For helium at -20°K the resolution attained is 3 A for emitters of
1000 A in diameter and V = 10" volts.

l1.5. Field Evaporation and High Temperature Fiashing

The last stage in the preparation of the FIM - FEM specimen reguires
attaining an almost perfectly hemispherical emitting surface, free of
impurities and protruding atoms. This can be-accomplished either by

field evaporation or by heat flashing.



1.5;1. Field Evaporation

- This téchnique is based on lowering the activation
energr(f 5) required to evaporate an ion from the surface bf a metal, by
applying a high electric field.
The field'required to evaporate surface atoms from kink sites on
the metal surface dependé on'thé sublimation enérgy A, the ionization

potential In'and the work function ¢ of the:plapé containing the

evaporating -atom. This has been expressed, as:
-3 2
F=(en) " [A+ I -n$l” (10)

Vhére n is the numberIOf electrons depleted from the atom.

For a given applied voltage V the field F will be different for
different éites of the specimen depending on thé local work function and
also on the local radius of curvature (Eq. 2).

The evaporation rate Ke, is an Arrhenius type of relation

Ke = v exp[-Q/KT] | ' (11)

Q=[Ar+ ZIn - n¢0] - (1'13e3F01/2
wvhere V. 'is a frequency factor and Q is the activation energy for field
evaporétion. Q is, to a first approximation, temperature independent.

Thus, the evaporation rate depends exponentially on the work function
-and the field. A large work function will produce an increase of the
exponential factor and'a:preferential field evaporation of the high work
function area. Also a iarge local field, as produced by a protruding
atom (a kink atom or an impurity) will produée preferential field

evaporationvof these atoms.

(12)
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Tﬁe field evaporation end form of the specimen will then present a
smooth,'almost spherical surface; topped by small regions of different
radiﬁs ofvcurvature. These local differences of radius of curvature

broduce differénces of brightness in the field ionization photomicrographs.

1.5.2. Heat Flashing

The method of heat flashing consists of he#ting the fip electrically
in vacuum to the ﬁcint where contaminants decompose or evaporate. By
fhis method alone it is hard to clean metals with melting temperature
lower than 1300°K. |

Heating at certain temperatures causes surface diffusion yielding
a spherical bulb at the tip of the emitter and if heating is continued
it produces b;unting to a point where field ionization is no longer

possible. Surface diffusion depends on the energy H_ necessary to

b

produce mobile adhesion atoms and surface vacancies and the activation

energy Ha to move the atom or vacancy on the surface. These energies

depend on the atomic packing, thus they changevfrom one”surfaée

orientation to another.

It is expected that formation of adhesion atoms on close-packed
planes requires a larger energy Hf than on loosely packed planes.
However,:it should be easier to move an stom on the relatively smooth
surface of a close-packed plane compared to on the rough surface of a
high index plane. |

These two factors account for a slight buildup of material on the
tip's surface in certain crystallographic directions upon heating of the
erystal up‘to temperatures whére surface diffusion is possible.

The end form of a "buildup" tip will have accumulated surface atoms
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at the low work function (low indexj planes and a depletion of atoms at
théihigh wdrk function areas of thé'tip. vThus buildup accentuates the
dark areésA(high wbrkAfunction areas) of the emission micfdgfaphé. A
ﬁdfe'#evere fuildup can be attained if flashing is done with the high
éléctric“fiéld on.

1;6.' Image Interpretation of Field Ion Micrographs

Field ion microéraphs of pure metals ahd'alloys usually present
regiéﬁé of different brightneéé. The most outstanding features that are
commonly observed are zone line decoration, symmetric regidnal image
"brightness, brightness contrast within the same crystallographic plane_
and dark zone or dark band syﬁmé£ficai patterns. | '

Théffdllowing is a brief description of theéé featureé and the
explanations that have been pﬁﬁlished up to now.

1.6.1. Zone Line Decorations

Zone iine decorations are rows of single atoms and groups of atoms
that areISUbstantially brighter than the rest of the atoms observed in
the FIM. They occur along zone lines like the (110) - (100) sector of
the tungsten micrographs.(Fig. 2a).

(6)

These zone lines have been explaiﬁed by Muller as isolated
atoms sitﬁing-at metastable surface sites, however, Tong and Gilman( 7)
showed that the outstanding bright spots could be resolved into groups

of three or four (triads and tetrads) on metastable positions.

1.6.2. Regional Brightness

Symmetric regional image brightnesses are brighter regions observed
at a specific crystallographic orientation, bright regions could be
gccounted for by varying local radii of curvature due to preferential

(8)

field évﬁporation.
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The brightest region of tungsten is the {111} region énd the darkest
is the {110} rééioﬁ (see.Fig. 2). Also the radius of curvature in the
{110} region is several times larger than that of the {111} region.

This dependehce of brightness on radius of curvature can be better
understood from Eq. 8. The larger r is, the’'smaller the ion current

I will be.

1.6.3. Zone Brightness Contrasts

Brighfness variagtions along certain zones are specially obvious in
tantalum molybdenum and‘platinum. These sharp contrasts around regions
that are assumed to have the same radius of curvature have been explained

(9) by taking into account the changes in the

by Moore and Brandon
atomic enviroqment of the imaged atoms. They suggested that atoms with
more than a critical number of first and second nearest neighbors do not
~ appear in the field ién image, énd that the bond geometry of more

~distant neighbors can bé ébrrelated with overall variations of inténsity

in different areas of the stereographic triangle formed by {100}, {110}

and {111} poles as vertices.

Miller and Tsong(lo)

explained the same variations with an electron
orbital model for field ionization. It dis possible that the explanations
of Miller and Moore can be correlated, as both are based on the nearest

neighbor's effect on the imaging atoms.

-1.6.4. Dark Zone Patterns

Dark zones have been observed in micrographs of different metals
under some imaging conditions. These are symmetrical dark bands
stretching from one major crystallographic pole to another on the image.

In some ways they are similar to the previously described brightness
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variationf These are very conspicuous effeéts in nickel alloys (NiuMo)
and have reéeived ad-hoc éxplanations.by differenfbauthors. The effect
of dark zoﬂe regions was obsérved initially in nickel—molybdenum, by
LeFévre; Gréngu and Ralph,(ll) who observed a dark band pattern in the
fieid ion:miérographs of NihMo. Théy'pointed out that these bands do
not éd fhrough domain boundafies’and did not seem to be éymmetfic with
respect to the image. Théy"fl;ehd to pass through "furildva.tﬁentv'v,a;i‘piane"s and
5y—éass the méjor supérlaffidé plénes. jTHey explained.that the super-
lattice plares contain Ni and W layers alternately, ﬁhile the fundamental
plghés aré mixed. Thus, as W tends to image preferentially, the
funddmeﬁtal planes will tend to look darker. This appears fo bg the
origin of>these dark zones.

'Newﬁén.and LeFeVre(lz) also worked with NihMo and observed not only
the dark zone pattern joining“thé major fundamental plahés, but a
"secdhdary zone battern, of thinner bands, which joined thé superlattice
planes. ‘They'éttributed the dark zohe pattern fo the.ghape of the
Fermi surface (following Nakemura and Miller). They considered that
regions ﬁhere the Fermi ;evel approaches the Brillouin zone boundary
- correspond to directions in K space fo; which there is a reduced number
of available energy states, thus a smaller brobability of élecyrons
tunneling in. The ionization probability of helium atoms is then
smaller in these regions.

Using éhé shape of the Fermi surface of Ni, they concluded that as
it necks up toward the (111) direction (if we assume it is spherical
elseﬁhere) that would explain fhé darker bahds in NihMo around the (111)

' (13)

planes. However, Newman and Hren v working with ordered and disordered




B

-13-

forms Nith did not find the zone patte£n at liquid hgiium temperature.
No paper considering band structure in the disordered NihMo is known to
the authbr{“

The eitpla.nations for'zoné décbra‘tions, symmetric regional image

brightness and brightness contrasts within the same crystallographic

plane have been fairly well accepfed by field ion microscopists. Howevér,

there does not seem to'be agreement in the origin of dark band formations
as they appear in nickel and some of its alloys. The dark band patterns
ﬁave been variously explained by different suthors. There does not seem
to be'enough information to conclusively determine which of the possible
explanafions is correct.

The present wérk was undertaken f; further substantiate the

existence of dark bands and to clarify the conditions neéessary for

.

their appearance in an FIM image.
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" 2. THE METALLURGY OF NiyW

Alloying nickel and tungsten has been important to indusﬁry since
it provides one of the earliest methods bf makiﬁg tungsten ductile. It
ig'a150 iﬁpoftant as a basis for acid resistant alloys. The most recent
ﬂickél—tungStén phésé diagrém; dﬁe’té Ellinger aﬁd’sjkés,(lh) ié'»
reproduCed"in Fig. 3. From the meitihg point of nickel (at 1726 + 4oc¢)
the liquiAuéicurve rises to a maximum (1505°C) at 35% W, and then falls
to 1495°C, the eutectic tempefatuie. ‘The‘alloy of eutectic Cbﬁpoéifion
éontains HS% W. It was believed; by earlier iﬁvestigaﬁors, that.the
maximum iﬁ’the li@ﬁidOus wés éssoéiated with a compound, Niéw capable of
exiéting'in two dimorphic étates, the B sfafe,"stable abo#e 900°C 'and the
o stéte‘étable only at lowefvtemperatures. At the present time it is
believed that 'Ni6w does not exist and that the solid phase () separating
from the liquid in hypoeutectic diloys,’is:a solid solution of tungsten
in nickel. The limiting solubility at the eutectié‘femperéﬁuielié ét
about L0% W decreasing up to 38% at 970°C and to 32% at 800°C.

On cooling to 970°C, a per{teCtoid'fééction Qcéurs between o and
the tungsten-rich solid solution Y to give an intermediate phase, B,

containing 43.93 percent W.(ls)

. .Due to the marked change in solid
solubility with falling temperaturés, alloys containing 32 to 45 W
exhibit age hardening. ‘Aging oceurs very sléwly:at temperatures of the
order of 600°C, but relativei&“quickly at about 900°C. The resistance

of nickel_ﬁo corrosion by sulphuric acid is greatly increased by alloying
with tungsten, an alloy Qontaining'lB% tungsten showing a minimum rate.

of solution, less than one fortieth the rate for pure nickel.

The tensile strength of nickel falls to a minimum at 25% tungsten,
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and then increases. By suitable heat treatment; a Brinell hardness of
the order of 490 can be obtained in alloys containing 32-&5‘%W. Also,
there is'a—linéaf increase in the electricai resistivity up to 25%W.
The nickel ﬁungsten alloys might find industrial applications ih the
fabfication of Jet turbines and any other instrumentation requiring
high strength and high temperature metals.

As wé said befdre; thevohly phase formed peritectoidally, according
to Ellinger and Sykes, is NiyW (43,93% W) which is the object of our
study. Nihw has a certain range of homogéneity that can be estimated
to 2 weight percent (3 at. %) at 900°C\and it has been suggested to have
a low tuﬁgsten boundary at 17.6 % W or even lower, below 850°C.

After quenching the Nth'alloy anneal two phases will be present.
The tungsten rich (Yy) phase appears as sméll inclusions evenly distributed
in the nickel rich (d) matrix.(ls) Thus, there is a much higher
prob;bility_of imaging the o phase in FIM and whenever we mention the
as-quenched alloy we are actually refering to the d phase with 387 W
content.

This phase has the same structure as nickel, it is fcc with the
same structure as nickel, it is fcc with a lattice parameter Bone
3.6248. A slight contraction oceurs upon ordering (below 970° % lO°C)'
and the_new phase body centered tefragonal structure.

The unit cell of the B phase contains 8 Ni atoms and 2 tungsten
atoms. The parameters for the bct lattice are a = 5.730 and ¢ = 3.553,
c¢/a = 0.620. This makes the space group cin - Ih/m. There are“six

possible crystallographic orientations of a given ordered domain with

respect to the original fcc matrix. Two of these orientations are shown
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in Figs. e and b. The unit cell is rotated by an angle 6 = 18.4°, %
bwith respect to the fcc unit cell. | |

‘ From the geometry it can be seen that the crystal can be constructed E
by alternating tunésten layers with four nickel layers parallel to the L
superlattiée planes (Fig. 5a). The fundamental planes [as (211) which
corresponds to (111) in the disordered structurej are formed of layers

of intermixed nickel and tungsten atoms (see Fig. 5b). : . |
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3. EXPERIMENTAL PROCEDURE

‘3.1. Preparation of the Alloy

The nickel-tungsten alloy was prepared from an ingot of pure Ni
(99,9%) and GE 0.218 W wires, melted in an arc furnace with an excess of
1 atOmic'peréent Ni to make up for evaporatior. The product of the

T

melting was'then swaged and homogenized at 1300°C in vacuum (107" torr)
for 90 hrs, three consecutive times. The alloy so pfoduced was chemically
tested and found to be 20 at. % W and 80 at. % Ni. Further swaging and

annealing was required until wires of 0.01l1l in. diameter were obtained.

3.2. Heat Treatment

‘These wires were theh annealed in a helium atmospheré at 1300 * 10°C
for 1LL hours and quenched into water. Two batches of wires were
separated; those as~quenched and the second batch, annealed at 850° for
168 hours in an argon atmosphere.

3.3. Preparation of the S»ecimen

Thé gctual tips for the field-ion micros:ope were made of pieces of
the polycrystalline wires spot welded to a holder or mount. (See
description of the equipment in Appendix I.) The wires were then
electropolished until a diameter of 500 to 1200 A was attained at the
tip. The following two electropolishing procedures were used:

Procedure A
§

(17)

A‘polishing solution suggested by Muller for tantalum composed
of: 4 parts 48% hydrofluoric acid, 2 parts concentrated sulfuric acid,
2 parts concentrated phosphoric acid, 1 part concentrated glacial acetic

acid was used. This mixture was diluted with 75% in volume of pure

water.



-18-

For the ordered material an initial potential of 32 volts dc was
usea until thinning was noficea. Then the tips were finished by slow
electropélishing at 18 V giving short electric pulses of 0.1 sec or
less until'thé desired tip diaméter was obtained. If voltages lower
thaﬁ 18 volts were used, a nénconductive £ilm was depositéd on the tip.
‘This film_could be removed by etching in 1N NeOH at 5 volts dc. Several
metals were used as éathodes'bdt tungsten, tantalim and stainless Sfeel
30h werevpreferred.

‘Forcthe as_quéncﬁed‘materiél, the initial voltage was about 12 volts.
The final shaping was obtaiﬁed with short pulses of 0.10 and 0.05 sec at
a potential between 2 and 5 volts dec.

Procedure B

Electropolishing in 25% hydrochloric aci¢ solution in water, using
10 volts ac for the initial thinning and 2 volts ac for the final
shaping for both ordered and disordered tips. Howevar after éach
immersion in the etching solution, it was fourd'hecéssary to "clean"
the tips from nonconductive films'ﬁy'electropcliéhing in 1N NaOH, with
a short (l/5 sec) pulse at the same etching vcltage. ‘The NaOH doés not
attack the tip material appreciably, but long éxposures to'it will cause
the formétién of an oxide film which iIs removable by'electropolishing with
the HC1 solution. The final éhape of the tip was always ascertained with
an optical microscope at X500 magnification. Most of the tipé had
preferential etching along the shaft and care had to be put into the
finai shaping. Tips that had a relatively thick shaft and a thin-end
point wére preferred as they seemed to better withstand the high strains

produced during the field evaporation prccess.
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The tips after electrdpolishing, were washed in water and alcohol
and mountéd'on the glass multiple~tip cryostat. ' The final preparation
of the imagiﬁg surfacé was done through field evaporétion in helium gas
or high température flashing in vacuum (see Sec.:i.S.).

3.4. Temperature Control

To produce the required range'of temperatures for the experiment,

a glass—metal cryostat was used and the specimens were cooled using low
temperétufe helium gas transferred from a standard liquid helium
container. A resistorAin the helium container, electrically heated by
a controlled»ac source, provided the vapor pressure to force the liquid
helium to transfer. ‘

Currents of 1.2 ma were found sufficient to maintain enough flow of
liquid helium toward the cold finger to maintain temperatﬁres of 10°K
at the tip holders (as ascertained with a thermocouple). Currents of
0.5 ma were enoﬁgh for temﬁeratureé around the liquid nitrogéﬂ range.
During operation these current readings and the characteristics of the
image itseif (resolution of ;iﬁglé atoms) were taken as rough indicators
for the specimen temperature.

3.5. The Equipment

The'équipment utilized in this experiment'wgs a versatile metal
fiéld-ion—field—emission microscope construqted from a ba#ic design by
Dr. H. C. Tong and adapted by the author for these experiments (Fig. 6).

lPresSurés as low as 1.5 X 10—10 torr could easily be obtained and
maintained in the épparatus, thus allowing for field emission
observations after 6 hrs baking at 120°C and 10 hrs pumping time. A

glass~-metal cryostat, that allowed four specimens to be viewed during
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each run, and also permitted high temperature flashing of the specimens
was utilized (Fig. 7). A gas supply of hydrogen, neon and helium was
readily available in the apparatus. Also devices to measure electron
currents (Faraday cage) and charge to mass ratios (atom probe) were.
incérporated. These last two devices were nof utilized in these

experiments.
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L. EXPERIMENTAL RESULTS
fﬁ fhis:chapter:the informaiion pertaining to the dark band'pattern
in Nihw oﬁféined'with‘thevfield-ion microééope is preéenﬁed; The results
of the field emission mode observatiohs is left as part of the discussion
for dark-band formation.

4.1. The As-quenched Alloy

The field ionization photographs of ﬁhe as—-quenched specimens, in
general, had well developed low index polesv(Fig.'B), which were visible
as dark circies.sometimeé surrounded by incoﬁplete'rings bﬁt in general
a disordered appearance. |

The specimens showedia préferréd’{lll} orientatién toward the
centér.of thé FIM image or in some cases a {100} orientation was observed.
" These orientations are to be expected due to the swaging and'annea;ing_
procesé'used'to prdduce the wires.

”Aﬁ liquid ﬁitroéen temperatﬁre or abové, violent fielé evéporation
was breSent even when & relatively small voltage was applied. Also at
this temperature, wide dark symmetrical bands were‘visibie. A micrograph
with a [111] tip orientation showing the dark band péttern can be seen
in Figs. 9xand 10. At iiquid helium temperature field evaporation was
still’presént at the best,imagihg'Voltage,'makiﬁg it difficult ‘to obtain-
a stable image. - |

Speéimens oriented toward the (100) éoie shoﬁed, in addiﬁion to
the dayk zone battern'aiready mentioned, zones of less darkness
emerging fromvfhe (100) poie and directed toward the (111) poles

(see Fig. 11). (Compare with the stereographic projection in Fig. 12).
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Subsequent field evaporation and observation of the specimens at liquid
helium temperatures, showed clearly the low index poles but not the
dark band pattern (Fig. 13). Thus, the dark band pattern is observed

only at temperatures around liquid nitrogen boiling point (~78°K) when

the’image is very unstable and the tip is continuously field evaporating.

The patﬁefﬁ-diéappeafs at temperatures around iiquid helium boiling
point (~4°K).

'Wheﬁ the'tempe;atures_were reduced from liquid nitrogen to liquid
helium temperatures maintaining the same potential the bands that were
‘clearly visible atiliquid nitrogen temperatures ;lmost disappeared at
liquid helium temperatures. However as field evéporation almost‘stops
around liquid helium temperatures, it was not possible to definitely
ascertain whether the bands disappeared due to cooling or due to
cessation of field evaporetion at lower temperatures,

The Ni;W dark band pattern differs from théﬁ observed in NihMo,

basically in the presence of'bnly three large dark zones radiating‘

from the (111) pole instead of the six dark zones present in NihMo.

[ S L e
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5.2. The B Phase

The Samples thatAQere produced from the material thoroughly
annealed af 850°cC showed a.high degreé of ordering in the liquid helium’
temperature FIM.patﬁern.(Fig. 14). At temperatures ciose to the liquid
nitrogen boiliﬁg point, violent field evaporation was produced and thin
dark bands were often observed emerging from most of.the low index
planes (Fig. 15) at lower températures, (Liquid He boiling point) in tips
that were not fully developed. These tips were observed at liquid
Helium temﬁeratures after field evaporation at slightly‘higher
temperatures..

It;was noticed that some of the dark bands.were deéorated by
strings of very brightly imaging atoms along ifs borders.

Due to the incomplete development of the tips presenting the dark
bands, it is bard tb sey if thé bands follow an& particulaf symmetry.

L.,3, Summary of the Results

Two different phenomena observed in Nihw field ion micrographs
were described above as dark band patterns:
&) Dark zones in the as-quenched alloy
b) Dark bands in the B phase.
The fifst phenomenon was sham to depend on the imaging temperature
and may be dependenpion the temperature of field evaporation. The
secdnd phenomenon was only observed in ordered tips at ligquid helium

temperature and relatively high gas pressure.
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5. DISCUSSION OF RESULTS

5.1. Dark Band Zones in the As-quehched Alloy‘

We have shown that the dark band patterns that appear in as-quenched

(18) :

Ni, W ére'heavily depehdent on temperature. Miller and TSQng show A

N

micrographs of Ni at 789K and 21°K, where the first one pfesents an

almost ideptical dark band patiern to that of NijMo but the second
micrograph does not éhdw'an& apparent bands. This témperaturé dependence
is also apparent in the micrographs of NinMo'of LeFevre et al., where
only'microgfaphs taken at tegperatures around liquid nitrogen show the
dark bands. There are not publishéd pictures of dark bands knoﬁn to the
'aﬁthor ﬁaken.ét temperatures below 20°K. Therefore, the explanation
for the bands given by Newman and LeFevre (Sec. 1;6.h., page ), using
the Ferﬁi‘enérgy model can iny be possible if it could be shdwﬁ that
there is a:dependence of the Fermi energies on small temperature changes.
It is known that the Brillouin zones and the Fermi energy, change
with phase transformations.(l9) That is, if a neﬁ pefiodicity is .
introdﬁéed a new Brillouin boundary appears and the Fermi levels
themselves. are perturbed. However, there are no.changes in structure
due to changes in temperature (AT~50°K) far from the crystallographic
. phase transition temperature (970°C).
It seems clear then, that the temperature depen&ence of the FIM
. pattern observed cannot be explained by the Néﬁman—LeFevre model alone.
However, Férﬁi surfaces might have, as they suggest,vsome bearing on fhev
observed pattern. LeFevre's model (Sgc. 1.6.4., page 11) considering

that mixed planes (fundamental planes) will image darker due to

v preferential imaging of W on the superlattice planes, does not hold in
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the disbfdered alloy, bécause all tﬁe planes are mixed planes, yet there
ié‘pféferéﬁtiai imaging of éértain'plahes. Moreover;'it canndﬁvéX§lain
the bands bresent in pure nickel micrographs. Either Miller's cr Moore's
explanations of'fﬁe brightness Variatioﬁs across certain zones, might
apply to thé conspicuous'darkbzone'pattern in nickel. But it it hard to
visualize from theif formulation how the temperature dependence of the
observed patterns can be accounted for.

- . The observations described in the previous chapter seem to suggest
that the dark band pattern observed is actually due to the topology of
the specimen, which depends on field evaporation. The variation with
temperature of the FIM paﬁtern might depend either on the temperature
of the last field evaporation or the temperdture at which the image is
observed. A model explaining the dark band effect based on the
observatidns, will be introduced in fhe following sextion.

5,2. A Model fdf the Dark”Zone Pattern in the Asgggenched Alloy

5.2.1. Geometrical Argument for the Existence of Dark Zones

A considefation of fhe topographié characteristics of the field
evaporation end form of thg specimen and thevimaging characteristics of
the same at different temperatures, provides a model to explain the
dark zone patterns in.Nth as well as those in other materials.

In section 1.5.1. (pagev8) it was stated that the field evaporation
end form of a specimen is a quaéiéhemispherical surface toppéd by small
regions of different radius of curvature.

These locgl differences of curvature produce differences in
brightness due to the radial dependence of the local exterﬁal field

afféctihg the potential barrier for field ionization.
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Areas of higher work function will be préferentiélly evaporsated
(Eq. ll_andvl2) until a large endugh local radius of.curvature is
attained so as to 'reduce the local field and stop the preferentiai
évapdration process (Eq. 12).

In order to visualize the geometry dfythe field evaporation end
form of a specimén,'threé dimensional models have been gonstructed with
balls'repfesenting atoms. These models are limited to small radial
sizes and therefore ﬁhe number of crystallographic planes that can be
present. They do not éliow the representation of high i;dex planes.

Compufer simulations of sphericai tips have provided a more
poﬁerfullméthod for image interpretation as they allow different imaging
criteria to be tried out for comparison with the:actual micrographs.
Among the criteria tried are different thickness of the outer shgll
within which_the imaging atoms lie, dependence of imaging on
codrdination number, electron energy distribution, non-spherical
to’pograuphy,2_)4 etc.

Moore and Ranganathan(2o),have used computér simulated images from
crystals of -varying radii of curvature to show that the thickness of the
shell of atoms contributing to the image increaées fof smaller crystal
radii. They also arrived at & visibility criterion thaﬁ for a plane to
be recognized in the image at least three parallel close-packed rows
should.be visible.

The prominence of the planes is determined by the intérplanar
distances even if interference of the planes is allowed for. They listed
the planes to.be expecﬁed on selected zénes of spheres of various radii.

Such a list was compiled with the help of the computational procedure
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mentioned above.

(21)

" Following a similar procedure‘Washburh and Tong produced a
computer.moael of a fcc sﬁhericél crystal using the lattice parameters '
of NijW (Fig. 16). An observation of the image produced by the model
shows fewer but larger planes developed in the (111) -~ (110) sector than
in the (111) - (100) sector and a much larger denéity of smaller planes
developed. in any other direction. A developed plane center differs
greatly in radius of curvature from the hemispherical surface, thus it
will show in the field ionization micrograph as a darker area. If
planes overlap along a line [as in the (111) - (110) sector], the whole
region will eppear as a darker zone than the sufrounding areas.

To represent a random solid solution of 20 at. % W in Ni whefe only
20% of the atoms were allowed to appear in Fig. 17. This is équivalent
to assuming that only W atoms will appear. That is, BQ%fof the atoms
that would have appeared in a normal fcc fIM pattern were randomly
subtracﬁed from the image.

This is the actual imaging condition of the as-quenched alloy.
Even in this case it is easily noﬁiced that the aensity of imaged aﬁoms
in the ('111) - (110) sector is lower than that of the (100) - (111.)
sector, anavsubstantiaily lower than any other area.

| vThe density of spots in the (111) - (110) and (111) - (100) sectors

of the computer image was ascertained by counting spots in an area of
1 cm width. This was compared with counts in other areas outside these
sectors. vThese results are compared with similar counts made on an
actual field ion microgreph of an as-quenched specimen at 4.5°K and T8°K

(Figs. 9 and 18).
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From Table I, it is clear that a smaller density of spots appears
in the coﬁputer simulated image in the (ill) - (110) sector, and that a
similar effect contributes fo the dark'zone éattern dbsérved in as-

quenched alloys at T8°K. However, there is not & significant difference

between the density of spots in the (111) - (100) sector and other areas.

'lThié’geomeﬁrical'érgument for the existence of dark zones, does not
provide a complete explanatiﬁn'beééhbe the darker zones appearing in the
siﬁnlatian'éré not as conspicuous as those in the micrographs at T8°K.

5.2.2. The Possible Contribution of Preferential Field Evaporation to

the Dark Zone Pattern.

As we indicated before, the areas of large work function should be
preferentially field evaporated as can be expressed by the evaporation
rate (Eq. 11 and 12).

3 .3/2, 1_
332 L

thus if the planes along the dark zone pattern have a relatively larger

Ke = y exp [(—1'4'£in'; n¢o) - (ne

wbrk'fuhction than the sﬁrrouﬁdings, an area of even larger averagel

radius-of'curvature could be produced by preferéntial field evaporation
- éécentuating.the image‘contrast between the (111) - (110) sectors and
sécondly ﬂhe (111) - (100) sectors from the surfoundings;

It is:therefore'of interest to ascertain if there is such a work
.function difference. A simple qualitative method to observe differences
of work function is field emission_microscopy as explained in section
1.2 (page 3. The brightness contraéts in field emission micrographs
depend-primafily on work function differences rather than on small

differences of local radius of curvature.

————cs
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A low work function'area will appear lighter-tﬁan a high work
function area in FEM. If the (111) - (110) sectors have an appreciably
highér work‘function than the'other sectors of the tip, they should
appear as'dafk bandé in the field emission micrograﬁhs;

_ A series of experiments to ascertain the work function differences
in Nihw were undertaken and also previous resul£s in pure‘nickel field
'emission.miérographs were considéred.

(22)

Gomer presented a field emission micrograph of nickel where
the work function along the (001).— (111) sector of the [011] zone line
is apparentiy much larger than in the surroundiﬁg areas. In the field
- emission micrograph of Ni)W with a (111) orientafion (Fig. 19) there
are also. dark areas along these zones suggesting higher work functions.
The second highest work function area from Gomer's emission miérograph
of Ni coincides with the sector between the (lll) ahd.(OOl) planes.

In the FEM of Nihw these sectors also héve‘showh relatively high
¢ and in:ﬁhe FIM of NijW with (100) orientation there are darklzones of
less prominence emanating from the (100) pole (Figfll Y.

Thefefore,.the areas of high work function, depicted by field
emission micrography of Nth, coincide‘with the observed dark zone
patterhs in field ion micrographs. Thus it seems likely that dark
bands iﬁ fIM patterns are pfeviously\AiscuSSed, enhanced by preferential
field evaporation of the high work function areas. |

5.2.3. The Température Depenaence of the Dark Zone Pattern

. 2 : .
Tsong and Muller( 3) measured FIM image brightness for various
gases under different imaging conditions and converted the image

brightness into ion currents on a relative scale. The ion current was
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shown fo»decrease rapidly ﬁith'increasiné imaging temperature. The
ration I(Tl)/I(Tg) at two different temperatures depeﬁds on field
strength as is shown in Fig; 17. Apparently, at a very low field the
ion currént is essentially determined by the exponential factors in

Eg. 8b, and therefore the iqn current increases steeply with the fields
and decreases very rapidly with the elevation of temperature.

A difference of local field intensity at the sﬁrface of a specimen
will produce a larger image brightness change at T78°K than at 21°K, as
can be seen from the curves in Fig. 20 . |

The (lll) ;_(llo)_sectoré in the field evaporation end form of
Nth appearé as ; dark 2§ne in FIM and we have shown that.it corresponds
to regions that aré relativély flatter than the rest of the tip,
vtherefore, they have a lower effective field than the rest of the tip.
Thus, from}the cu?ve of Fig. 20a , thé change in iohbcurrenf occurring
in the (111) - (110) sector upon cooling from f8°K to 21°K would be
larger than the change in ion current oécurring in the other areas of
the tip. |

The magnitude of this effect can be illustrated by making an
estimate‘of the possible local variation in field. Suppose the
_(lll) -'(ilo)-seétor has an averége field intensity of 3.6 V/A at a
givén voltage, and the éebtor‘(lll) - (113) has a field intensity of
5.0 V/A at the same voltage then the variation of ion current from
T8°K to 21°K is:

. Sector | | I(21°K)/1(78°K)
(111) - (110) (dark zones) 125

(111) - (211) (bright areas) T
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Then the variation of current with temperature for the dark areas
isv67% iargef fhah thé current variation for the bright aress. Thérefore
reasoﬁable field_differenceé will produce, significant temperature
idepehdence'of thé contrast betweenzlow fiéld and high fieldvareas.

“The 1argé‘change in ion current fér the low}field (dark zone)
region and the smaller change in ﬁhe'high field (bright) region will
prodﬁcé an imagé of even brightness at low temperature. Therefore,
the dark band regions tend to disappear from the field ionization
pictufes at low temperatures.

The difference of the dark-band pettern in Nihw and those observed
in NihMb and Ni, can algo be explained by this model. The field emission
pafterhs of‘Ni and prébabiy that of NihMo, show almost tﬁe same darkness
on the séctofs of the (100) zones between (111) and (110) planes and
the secﬁoié ﬁrojecting frbm:the (111) planes to the (100) planes.
However, in Ni)W only the sector between (111) and (110) plane shows
substantially darker. |

This is the same as saying thet the (111) - (100) and (111) - (110)
sectors of Ni should present more or less the same preferential field
evaporation while the sectors (100) - (111) will present lower field
eveporation rate than the (110) - (111). This is apparent in the field
ion micrographs and fiéld emissioﬂ micrographs of Figs; 13, 14 and 20, 21.

5.3. The Ordered Alloy

The'resﬁlts of FIM in the ordered allo& showed that no dark band
pattern was clearly visible in the micrograﬁhs of fully developed
specimens at normal imaging conditions, but dark bands were visible in
specimens not fully developed at pressures higher than the best imaging

pressure.
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‘These bands seem to be the site of relatively flat areas of few
atomic disfanéeé in width and few atomic distances in deptH. If we make
& model of a flat area of these dimensions we notice that the bordering
atoms will:be in a prbtruding position, fhereforé, according to Smolu- .
kowsky's model, these atoms will be more eléctropésitive and behave as
‘better ionization sites than the neighboring atoms. This will explain
the shiny rows décorating the sides of the band. This effect is’not
apparentvin'the as¥quenched alloy probably due to the broadening of
the band. | ‘ v f

The rest of the atoms in the band are also darker than the atoms
outside of the band and this is due to the flattening of the region : _
due to préferential field evaporation as in the as-quenched alloy.

The appearance of these bénds at h;2°K as well as at higher
temperatures can be expected as the image intensity differences do
change with temperature as before, but the well defined borders of the
bénd, due to the ordered position of the imaging W atoms show clearly

the areas at low temperature.
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6. SUMMARY AND CONCLUSIONS

The fieldiemission micrographs of the Nihw as-quenched from 1300°C
showed a.dérk zone pattern when the specimen was observed at temperatures
around the liquid nitrogen boiling poinf (78°K). The bands seemed to
depart from the {111} poles gnd.oriented toward the {110} poles. A
second, iéss dark pattern was observéd extending from the {100} poles
toward the {111} poles. The dark band patterns as a whole disappear
ﬁpon cobling of the specimen to aroundbliquid helium temperatures (4.2°K).

The.fiéld ionization micrographs bf the alloy annealed at 850°C
for 187 houfs, showed a dark zone pattern at liquid nitrogen temperatures
that persisted at liquid helium temperatures if the imaging gas pressure
was sufficiently high. The dark band péttern was explained using a
topographic model based on preferential field evapération at dark band
fegibns ofvthe specimen due to a higher work function at these regions.

Previous explanations of the dark band pattern in pure nickel and
in NihMo,‘féil to account for the temperature dependence and other
qharacteristics. The use of FEM in conjunction.with~FIM has proven
effective in making it possible to discard some of the previous
hypothesés and in ascertaining the work function as the primary cause

behind the dark band formation.
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Table I. Déhsity‘of spdts (imaged atoms) in the field ion microscope

_andvcomputervsimulation_pattern of as—quenéhed Nth.'

Field Ion Micrograph , . Computer Simuiation
Sector Density (spots) Density (spots)
| on’ cm
78°k
(111) - (110) 5.0 3.54
(111) - (100) 30.0 7.05

- Random aresas 30.0 10.05
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" FIGURE CAPTIONS

Tridngular pétehtigl barrier for field emission used to

calculate the tunneling probability.

b.

C.

Potential barrier including the image potential.

Potential barrier at the surface of a positi#ely charged

dnode deformed in such a way as to permit the tunneling of an

_éleétron‘from a free gas atom impinging against the metal

surfaces.

a.

b:t'

_Fiéld ionization micrograph of tungsten:

Arrow shows the zone line decorations

"Regional brightness in the {111} region.

Phase diagram of Ni W after Ellinger and Sykes.

a and b.

of the B phase of Ni,W with respect to the o phase.

a.

Alternating tungsten layers with four nickel layers

paréllel to the superlattice planes.

b.

Layers of intermixed nickel and tungsten atoms forming

the fundamental (211) plane.

Photographs of the field emission-field ion microscope.

Diagramatic drawing of the field emission-field jion microscope;

1.

2.

3.

‘Specimens (tips)

Cold finger (cryostat)

Glaés window with quartz screen cover with a phosphorescent
material. |

High voltage conneqtions. The other two connectors are

at the sides of the microscope and are not shown in this

drawing.

Crystallographic orientations of a given order domain

JE S
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Fig. 8. | FIM of as-quenched NiAW shoﬁiné a disorderéd structure and‘
| éuwéll developed (111) pole at the center.
Fig; 9. Micrograph of Nth with a [111] tip orientaﬁioﬁ showing the
dark band pattern. | "
Fig. 10. Stéreographic projéétion of em fee crystal with the same
orientation as Fig.:9 showing the bands. |
Fig. 11. FIM with a [100] orientation showing the dark pattern directed
from the [100]' pole to the'. [111] poles.
Fig. 12. .s*'c‘é'reogra{phic projection of an fcc crystal with a [100]
orientation, showing the dark bands mentioned in Fig. 10.
Pig. 13. FIM of the sameltip of Fig. 11 after cooling to liquid
vhelium teﬁperature.
Fig. 14. FIM of Ni)W B phase showing the highly ordered pattern with
-small impéffeétions.
Fig. 15. FIM of showing N'ih_w B phase dark bands in tips that are not
fully developed. |
Fig. 16. Computer simulation of a field ion micrograph of an fcc
- spherical crystal using the latfice parameters of Nihw.
Fig. l7.>.Computer simulation representing a random solid solution
of 20 at. % W in Ni where only 20% of the atoms were
>allowed to appear. .
- Fig. 18. . Field-iqn micrograph of as-quenched Nth showiné well
_ developed planes‘and slightly lower density bf imaging atoms

in the {111} - {110} sectors. (Courtesy of Washburn and Tong).
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Field emission micrograph of as-quenched Ni)W with a (111]
orientation. Dark zones represent areas of higher work

function.

»I(Ti)/i(.Ta) versus field strength for helium imaging gas

T8°K

a) T
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2
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2

°
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LEGAL NOTICE

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

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

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

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