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Abstract

Results of a survey study of the secondary defects
existingkin quenched platinum are presented. Transmission
electron microscopy used in conjunction with field ion

microscopy has yielded direct experimental evidence for

- the existence of prismatic dislocation loops (both glissile

and sessile) as well as polyhedral voids.
For the most part, the dislocation loops were

observed as black spot defects in the electron microscope

‘and were resolvable only via field ion microscopy. The

loop density was estimated to be 1013/cm3

with an average
size of approximately 50 Z. In one instance a defect
interpreted as a Frank loop with Burgers vector a/3 [1111
was observed in the field ion microscope. Resolvable
loops (i.e., > 100 R) were found among networks of heavily
jogged dislocation lines.

The void concentration reached a maximum of

7 x 10%/cm

after annealing at 400°C for 24 hours and

fell sharply on either side of this temperature. The shape
of the voids was found to be a functipn of the concentration.
At low density the voids can be deécribed as regular octa-
hedra, some of which are truncated by {100} and occasionally
by {111} planes. Small voids appear spherical but careful

tilting experiments reveal hexagonal cross sections implying

that the shapes are {100} truncated octahedra. It is shown

ii
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that the apparent sphericity can be attributed to strain
contrast arising from the matrix immediately surrounding
the void.

Small tetrahedral voids have been discovered in
field ion specimens, and it is postulated that these
clusters are the nuclei for both voids and dislocation
loops, depending upon the number and efficiency of the
vacancy sinks in the local environmént. The voids are

shown to be extremely stable almost to the melting point.

iii
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INTRODUCTION

The devélopmént of the field ion microscope by
E. W; Miiller (1951) opened the way for the study of the
defect structure of materials on the atomic scale. Rela-
tively little prpgreés has been made in this direction,
however,.since defect analysis on the atémic level is far
from routine. Advances are being made in image interpre-
tation but at the present time it is imperative that
experimental results be correlated with evidence obtained
by other means. For some reason this has not been done.
In the present investigation ektensive use has been made
of both field ion microscopy and transmission electron
microscopy to determine the nature of the defect structure
of quenched and annealed platinum.

The type of defects to be considered in the body
of this manuscript are usually referred to as secondary
defects. Although grouped under a common label,
secondary defects may be any one of a number of known
crystallographic imperfections. These defects are all
related in that they all have their origin in a super-
saturation of vacant lattice sites (vacancies). Point

defects are commonly produced by one of three methods:



(1) deformation, (2) radiation, (3) quenéhing. The
latter has been chosen for this study becaﬁse it does
not iﬁtrodﬁce additional defects such as interstitials,
dislocation tangles, and displacemént spikes which
would only complicate the analysis of this first study.

Vacancies are equilibrium defects and it is
well known that the number of these point defects in
thermodyhamic equilibrium witp the system increases with
temperature. Thérefore, a piece of metal equilibrated
at some elevated temperature will contain a larger
number of vacancies than would be in equilibrium at a
lower temperature. Rapid quenching from near the
melting point results in the retention of most of the
high temperature vacancy concentration at some lower
temperature, say room temperature. Siﬁce this is a non-
equilibrium situation, the system 1owers its free energy
by allowing isolated vacancies to cluster into ener-
_getically more favorable configurations if it is permitted
to recover with time. These cluster configurations are
referred to as secondary defects.

The importance of secondary defects lies in
their effect on the mechanical properties of crystals
and crystalline materials. It is now accep@éd that the
mechanical behavior of a crystal is governed by the

motion of the line defects or dislocations through the



crystalline lattice (Read 1953, Cottréll 1953). 1t
follows that any obstacle interfe?ing with this motion
will have some effect on the mechénical properties of the
crystal. Secondarykdefects are such obstacles. While it
is the ultimate aim to understand the effect of secondary
defects oh the deformation behavior of a metal in tefms
of their interaction with dislocations, it is first neces-
sary to understand the atomic geometry of the cluster
configurations and their density distribution. Conse-
quently, a largevportion of fhe literature in the field
concerns itself with the geometry of these two and three-
dimensional defects.

The idea that excess vécancies could condense
into secondary defects was suggested:by Frank (1949) and'
Seitz (1950) in their discussions of the origin of dislo-
cations in crystals. The growing amount of data on the
unusual behavior of quenched materials, much of which is
reviewed bé Cottrell (1958), led a number of workers to
expect evideﬁce of vacancy clustering from transmission
electron microscopy. This expectation was fulfilled in
a paper published by Hirsch et al. (1958) which pre-
sented direct experimental evidence for the clustering
of vacancies in quenched aluminum. Frank (1949) pro-
posed that vacancies in FCC material would éggloﬁerate

on a.single {111} plane to form an area of stacking fault



rsurrounded by a dislocation with Burgers vector a/3 <111>.
This defect was appropriately called a Frank loop. Hirsch
et al. (1958), however, found the loops in quenched alumi-
hum to be prismatic with a Burgers vector a/2 <110>,

They suggeéted thet the Frank loops would be energetically
unstable because of the high stacking fault energy of

. aluminum, and would, therefore, transform to a perfect
prismatic leop by a reaction:. |

a/3 <111> + a/6 <112> » a/2 <110>

.

as suggested by Kuhlmann-Wilsdorf (1958). In other
words, the stacking fault could be eliminated by the
nucleation of a Shockley partial dislocation.

. The success of the electron microscope work on
aluminum prompted Silcox and Hirsqh (1959) to examine a
lower stacking fault energy metal in. the guenched state,
namely gold. As a result of this investigation a totally
new defect, the tetrahedron, was discovered. The de-
scription of the stacking fault tetrahedron in terms
of its component stair-rod dislocations and fault planes
is not now disputed but the scientific community has yet
to agree on the mechanism of its formation. See, for
example, de Jong and Koehler (1963), Kuhlmann—Wiledorf'

(1965), and Chik (1965).



Further studies on gquenched métais and alloys
employing transmission electron microscopy have re-

. vealed the existence of.polyhedral voids and an unknown
defect»sometimes referred to as "black death." The

. latter appear as sméll, unresolvable black spots on an
electron micrograph and their character or configuration
is not yet certain.

:In addition to transmission microscopy, several
indirect methods, notably resistivity, have been em-
ployed to study materials in the quenched state. For
the most part, these methods are caqule only of studying
the kinetics of the clustering process. Very little
information can be obtained as to the precise geometry
of the secondary defects, but the kinetics of resistivity
change do give an indication as to the type of defect
formed. It is at this point that direct observation .

. with the electron microscope becomes necessary. Un-
fortunately, some materials are not amenable to thin
film microscopy for one reason or another. Platinum,
until recently, was such a metal. Specifically it was
not possibie to electropolish a platinum feoil thin
enough to be transparent to an electron beam without
altering the struétute, although Ruedl et al. (1962)
and Ruedl and Amelinckx (1963) observed pla£inum in

transmission after beating the foil to less than 1000



A thick. This is not suitable for quenching studies
though, since the defects would most likely be affected
by the large sfresse$ introduced by quenching such a
~thin speciﬁen {Jackson 1965a). ' '

Studies of quenched platinum have been limited
to electrical resistivity;'except for that of Piercy
(1960) who correlated this data with other physical and
mechanicél property measurements.a From these data and
his own studies Jackson concludes that the annealing
behavior of platinum.is much different from that of
other quenched metals. In fact, he went so far as to
say that neither loops nor tetrahedra would exist in
quenched and anﬁealed platinum. Ahlers and Balluffi
(1967) have published information on an electrolytic
solution with which one can prepare thin foils of
quenched platinum while maintaining sub-zero temperatures.
Thus, for the first time, it became possible to see if
secondary defects exist in platinum following various
annealing treatments of the quenched material.

The work of Ruedl and Amelinckx (1963) indicated
that the défect clusters in platinum would be much smaller
(possibly by an order of magnitude) than those in alumi-
num énd_goid. This suggests that it would be informa-
tive to use the field ion microscope in conjunction with

~ the electron microscope. Field ion microscopy has already



proven its value for studying small defect clusters
induced by u-particle bombardment (Miiller 1260) and
neutron radiation (Bowkett et al. 1964). Employing a
technique known as field evaporation, layers of atoms
can be stripped from the surface of the specimen enabling
the investigator to cause the visible surface to pass
Ehrough the bulk of the specimen. Hence, one has a tool
with which he can determine, in three dimensions, the
atomic configuration of defects within the metal tip.
This, then, was the aim of this research; to use
both field ion microscopy and trénsmission electron
microscopy in a survey study of the defect structure
of guenched and annealed platinum. It is doubtﬁul that
all stable configurations have been discovered for the
work on aluminum is still underway. Almost ten years
after the initial studies, multilayer defects are only
now being discovered (Edingdon and West 1966). It is
felt that complementing the electron microscope studies
with field ion microscopy not oﬁiy reduces the chance of
misinterpretation, as happened in the case of aluminum
(Loretto et al. 1966), but is.in fact a unique way to

study the defect structure of quenched and annealed metals.

1



CHAPTER I

. DEFECTS IN QUENCHED PLATINUM
Defect Formation

Vacancies

The first author who realized that crystals in
thermal eqdilibrium éhould contain a well-defined concen-
tration of point defects appears to have been Frenkel
(1926). The thermodynamics and kinetics of these point
defects is discussed extensively by Damask and Dienes
(1963).

The concentration of vacant lattice sites in a
crystal increases With increasiﬁg temperature according

to the familiar Arrhenius relation
C =24 exp(~Ef/kT) (1)

where A is an entropy factor (-1), Ec the energy of
formation for a vacancy (~1 eV), and k is the Boltzmann
conséant. Very large supersaturaﬁions of vacancies can

be produced by rapidly quenching (>1O4 deg seéﬁl) a piece
of metal from temperatures near the melting point. The
excess vacancies retained in the crystal can be eliminated

by annealing at some intermediate temperature (~1/2 Tmp)

-



thereby causing them to diffuse to some form of sink. In
addition to thé pre—existing'or,fixed'sinks suéh as dislo-
cations and surfaces (internal as well as external), there.
is:evidence for the existence of variable sinks. These are
variable in that their size and/or shaﬁe changes as more
vacancies are annihilated, resulting in a chénge in the
annealing kinetics. These variable éinks také.on several
forms: fl) voids, (2) dislocation loops, (3) §tackipg
fault tetrahedra; but they are identical in that they all
originate from the very defects which they are helping to
eliminate. The geometry of these sinks will be discussed
in the next section.
Equatioh (1) gives information as to the total

number of vacancies at equilibrium but says nothing
about where they are. However, reasonable assumptions
suggest that 90% are isolated single vacancies with the
remainder in clusters of up to about six vacancies. The
relative numbers of each of these configurations is
dependent upon the respective binding energies. From the
data in Table 1 it is evident that the divacancy is the
most mobile of these defects since higher order complexes
are immobile as such.

. .During an annealing treatment, single vacancies
and divacancies migrating through the crystal will inter-
act to form trivacancies, tetravacancies, etc. with a corre-

sponding reduction in the internal energy of the crystal.



BEST VALUES OF THE THERMODYNAMIC PROPERTIES OF
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TABLE 1

POINT DEFECTS IN SOME COMMCN METALS

concentration of vacancies at Tm

P

Property Cu Ag Au Al Ni Pt
lv '
Ef (ev) 1.17 1.09 0.94 0.75 1.4 1.5
lv ,
Em (ev) 1.0 0.85 0.85 0.65 1.5 1.4
2v | :
Em (eV) 0.65 0.58 0.65 0.3 0.72 1.1
2v
Eb (eV) 0.15 0.2~ 0.1~ 0.17 0.23 0.37
0.4 0.3
cx10? 2.0 1.7 7.2 9.0 0.05 | 6.0-
. : 10.0
- Q (eV) 2.1 1.91 1.81 1.35 2.9 2.9
Y(e;g/cmz) 85 20 50 280 150~ 95
450
1v :
Ef energy of formation of a vacancy
1lv : .
E_ energy of motion of a vacancy
Eév energy of motion of a divacancy
Eiv binding energy between two vacancie;
C
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' Q - actiyation energy for self diffusion

¥ - stacking fault energy

és a wﬁole; As these clusters increase in size they

tend to: (1) form into sphericai cavities, (2) become
polyhedral-shaped cavities, (3) collapse to form Frank
1oops; (4) collapse to form perfect prismatic loops, or
(5) form spackihg fault tetrahedra. There are, as yet,

no hard and fast rules as to what kind of defect wiil

form in a particular material after a given heat tréatment
but ail of the parameters listed in Table 1 will have a ,
_definite.effect. The stacking fault ;nexgy is perhaps
mentioned most often in the literature, but the problem of
using it as a criterion is that there is so much controversy

over its magnitude.

Secondary Defects

Cayities ofAvarious sizes and shapes have been
observed in metals and alloys, and they can usually be
classified as either spherical or polyhedral. It is
not at all understood precisely what détermiﬁes the
final shape, but it is probably a combination of defect
size and the surface energy of the.material. The
polyhedral surfaces are generally made up of low index

planes and the voids are therefore quite symmetric.
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Frank dislocation loopé cén bé envisioned as the
removal of part of the <111> plané from~£he lattice. The
result is a fault in the stackipg sequence, aé the planes
above and below the miséipg plane will collapse to fill
the gap. ‘The region of stacking fault is'surrounded by
a partial dislocation with a Burgers vector a/3 <lll>.and
has the appearance of a pure edge dislocation (Figure la).
The disiocatidn is sessile and the loo? is usually hex-
.agonal in shape with the sidés éarallel to <liO> directions.

A second type of loop commonly found is the per-
fect prismatic loop. It can be obtained from the Frank
loop by.the nucleation of a Shockley partial, according

to the reaction
a/3 <111> + a/6 <211> » a/2 <110>

The resulting configuration is shown in Figure lb. It is
entirely possible that the prismatié loop forms directly
from thé collapsed cluster, but the question is academic.
It is generally felt that the prismatic loop will be
favored in materials with a high stacking fault energy,
but recent papers by Loretto et al. (1966) and Humble
et al. (1967) place this conclusion in some doubt.

The prismatic loop can sometimes lower its
energy by becoming .rhomboidal in shape (it.is'usually

elliptical) and rotating toward a {110} plane, thereby
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Figure l.--Transformation of a Frank Loop to a
perfect prismatic loop. (a) Side view of a Frank
loop showing HCP stacking sequence across the
loop plane. Viewing direction is [110]; (b) the
same loop after being converted to a perfect
prismatic loop. The FCC stacking sequence has
been restored, but there are two extra half
planes, one above and one below, at the ends

of the loop. (After Bell and Thomas 1966.)
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becoming neafly pure edge in charactef. ‘That is, the habit
plane is not qﬁite'{llo}.— Both the prismatic and rhomboida;
(often reférred to as rhombus) loops are glissile and can
move byfconservative_glide-inkthe <110> direction.

. The stacking fault tetrahedroﬁ, as its name
implies, is a four-sided defect. Eachvof the faces is a
{111} plane cbntainiﬁg a stacking fault and the six lihes
of intersection of the faces is a stair-rod dislocation
of Bu;gers'vector‘a/G <110> (Figure 2). Several mecha-
nisms of formation of tetrahedra have been proposed
(Silcox and Hirsch 1959, de Jong and Koehler 1963, and

Kuhlmann-Wilsdorf 1965) but these are as yet unproven.
Review of the Work on Platinum

In view of the fact that platinum is a relatively
easy metal to work with in gquenching studies (Doyama 1965),
it is rather surérisipg that so little information has
.been published on it. Perhaps the answer can be found
in the difficuity of employing direct observation
techniqueé with platinum. Whereas both aluminum and
~gold are amenable to thin film ﬁicroscopy, platinum,
until recently, was not. ‘Therefore, quenching and
anneﬁling studies could not be extended beyond the

somewhat limited resistivity investigations.
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Figure 2.--The stacking fault tetrahedron. The faces
are {111} containing a stacking fault. The inter-
secting faults give rise to stair-rod dislocations

at the edges.
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The fir;t published work on gquenched platinum was
an electfical resiétivity study by Lézarev and Ovcharenko ’
(1955). They reported values of 1.18 eV and 1.08 eV for
‘the ene;gies of formation and migration of vacancies
respectivély. Soon after, Bradshaw and Pearson (1956)
found the energy of formation to be 1.4 eV and attributed
the discrepancy to an insufficient rate of quenching in
the previous work. It was also concluded that there was
oﬁly one recovery stage (non—exponehtial) and that there
was no evidence for vacancy agglomération. In a }ater
paper (Pearson and Bradshaw 1957) no significant effect
was found}wifh the addition of rhodium and gold as
impurities. Successful experiﬁents with gold prompted
Ascoii et dZ. (1958) to make new measurements on platinum.
The energy of formation was determined to be 1.23 eV.

The annealing curves exhibited expénential behavior
(unlike Bradshaw and Pearson's data) from which the
migration energy was a surprisingly large 1.42 eV, Of
equal significance was the calculation of the number of
jumps made by a typical VacancyAduring anneal; before
annihilation. Whereas Bradshaw and Pearson (1956) had
calculated 1910 jumps, Ascoli‘et al. (1958) arrived at a
value of 107 to 108. However, they also found no évidence

for defect clusters.
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Baccﬁella et al. (1959) were the first authors fo
suggest that the complex kinetics observed after high
temperature quenches might be due to some clustefipg‘pf
vacancies. Measured values of the activation energies
were not significantly different from ﬁhose of Ascoli

et al. (1958), i.e.,
1Ef = 1.20 eV and Em = 1.48 eV

Miller (1960) made a vacancy count.on guenched
platinum using the field ion microscope and calculated a
value of 1.15 eV for Ef., However( Pimbley et al. (1966)
found the number of vacancies to be anomalously hiéh and
attributed thié to a stress effect'inherent in field ion
microscopy.

Piercy (1960) made a rather thorough investigation .
of point defects in platinum, using deformation and neﬁtron
radiation as well as quenching to introduce an initial
excess of point defects. ﬁe also complemented electrical
resistivity measurements with x-ray line broadening,
hardness, and density measurements.: Quenching from above
1600°C, Piercy found Em = 1.13 eV in good agreement with
the work of Bradshaw and Pearson (1956). Values of E.

~ for the irradiated specimens compare well with those of

Ascoli et al. (1958) and Bacchella et al. (1959). Piercy
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attributes the lowef value to the motiﬁn of diyacancies
and the higherlfo sinéle vacancies. |

The order of reaction is a measure of the rate-of
change of a number of jumps required by a defect to reéch
a sink during the recovery process. ‘Therefore, it should
be possible to determine the type of sink frdm'measurementé
of the relaxation time and the jump ffequency. Piercy
argues that 108 to 10° jumps (his calcﬁlation) is much too
“high for the recombination of defects but, if the defects
are being annihilated at dislocations, the order of reaction
might be expected to be unity. He reasons that the ob-
served value of 1.46 may be causéd by a change in the
dislocation network due to extensive climb. Thus the
last defects will migrate to a much different dislocation
network than was initially present.

Jackson (1965a) guenched platinum wires from
various temperatures in the range from 700°C to 1750°C
in an attempt to resolve thé discrepancy between the
reported activation energies. His findings are listed
in Table 2, along with previously obtained values. The
evidence is quite convincing for assigning the.lower
value, 1.1 eV, to the motion of divacancies and the high
value{ 1.4 eV, to single vacancies. His data also verify

that there is only one clearly resolved annealing state,
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regardless of initial concentration. Jackson also states
fhat the shape of the isothermal annealing curves corre-
spond to diffusion of point defects to sinks that become
less efficient with time. He conciudes tﬁat the very low
resistivity increment remaining aftér anneals below
1/4 Tmp and the large number of jumps (two ofders of
magnitude greater than in_gold) for vacancy annihilation
argue tﬁat the sinks for vacancies in platinum are much
different from those in other metals.

| Amelinckx's group in Belgium has been alone in
the use of-TEM (fransmission electron microscopy) to study
guenched platinum foils. Ruedl et al. (1962) and Ruedl
and Amelinckx (1963) were principally interested in
radiation damage, but many of their findings are quite
applicable to the present work. This is particularly
true in the case of foils quenched prior to irradiation.
However, one must be aware that quenching strains in the
extremely thin (1000 i) foils could have a significant
- effect on these results. This problem has been investi-
~gated by Jackson (1965b), and the principal effect seems
to be a change in the vacancy structures produced by
subsequent aging.

Ruedl et al. (1962) reported finding defects which

were interpreted as spherical voids and some instances of

. . . -]
polygonal features in the neighborhood of 100 A diameter;
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the contrast‘of both being quite different from that of
dislocation loops. The presence of these éavitiés rather
than loops is attributed to the high surface energy of
platinum. It is felt that the ene?gy barfier in trans-
forming from a spherical to a penny-shaped cavity would be
rather large, and would therefore inhibit thé collapse of
ciusters into loops. It should be pointed out, however,
that the concept of surface enexrgy become ambiguous when
dealing with very émall surfaces. In fact, it has been
suggested by Jackson (1962) that the energy of-a cluster
might better be calculated'as the energy of formation of

a vacancy divided by its surface area. If this be the
case, the energ§ of a void will always be less than that

of a Frank loop, whereas the reverse is true if the bulk
surface energy is used (Friedel 1964). Thus, as Clarebrough
(1966) points out, it is impossible to decide which type of
defect is more stable at small sizes, without detailed
knowledge of surface energies for very small voids.

Bauer and Sosin (1966) found stage IV recovery of
electron irradiated platinum to be a diffusion-controlled
process up to approximately 50% recovery. The rest of‘thé
recovery is considerably slower than predicted by theory.
According to them, the possible mechanisms which may
account for this delay include: (1) clustering of the

vacancies, (2) exhaustible sinks, (3) concurrent trapping
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pf vacancies during the diffusion process. The authors
choése to explain their results by the third mechanism.
Their reason'fbr ruling out the second are understandable,
but their basis for rulipg out the first is bpen to
question (Chik 1965). It is worth noting that they
measured the activation ehergy of stage IV recovery to

be l.36~eV; i.e., appfoximately equal to the enéxgy of
motion of single vacancies. )

Cizek (1967) investigated the irreversible
component of resistivity remaining after repeateq
guenching of platinum wires. After subtracting out the
non~recbverable resistivity increment attributable to
dimensional changes in the specimen, some 20% of the
irreversible change was unaccounted for. The author
suggests that while vacancy clusters and/or voids may
contribute, it is more reasonable to investigate the
possibility of more stable defect configurations such
as the oxygen stabilized stacking fault tetrahedra
present in silver up to 930°C (Clarebrough et al. 1964).

It should be mentioned at this point that Ruedl
et al. (1962) observed dislocation configurations
~indicating the possibility of dissociation into partials
(i.e., Lomer-Cottrell barriers). This was qompleménted

by a common occurrence of annealing twins and only rare
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observations of cross slip which, when it did occﬁr, was
father complicated. The authors are cognizant of the
fact that the stacking fault energy of platinum is
'reportedly high (75-35 e;g/cmz). o

While a discussion of irradiation experiments is
perhaps not appropriate hére, the defects observed by
Ruedl et al. in foils bombarded by neutrons, fission
fragments, or o particles are of interest. Both black
spot defects (“black'death“) and resolvable-loops were
present. The prismatic nature of the loops was inferréd
from motion in <110> directions during observation. This
is consistent with thé concept of conservative glide on
a prismatic cylinder. Evidence was also found for
interaction between these defects and dislocation lines.
The resulting ragged appearance'coﬁld be due to climb or
stress field interactions. Large polyhedral voids and
prismatic loops were found to occur in foils exposed to
a-particles and subsequently annealed at temperatures up
to 500°C. The voids were presumed to be filled with
helium gas, the presence of which may stabilize the
cavities. This may be subsﬁantiated by the fact that

the voids remained after anneals in excess of 700°C.
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CHAPTER II

ELECTRON MICROSCOPY
Contrast Theory

When the electron microscope is used with thin
metal foils, extensive use is made of the phenomena of .
diffraction of electrons by a' crystal 1attice; The
radius of the Ewald sphere is extremely laxrge for electron
diffraction; so large, in fact, that it is almost planar
over the solid angle subtended in the’eiectron microscope.
The small curvature that does exist is compensated for by
the rod-like nature of the reciprocal lattice poinfs.
The-physical reason for the existence of these "relrods"
is the relatively small number of reflecting planes in
the thickness direction. There simply are not enough
scattering centers to attain complete destructive inter-
ference for non-Bragg conditions. Therefore, the dif-
fraction peak (i.e., reciprocal lattice point) is broadened
in the direction of the small diménsion and the extent of
the streaking varies inversely as the foil thickness.
(This phenomenon is analogous to particle size'broadening
encountered in x-ray diffraction.) As a result, the

diffraction pattern that is projected on the microscope

- 24 -
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screen is acfually a plane section thropgh the reciprocal
lattice of the-crystal. Most of the'commonly observed
patterns display a high degree of symmetry and are rela-
tively easy to identify. . .

ihe normal procedure is to intercept all diffractea
beams with an aperture aliowipg only the transmitted beam
to pass through the lens system to bé magnified and pro-
jected onto the fluorescent screeh. Thus, any regions of
the crystal which are diffracting strongly will appear
dark on the screen.

When studying defects it is often desirable to
view what is called the "dark field" image. This is a
procedure wheréby the above mentioned objective aperturé
is moved so that only one of the diffracted beams passes
through the lens system. According to tﬁe Kinematical
Theory developed by Hirsch et al. (1960), the dark field
and bright field images should be complementary because
of the two beam assumption. In practice this is not
always found to be the case, but the discrepancies can
usually be explained with fhe more complex Dynamical

Theory (Howie and Whelan 1961).

Diffraction by a Perfect Crystal
Representing an electron wave at the position T

by the function exp (2wi ﬁo-f) and the scattered wave by
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exp (27wi ﬁ-?), the total ampljitude of electron waves

scattered from an.assembly of unit cells is:

A= IF exp (2mi K-T.) | (2)
o n n
'n :
. . R > >
where F  is the electron scattering factor, K = k - ko’
;n = nla + nzﬁ + n3é, and the summation extends over all

atom positions in the crystal. The total scattered ampli-
tude is a maximum (i.e., the exponential is unity) when X

is a reciprocal lattice vector.
K = na* + kb* 4 18% = 3 (3)

which simply says that the Bragg law is satisfied. By
definition, the magnitude of a reciprocal lattice vector
is equal to the reciprocal of the spacing between the

planes described by that vector (see Figure 3a). Hence

n

l_)

gl 1748 = 2 sinb

A : (4)
which is the Bragg equation.

In general there is a distribution of scattered
radiation such that the crystal need not be in the exact

Bragg position to result in some diffracted intensity.

If the deviation is described by the vector S we have

A = IF_ exp (273 (3 + g)-§n] (5)
n



- 27 -

- T - . . e e
where K = g + § as.in Figure 3b. Recognizing that_g-rn is
~an integer and approximating the summation by an integral,

. ->
we have, for a given s

A(s) = %fTexp(Zﬁi ;';n)dT (6)

For a crystal‘bf infinite dimension in the x and y di-

rection and thickness t

A(s) = Fft/zexp(2ﬂisz)dé = iﬁ;lgi:i _ (7)
-t/2
. From which
sinzﬂts -
I(s) m’——-—77— . (8)

_(ﬂS)

This intensity distribution is plotted in Figure 4. In
other words this says that the thinness of the crystal
causes sufficient relaxation of the Bragg condition which
in turn allows a considerable amount of diffraction to

occur even though the crystal is not quite in the proper-
orientation; the misorientation being described by the
vector s. |

The above equation also indicates that the intensity
~ of the transmitted and diffracted beams oscillates with
depth.as'illustrated in Figure 5. At successive depths

to' the diffracted intensity is zero and the transmitted
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Figure 3.--Reflecting sphere construction for electron
diffraction. (a) When the reciprocal lattice point is
on the Ewald sphere, (b) displaced from the Ewald sphere

by the vector Z.
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Intensity

Figure 4.--Diffracted intensity versus the inter-

ference error, §, according to the kinematical
approximation.
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Edge of foil

Figure 5.--Schematic 1llustratlon of the origin of
fringe contrast. (a) Section through the crystal
showing kinematical intensity oscillations of
direct and diffracted waves. AB represents a
_grain boundary or stacking fault, CD a wedge,

and E a hole. (b) Section normal to beam

showing dark fringes f (extinction contours)

as - they would appear in a bright field 1mage
(After Thomas 1962.)
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intensity reaches a maximum. The depth periodicity of
this intensity oscillation is l/[gl and reaches a maximum

at |3| = 0. That is

lim to.= z
as - A
8] » o S ()

where r is defined as the extinction distance. Note thét
this is no£ quite rigorous since f is a function of both
the operating reflection and the material under observation.
Wifh this information we can explain two:contrast
effects commonly observed in the electron microscope:
extinction contours and bend contours. Practically all
specimens used in transmission microscopy are slightly
bentaﬁd non-uniform in thickness. Extinction contours
will occur in wedge-shaped regions of the specimen as a
result of the sinisoidal variation of the transmitted and
diffracted beams discussed above. The contours will
appear as continuous alternating bands following equi-
thickness paths, as schematically illustrated in Figure 5.
Local curvature of the foil will cause some regions (con-
tinuous surfaces) to be rotated into diffracting orien-
tation giving rise to continuous dark bénds caileq bend
contcurs. The two can easily be distinguished since the

latter is very sensitive to the angle between the incident
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beam and the foil normal while the former is dependent
principally on the thickness of the crystal. Hence, a
small amount of specimen tilt will cause a bend contour

to move much more rapidly across the field of view.

Diffraction by an fmperfect Crystal

Any defect within a crystal which produces a
distortion of some set of lattice planes {hkl} will alter
the diffraction conditions of that set of planes in the
vicinity of the defect. If the atom at ;n is displaced

by the vector ﬁ, equation 6 becomes
_F - s >
A(s) = vaexp[2ﬂ1 K (rn + R)ldrt (10)

Neglecting the term R and again assuming the crystal to
be finite only in the z-direction, we have

F t/2

A(s) =
\"}
-t/2

expl2risz] expl2mi g-Rldz (11)

where o = Zﬁg-ﬁ is an additional phase factor due to the
presence of the defect. The contrast at a defect is then
determined by computing the difference between the in-
tensity diffracted by the perfect and imperfect crystal,

all other parameters being egual.
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vDéfect Interpretafion

Dislocations
It is éuffigient for the present purpose to consider
the intuitive explanation for céntrast at dislocations as
originally presented by Amelinckx (1964). Let us assume
that we have an edge dislocation in a crystal. This
could be depicted schematically as in Figure 6. Suppose
that the set of planes outsiae the region El - E2 would
satisfy the Bragg condition for diffraction if the foil
were rotaﬁed slightly counterclockwise about the-normal
to the paper. Note that the planes in the region E, - E
have undergone such a rotation due to the presence of the
dislocation, while the same set of planes in E - E2 have
rotatéd in the opposite sense. As mentioned previously,
the fact that the foil is much thinner in one dimension
makes it possible to have some diffraction even though
the crystal is not precisely oriented. Under these
conditions (thin foil) a cbnsiderable intensity is
diffracted away in the perfect part of the foil outside
El - Ey; the reﬁaining part ié transmitted. The figure
reveals that the Bragg condition is better satisfied on
the left than on the right of the dislocation. .anse—
gquently, more intensity will be diffracted away from Eq

(to be intercepted by the above mentioned aperture) and
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Figure 6.--Diffraction of electrons by a foil
containing an edge dislocation at E. 1In E32.
less intensity is diffracted away than in

the perfect part while more is diffracted
away in Ej. (After Amelinckx 1964.)
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less awayvfrdm Ez{ Therefore, when the transmitted beam
strikes the flﬁorescent screen, the intensity at El will
be lower than background and greater than background at E,.
That is, a black line will be observed slightly to the Ei
side of the actual dislocation. It can be shown that this

analysis holds equally well for any arbitrary dislccation

and Burgers vector.

Determinatién of the Burgers Vector

It follows from the intuitive picture presented
above that contrast effects are to be expected only from
those lattice planes'which are deformed by the presence
of the dislocation. To a first approximation it can be
assumed that the planes parallel to the Burgers vector
will not be affected and, therefére, diffraction from
these planes wili not exhibit contrast effects. In other
words, if the foil is oriented so that this particular set
of planes is in the reflecting condition, the dislocation
will be invisible. |

Since the diffraction vector}% is normal to the
set of diffracting planes, we can state that the dislo-
cation will be invisible if the relation E-g =0 is
satisfied. Knowing two vectors.E for which this equation
holds with respect to a single dislocation, it is possible

to determine b for that dislocation. To avoid ambiguity
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in the analysis, it is necessary to eméloy the/dark‘field_
technique. The pfécedure is to tilt the specimen until a
particular defect disappears. Aséuming the brightést spot
on the diffraction pattern to be the cause of the observedi
contrast,.it follows that the displacement vector R (in
this case R = B) is parallel to the set of planes g. If

the correct reflection has been chosen, the deféct will

also be invisible in the dark field image of this spot.

Dislocation Loops

Althopgﬁ a dislocation cannot terminate within a
crystal (Frank 1951); it may close oncitself to form the
so-called dislocation loop. The nature of the dislo-
cation requires that a sign convention be set up fo avoid
confusion in analysis. The actual convention is a matter
of personal preference( but must be consistent.

Define the Burgers vector as’the closure failure
FS after traversing the circuit in a clockwise direction
while looking in the positive direction of the dislo-
cation line (Bilby et al. 1955).‘ This circuit is also
defined as a right hand screw. Using this FS/RH con-
vention, a 90° counterclockwise rotation of the Burgers
vector points in the direction of the extra half plane
for the case of a pure edge dislocation. See Figure 7a.

It follows that the Burgers vector of a right hand screw
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Figure 7.--Burgers vector convention for dislocation
loops. (a) FS/RH convention for defining the Burgers

vector; (b) applied to a vacancy loop; (c¢) applied to
an interstitial loop.
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dislocation will point along the negative direétién of £he
dislocation line while a left hand screw will have a
Burgers vector in the positive sense of the line.

| Now define the positive sense of going around the
dislocation lcop as ciockwise when viewed from above; i.e.,
in the direction of the eiectron beam. Thus, a vacancy
loop will have a component making an acute angle with the
upward dfawn normal to the plane containing the loop.
That is, if we use a "left hand rule" to describe a
vacancy loop and a "right hand rule" for the interstitialA

loop, the fingers of the hand point in the positive

direction round the loop and the thumb defines the sense

of the Burgers vector. This is schematically illustrated

in Figure 7b and c.

In the light of our knowledge concerning the po-
sition of the dislocation line relative to its image,
consider three intermediate positions of a vacancy loop

as it is rotated counterclockwise through the Bragg

.} »
condition about an axis normal tokg and b. In Figure 8,

the dotted line is the actual position of the loop while
the solid line represents the imagé of the loop. Choosing
s as positive when the reciprécal lattice point associatea
withlg lies inside the Ewald sphere (angle of incidence

on the reflecting planes is'greater‘than the Bragg angle),
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Figure 8.--Relative position of the dislocation
loop as the set of planes, §, is rotated through
the Bragg orientation. :
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-the image of the loop will lie inside or outside the
actual position of the loop depending on whether the

. > o s A . .
sign of (g*b)s is positive or negative respectively.

Kikuéhi Lines

The above discussion leads to the gquestion of how
to determine the sign of . All of the previous develop-
ment assumes the electrons to be eléstically scattered by
the atoms, bﬁt it is known that there will be some ine-
lastic scétteripg resulting in an incoherent beam of
electrons. Their origin is not completely understood but
it is postulated that the divergent beam can undergo
Bragg diffraction and produce a pair of nearly straight
lines on the diffraction pattern, one dark and one light.
The two will be separated by a distance commensurate with
the magnitude of the associated vector_E. Figure 9 is a
.diagram showing the relation between'the»sign 6f s aﬁd
the positions of the dark and light Kikuchi lines. Note

that the light line is always furthest from the main beam.

Stacking Faults

The discussion of loops also leads us to consider
the contrast arising from the presence of stacking faults.
The formation of the stacking fault on the interidr of a

Frank dislocation loop of Burgers vector a/3<1ll> was
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Figure 9.--Relative positions of the diffraction
spot and the Kikuchi line due to the same re-
flection. The open circle represents the main

beam and the solid circle is a particular dif-
fracted beam.
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discussed in‘Chapter I. We are concefnéd here With the
interéretation'of such a defect with transmission electron
.microscopy.

Contrast arises.at a Stacking fa@lt because such
a defect displaces the reflecting planes with respect to
each other across the plane of the fault. Using the
appropriate value of R in‘equation 11, we f£ind that the
observed contrast is a function of the position of the
plane in the foil. 1In fact, the observed intensity is a
periodic function since the diffracted intensity oscillates
with depth into the crystal. For the general case of a
fault inclined to the electron beam, the depth periodicity
will become visible as alternating contrast fringes
parallel to the line of in£erseqtion (or projected iine
of intersection) of the fault plane and the surface of the |
foil. This fringe contrast is illustrated in Figure 3.
Clearly, if the extinction distancé t0 is known, the |
dimension of the fault can be obtained (to within the
erroxr between to and ¢) from the product nto, where n
is the number of fringés. The fringe contrast also
provides valuable information for determining the plane
of the fault.

This information is usually sufficient to specify
the nature of the fault but a cross check is possible

with a_E-g criterion. The stacking fault displacement

-
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vector R is defined by the shear at tﬁe faﬁlt,for the
Burgers vector in the case of thelFrénk loop. Referring
again to equation 11 we £find tﬁat‘there is no contribution
‘to the intensity for the case of a = 2mn, i.e., when~§-§ = n.
In words this.means that the fault will be invisible when
the vector R moves the reflecting planes no;mal to them-
selves by an integral number of spacings between the
planes or when the displacement is parallel to the re-
flecting planes as in Figure iO. One other criterion for
the invisibility of stacking fault fringes involves the
dimensions of the fault plane. If the fault doe; not
extend over a depth in the crystal of more than an
extinction distance for the operating reflection, no
fringe contrast will be observed. The fault will, however,
appear either dark or light depending on its position in
the foil.

The dislocation line boundiné a faulted loop
presents a.problem quite different than that encountered
in the unfaulted or prismatic loop mentioned above, as
it is a partial dislocation. Under‘these circumstances,
the‘g-g criterion no longer applies since b is not a
lattice vector. Therefore, the scalar is not necessarily
an iqteger but,rrather, it is usually found to be 'a
multiple of 1/3. Gevers (1963) has shown tﬁat the

variation in contrast will not be significant unless
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JE-%} > 2/3. However, for 8§ > 0 and'g-g < 0 the image of

the dislocation line will be superimposed on the fault

" contrast and proably not be visible. Silcock and Tunstall

'(1964) showed that the dislocation would be in good con-

trast for_g-g = + 2/3 but would be in poor contrast for
<+ >

g*b = - 2/3, provided the deviation from the Bragg

orientation is rather large, i.e.,vtog > 0.6.' Loretto

et al. (i966) used this criterion to show that, contrary
to common belief, 95% of the loops in quenched aluminum
are faulted. This is significant in that the loops were

too small to exhibit stacking fault contrast.

Voids

Another defect commonly observed in quenched
materials is the void or large vécancy cluster. wvan
Landuyt et. al. (1965) have shown thét the contrast at
a void is adequately represented by a phase angle
a = 2nsf, where f is the thickness of the void. Further,
their theory predicts odd contrast behavior such as:
(1) contrast variation as a function of depth, void
size, the parameter S, total foil thickness, and (2) a
éossible lack of contrast reversal f?om bright field to
dark field. The interpretation is relatively simple
for the case of a thick foil (> 5 t.) with S = 0, since

the contrast will be mainly due to normal absorption.
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kHowever, the voids will have to be larger than 1/2 t before
they produce a clear positive contrast (i.é., liéhter than
'background).b Unfortunately, it is not‘always possible to
see defects in the region of §’= 0 and one must usually
work in regions of 3 >0 (anomalous transmission region).
An attempt haé been made to generalize the results
of van Landuyt as they apply to the case ofAsecondary
defects in platinum foils: (1) the foils are qonsideréd
as being thick, (2) 1/4 t0 < f <ty (3) the absorption u
is relatively high, (4) the defects will be confined to
the center of the foil. As can be seen from Tables 3
and 4, the contrast in both bright and dark fields is
guite unpredictable. Thereforé, some knowledge of defect
size and the diffraction conditions is required in oxder
to determine whether contrast should be positive or
negative. Using boﬁh bright and darg field images, the
above mentioned tables, and large tilt angles, one should
be able to distinguish voids from loops. 1In fact it is
possible to specify the geometry of the defect as shown

in Chapter V.
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TABLE 3

EXPECTED CONTRAST FROM VOIDS AS A FUNCTION
. OF DIFFRACTION CONDITIONS

Void : R I
Dimension . Bragg Error Bright Field Dark Field
(£) RN (1 =1) (I-1)
1.8t 0.2 o N > P : 2
0.5 P > N N >P
1.0 N>P P =N
1.0 to 0.2 P =N P =N
0.5 N N >P
1.0 P p

Assume the absorption coefficient, u, to be 3n/To,
where 1, is the absorption length and is usually taken
as 10 to-

The parameter % is a measure of the misorientation
from the Bragg angle.

N indicates that the void will appear darker than
background and P indicates that the void will appear
lighter than background.
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. TABLE 4

EXPECTED CONTRAST FROM VOIDS AS A FUNCTION

OF VOID SIZE

Void Dimension Bright Field Dark Field
(£) ' (I - 1) (1 - 1))
l/8to' P >N N > P
1/4 tO P >N N >P
1/2 to N>P N >P
1 t N N >P
o
Assume x st 0.5.



CHAPTER IIX

FIELD ION MICROSCOPY
Basic Theory

As discussed in the Intfoduction, the field ion
microscope has resolving power and magnificatidn capa-
bilities eﬁabling the directrobservation of the atomic
lattice. Since fhe concept of the field ion microscope
is relatively new (Mlller 1951), there are almost as many
designs as there are microscopes. However, they all have
the same basic components (Figure 11). The specimen is a
short fine wire polished to produce a sharp hemispherical
tip of 100 to 1000 2 radius which is connected to metal
electrodes immersed in a cryogenic fluid such as liquid
N2’ Ne, H2 or He. Facing the tip, a'few centimeters
away, is a phosphor screen which emité photons when
bombarded by ionized atoms and is an integral part of
the vacuum chamber enclosing the specimen. The system

is evacuated to 10~/

to 1077 Torr, backfilled with high
purity (99.9995%) helium gas to a pressure of 1 to 10y,
and a positive potential of up to 30 kV is impressed on

the tip relative to the screen. The strength of the

resulting field at the surface depends on both the

-
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applied Voltage and the radius of the specimen (Miller

1960, Gomer 1961), but is in the neighborhood of 10% to

109 volts/cm or about 5 volts/i near the tip. This is
equivalent to the removal of abou£'0n¢~third of an
electron from each atom, and means tﬁat the "free
electron cloud" is drawn back into the metal, ekposing
the positive ion cores on the surface.
A neutral atom of the imaging gas coming under
the influence of the field around the tip becomeS‘Slightly
polarized and acts as an orieﬁted dipole. That is, the
more weakly bound electrons are pulled towar@ one side
of the atom causing it to act like a small magnet which
then accelerates toward the specimen. When the polarized
~gas atom is a few tens of Angstroms away from the tip,
the potential well of the atom is distorted by the
presence at the potential field at the tip. Therefore,
an electron in the atom no longer sees the symmetric
potential well of the nucleus as in free space but, rather,
as an asymmetric barrier that reaches a maximum and has a
finite width on the side nearest the specimen.
According to wave mechanics, ionization is possible
~ by tunneling of the electron through the potential barrier
_into the metal tip, provided there is an available energy
level: This process is schematically illustrated in

Figure 12. The resulting ion is then repelled by the
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positive tip and travels along a trajectofy (approximately
ellipgicai) defined by the electrostatic lines of force to
the screen. The field ion image is, therefore, a sensitive
contour plot of the surface field distribution. Bright |
spots, corresponding to regions of high electric field
(i.e., surface atom positions),!give rise to a very regu-
‘lar spot pattern which can be interpreted direétly in
terms of the atomic lattice (Figure 13).

The current-voltage characteristic of the helium
field ion microscope has the form shown in Figure 14
(Southon and Brandon 1963). A stable field ion image is
formed in the region BC and the terminus of the curve at
C corresponds to field evaporaﬁion of the specimen. At
this point, the field at the surface of the specimen is
sufficiently large to ionize and remove fhe loosely bound
metal atoms on the surface. All too.frequently, field
evaporation occurs at a field lower than that required
to obtain stable images. Thus, while field evaporation
limits the materials capable of being studied in the
field ion microscope, it is also the very process which.
makes the instrument unique by permitting three di-
mensional micro-dissection of the specimen. By controlled
field evaporation of individual atoms from the surface of
the specimen, the structure of the bulk can be deduced

in atomic detail.
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Figure 13.--Detailed schematic of the ionization
process illustrating the relationship between the
atom positions and the cones of emitted ions.
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Figure 1l4.--Current-voltage characteristic
of the helium field-ion microscope.

- 55 -

lon
Current

Amps
10?

w’] ]

T

Tip Radius=570A
He Gas p:BJOﬂTbn
Tip Temperature=78'K

A .
Field
E {3 VVA
R XY
Voltage

Southon and Brandon 1963.)

(After



- 56 -

Image Interpretation

‘Indexing

Normaily, the fiist step to be taken When attempting
to interpret a field ion image is to properly index the
planes (or poles) on the micrograph. Although Miller
(1960) has‘used an orthpgraphic.projection to index a
micrograph, Brenner (1962) considers the stereographic
projection fo be a better approximation. More recently
‘Brandon (1964) has shown experimentally that the true
projection is somewhere between these two. It is possible
to obtain a simple equation for accuratelybcalculating
the angles between poles on a field ion image (Newman et

al. 1967) with the result that:
d = MR® ' (12)

where d is a linear distance measured on the microgfaph,
M is the combined mégnification of the optics, R is the
radius of the projection sphere, and 9 is the inter-
planar angle. This equation is derived and discussed in

detail in Appendix I.

Computer Model

The computer model originally developed by Moore

-

(1962) has been extended by Sanwald et al. (1966) to

enable the interpretation of defects in the field ion image.
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‘The image is simulated by plotting the positions of those

atoms whose centers lie inside a thin' spherical shell

~ passing through a point lattice. The resulting array

looks very similar in appearance to an actual field ion
image. It is then a siﬁple matter to introduce the strain
field of a defect info the point lattice to determine its
effect on the image. By adjusting tﬁe radius and thickness

of the shell, and by varying the parameters associated

- with a particular defect (e.g., Burgers vector and habit

plane for a loop), it is possible to obtain quite good

agreement with experimental micrographs.

~Defect Analysis.

It has been proposed (Pashley 1965, Ranganathan
1966a) that a dislocation will éppear as a spiral con-
figuration in a field ion image. Furthermore, the exact
nature of this configuration will be given by the scalar
product_g-g where'g is a vector normal to the set of
planes being disturbed by the emergence of the dislo-
cation and b is the Burgers vector of that dislocation.
It is worthwhile pointing out thatvg and b are geometrical
in nature so the scalar product is simply a méésure of
the displacement component in the direction normal to the
set of planeslg, (Figure 15). If one is consistent in

using the correct plane notation (i.e., {hkl} unmixed
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PLANE OF CUT (1)
PERPENDICULAR TO ()

Figure 15.--Diagram of (I111) plane showing how single
and double spirals can be produced on (220) plane
with Burgers vectors of a/2 [101] and a/2 [110],
respectively. '



- 50 -

for Fcc; etc.),’the dot product is an integer which
determines the number:of "leaveé" in the spiral con-
figuration, regardless of the dislocation character

(i.e., edge or screW). Any dislocatibn, for'example,

with b = 1/2 [llO]* intérsectihg the surface in the
vicinity of a (204) pole will produce a single épiral as
illustrated in Figure 16. The sense of the Burgers vector
will determine the direction of rotation of the_spirai

for a given pole.

It is well known that one of the princip%e
secondary defects formed after annealing a gquenched
specimen.is the dislocation loop. It was mentioned in
the section on electron microséopy that the dislécation
loop is described by a single Burgers vector. It is
implicit in this definition that the reference coordinate
system move around the perimeter of the closed dislo-
cation ling to maintain consistency. However, it is
impossible to distinguish it from a dislocation dipole
(i.e., two individual dislocations with opposite Burgers
vector) in an FIM image without a controlled field
evaporation sequence. Provided there is no appreciable

interaction between the strain fields, the two points of

R :

Defining both vectors in terms of lattice unit
vectors i, j, k, the a-factor or lattice parameter term
is not included in the Burgers vector notation.
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eﬁe?gence of the dislocations may be -considered separately,
with the result théf the theory predicts spirals in oppo-
site directions. Figure 17 illustrates possible coﬁfigu~
rations. |

Single dislocations, dipoles, or total dislocation
loops can be analyzed by inspection using the.a-g criterion;
at least the number possibilities can be reduced to a point
where it is only necessary to determine the plane on which
the dislocation lies in order to specify the Burgers
vector. If the dislocation emerges at a point where two
different sets of rings are disturbed AFigure 18), the
spiral count will usually give a unique Burgers vector.

Loops bounded by partiél dislocations present a
different problem sincelgog is not necessarily an integer.
Partials have been found by computer analysis to cause
“various types of disturbances depeﬁding upon the location
of the defect. For ihstance, high index planes appear to
be split or sheared by the presence of a Frank loop,
while a pinching type distortion occurs in low index
regions of the field ion image. Thus, the_§~g criterion
does not seem to yield as much information for the case
of paﬁtials. Hopefully, any obvious defect which cannot
be interpreted in terms of total dislocations can be
analyzed in terms of partial dislocations. For the case

of a Frank loop, the bounding dislocation is a partial
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Dislocation Visible on Two Sets
of Plane Edges ' |
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Figure 18.--Two sets of plane edg§s+visible in the
region of the defect. Note that g+b criterion is
satisfied for each set of planes.
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and_g-g will norﬁally predict a fraction of‘a épiral. Not
only is this difficult to detect but it is also difficult
to undefstand‘geometrically. Random choices of Frank

. loops which have been plotted by computei seem to indicate
that streaks (Ranganathan et ql. 1965) may form parallel
to the fault plaﬁe. There is also evidenée of ring
distortion which is consistent with the concept of adding
or removing a lattice plane to produce the fault.

Analysis of voids or large vacancy clusters is
straightforward in that one must only determine size and
shape. Polyhedral voids should be recognizable as such
and should be amenable to geometric analysis employing
the pseudo-stereographic projection mentioned above.

More complex defects, such as stacking fault
tetrahedra and multilayer defects (Edington and West
1966), have not been considered to date, but should not
present any particular difficulties since they are only
dislocation arrays. It will probably be necessary to
use computer analysis to determine their nature in the

field ion image.

Effect of Stress
The applied electric field generates a hydrostatic

tension, oN7 normal to the surface of the specimen, given

by Miller (1958a) as
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oy = F2/8n = 44.3 2 _' a3y

where F is in volté/z and N is in kg/nmxz,, A spherical
specimen of an isotropic metai will experienée a uniform
dilitation and the shear stresses are therefore zero. For
a hemispherical cap attached to a cyliﬁdrical shank, the
tensile stress in the shank wi%l be approximately Oyr S©

that the maximum shear stress, T, is given by:
T = 0/2 | .(14)

These shear stresses are large enough to cause
plastic deformation and may well be expected to have an
effect on glissile dislocation configurations in the
specimen. Unfortunately, it is not yet known whether
there will be an increase or decrease in the probability
of observing such a defect. The effect on sessile dislo-
cations is equally uncertain but éne would expect the
hydrostatic component to aid motion by climb.

A cause for dislocation motion in the absence of
'a field is the force arising from the mirror dislocation
outside the crysta} (Cottrell 1953); an effect that can
be quite important because of the small size of the
crystal tip. -Using equations developed by Bullough (1967),
Hren 11967) has calculated this stress by treating the

specimen as a stack of cylinders of decreasing radius.
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The results indicate the equilibrium position for a screw
dislocation to be along the specimen axis. The image
forces will inérease as the dislocation approaches the
‘surface of the cylinder, but the increasing size of the
successive cylinders makes it difficult to determine
whether the entire dislocation will slip out of the crystal
or whether it will reach a stable curved configurafion,
being "effectively pinned" at.the wire axis somewhere up
the shank. (Figure 19). The superposition of the field
stress can only confuse the issue further. In sﬁort, it
is not known whether of not the sampling probability will
be improved by the stresses on the tip.

Pimbley et al. (1966) have reported that the vacancy
concentration in the {012} region of annealed platinum tips

to be of the order of 102

, well above the 6 x 1074 value
Miller (1959)'found in guenched platinum. The present
author has observed a large number of single vacancies in
platinum wire quenched from near the melting éoint and
annealed at 500°C for 24 hours. Previous studies (Jackson
1965a) indicate that there should not be any'appreciable
quantity of isolated point defects after this treatment.

It seems clear that these vacancies are stress induced

artifacts as suggested by Pimbley et al.
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Figure 19.--Possible stable configuration for a
dislocation line in a field ion specimen.
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Thus, there is little doubt that stress effects
can be important in field ion microscopy, and even though
the stress distribution is not known, the possible results

of such stresses must not be overlooked.



CHAPTER IV

EXPERIMENTAL EQUIPMENT AND PROCEDURE

The Field Ion Microscbpe

| The basic design and operational chéracteristics
of the field ion microscope were discussed in Chapter IIT,
In this éection further discussion will be limited to the
instrument used in this investigation; a stainless steel,
liquid hydrogen cooled microscopé designed to operate in
conjunction with an Air Products and Chemicals Inc. Cryo-
Tip refrigerator. Design considerations for the construction
of the microscope are discussed in Appendix II. A schematic
drawing of tﬁe microscope is presented in Figure 20. As
illustrated,‘the FIM body consists of an outer shell
flanged at the bottom to mate with a 4" diameter viewing
port and at the top to receive the flanged'cryostat tube.
The cryostat itself, is a Pyrex tube with two pairs of
0.050" tungsten wire leads at the bottom, and is graded to‘
Kovar only 1-1/2" from the top flangé to avoid any diffi-
culty from low temperature phase transformations in the
Rovar. Although the cryostat tubulation is designed for
use with the Cryo-Tip, it may also be used by filling it
with a cryogenic fluid. Suspended between the outer

jacket and the glass cryostat is a stainless steel liquid
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Figure 20.--Schematic drawing of the field ion
microscope body. The microscope is constructed
almost entirely of stainless steel, is designed
for use at liquid hydrogen temperature, and
incorporates a fiber optic viewing port.



e )

nitrogen dewar whicﬁ perfofms the dual role of'radiation
shield and cryopumping.surface. To improve the shielding
characteristics, the bottom of the dewar is made of
copper, and an aluminum cylinder in fhermai contact with
the copper almost completely surrounds. the specimen.
 Three 1-1/2" diameter ports extend radially from the
specimén chamber (at specimen level)land are flanged to
acceptwén ion gauge, a high voltage lead through, and a
flexible bellows for making a connection to the vacuum
system.

Nofmal photographic technique involves the use of
high speed 35 mm film in specially fabricated camera
bodies fitted with £/1 (or faster) lenses. However, this
microscope has been fitted with a 4" diameter fiber optic
faceplate'permitting fhe use of-direct contact photography,
thereby eliminating the need for intermediate optics.
‘This technique, its advantages and disadvantages are
discussed extensively in the literature (Hren and Newman
- 1967) .

The heart of the vacuum system (Figure 21) is a
liquid nitrogen baffled 2" oil diffusion punp, backed by
a 2 cfm fore pump. The system is capable of 10‘8 mm Hg
(without bakeout) within 1-1/2 hours of specimen change.
Mild bakeout (300-400°C) results in pressures on the low

end of the 107° scale of the ion gauge.
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The imaging gas system is presently set up to
supply helium, neon, or a preset mixture of‘the two. The
 gas4is bled in with the variable leak valve number 1 and
ﬁhen passes through the liquid nitrbgen déwar into the
specimen chamber. However, additional gases can be
readily admitted to the system by means of tﬁe variable
" leak valve number 2. This is sometimes desirable for
. improving image gquality in nonrefractory metals (Miller
et al. 1965) or if one desires to study the effect of

adsorbed gaseous impurities (Fortes and Ralph 1966).

The Electron Microscope

The electron microscope employed was a Philips
EM 200 fitted with the new Goniometer Stage which permits
full 360° rotation and * 45° tilt of the specimen. 1In
addition, a magnetic beam tilt device enables the
operator to obtain high resolution dark field micrpgréphs.
The operating principle of the device is schematically
illustrated in Figure 22 and the overall picture of the
technique is illustrated in Figure 23. The normal
operation of the microscope is as shownbin (a); the
incident beam makes an angle 6, the Bragg angle, with a
set of diffracting planes in the crystal. The transmitted
and d&ffracted beams intersect the Ewald sphere at

reciprocal lattice points separated by the familiar
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Figure 22.--Schematic illustration of the principle
of operation of the magnetic beam tilt device.



—

L

(a)

Figure 23.--Schematic drawing illustrating the

:::===_;——¥15

1
i
!
]

- Ditfracting

—>——8phere ———

- 75 -

Beam Tilt Device

/ )\

X X

o o
/ Plangs in Crystdl
b

20

§i lD EZVVGIC‘ iD

———~Aperture—r—m
Axis of Microscope

F Coumn T
Bright Field

s i S i

Dark Field
(b)

et ey

principle of operation of the transmission electrcn

microscope.
conditions.

(a) Operating under bright field

(b) Operating under dark field con-
ditions. (After Bell et al. 1965.)
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'vector.g. As mentioned earlier,’the reflecting sphere
(Ewald sphere) is almost planar for electron waves and
cbincides with the back focal plane of the objective lens
of the microscope. ABright field images are obtained by
insertiné an aperture to eliminate all but the transmitted
beam. Dark field images éan be obtained bykméving the
aperture to allow passage of a selected diffraéted beam
but the épheiical aberration of the magnetic lénses fox
any noncentral beam causes a great deal cf astigmatism.

As pointed out by Bell et aZ. (1965), to obtain g high
,quality dark field image from a strongly diffracting beam,
the incident beam is tilted in the direction away from

the operating reflection throuéh an angle twice that of
the Btagg angle. (For electrons, this is of the order of
a few degrees.) Thus, the operating reflection in dark
field is 73. That is, the dark fiéld image is actually
due to reflection off the negative side of the planes
which were favorably oriented for Bragg diffraction in
bright field (Figure 23b). Without the magnetic beam
tilt facility one must accomplish this tilt by reorienting
the electron gun, an inconvenient operation at best, or

be satisfied with an astigmatic image. A further advantage
of the Philips device is that one can go from brigﬁt field
to dark field with the flick of a switch. Because of the

symmetry commonly found in electron diffraction patterns,
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it is often possible to adjust the unit to permit a simplé
switching between bright field and either two or four
consecutive dark field images.-

The magnification and image rotatién calibration

data is presented in Appendix III.

Specimen Preparation

The platinum purchased'from Engléhard Industries
was of 99.9% purity. Lengths of wire (6" x 0.005") and
foil (6" x 1/4" x 0.0015") were heated electrically in
air and quenched into brine at 0°C. The quenching
temperature was estimated from two independent methods
to be within 100°C of the melting point: (1) the voltage
was increased until melting occurred in a dummy specimen
and the remaining specimens were heated at approximately
one volt less potential. (2) An optical pyrometer reading
of 1680°C £ 50°C was obtained aftér correcting for emis-
'siQity and non-blackbody conditions. Short lengths were
then cut from the original 6" lehgth to be annealed for
- various times between 250°C and 600°C. No extensive
table will be presented describing individual heat
treatments, but iﬂstead, specimen history will be stated
in the text as it applies to the overall discussion.. The
author feels that this is desirable in that the results

are presented as general trends rather than as being due



- 78 -~

to specific andkoi involved quenchipg.and aﬁnealiﬁg
treatments.

Early in the investigation,‘field ion specimens
were prepared from the wire by electropolishing in an
aqueous potassium cyanide solution (Miillexr 1960).

Sometime later, Dr. R. W. Balluffi informed us that his
laboratory at Cornell had been successful in poiiéhing
piatinum foils with an aqueous solution of calcium
chloride maintained at -30°C (Ahlers and Balluffi 1967).
This electrolyte was also found to work extremely well
for preparing field lon specimens emp}oying a platinum
counter-electrode and a variable 0-15 volt A.C. power
supply (Newman et al. 1967).

Electron transparent foils were initially prepared
using the well-known window method, along with the above
mentioned solution. Although satisf;ctory, an improved
technique resulted from the persistence of Mr. E. J.
Jenkins, the electron microscope technician. The method
involves jet polishing a platinum disc that has been precut
to fit the microscope specimen holder. The disc is placed
on a platinum mesh screen and the cold CaCl2 solution is
allowed to flow in a small stream over the foil. A
potential of 80-100 volts A.C. is impressed between the

mesh and a platinum electrode immersed in the electrolyte
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bath above the specimen. The apparatus is 11llustrated in
Figure 24. This stage of the polishing procedure is

. continued until the center of the disc is poticeably
thinner (i.e., "dimpled"). The final stage is carried
out at 8-10 volts A.C. with the specimen immersed in the
electrolyte bath until a hole appears. Large areas
suitable for transmission microscopy are obtained in this
manner.~ A final cleaning is accomplished by applying 20
volts D.C. for 30 seconds followed by a rinse in distilled
water and then ethyl alcohol. The low temperature of the
polishing solution insures that no annealing takes place
during the preparation of the foil and the elimination of
the need for stop-off lacquer reduces the occurrence of

dirty foils.



- 80 -

Elecirdyte

Pt Wire j;OeS’ropcocx

V /Specimen

» Pt Gaouze

AC |
Supply | ——5<

Figure 24.--Schematic drawing of apparatus employed
for preparing electron transparent foils of plati-
num.



e

CHAPTER V

RESULTS AND DISCUSSION

Ruedl et al. (1962) found voids in heavily irradi-
ated platinum foils upon pulse heating in the electron
microscope, whereas irradiation followed by a mild anneal
resulted in the formation of vacancy loops. Therefore,
one might expect to find loopé or voids depending upon
the vacancy supersaturation. That is, it can be con-

vincingly argued that an instantaneously high concen-

tration of mobile vacancies would favor the formation of

voids, while a lower vacancy concentration would favaor

prismatic loops. This is consistent with the present
experimental observations in that either voids or loops
are formed, but the two rarely occur in the same region.
Furthermore, dislocations are almost.nonexistent in areas
of high voiﬁ concentrations while large prismatic loops
are generally found in the midst of heavily jogged
dislocations. This is quite reasonable in light of the
evidence for dislocations being efficient vacancy sinks.
Thus, in some regions, small clusters and dislocations are ‘
competing for vacancies while in others, the clusters

accumulate essentially all of the migrating point defects.
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Void Analystis

A high concentration of large vOids (cavities) was
obtained by repeated pulse quenching in air followed by a
one hour anneal at 500°C. Some of the cavities were more
than 1000 ﬁ in diameter, large enough to break through one
or both surfaces of the foil, while the majority were of
the orﬁer of 300 R. This is in contrast to foils subjected
to a single guench followed by a 24-hour anneal at 400°C.
Under these circumstances the size distribution is more
uniform and centered about a smaller diameter (i.e., 150 i).
Figure 25 is an electron micrograph of the pulse quenched
and annealed foil after partial melting in the microscope.
(This was accomplished by removing both condenser apertures
while the specimen was under observation.,) It is apparent
that some voids are still preseﬁt.in areas within a micron
of the melted edges, and it is thus reasonable to state
that the void, once formed, is an extremely stable defect.

This stability could well explain the presence of the

~large cavities in the pulse guenched specimen if one argues

that the nuclei are formed during the first quench (a
reasonable assumption since the air quench is relatively
slow) and grow by vacancy absorptioﬁ during each successive
quench. -This défect configuration is most likely the one
contributing to the irreversible resistivity increment

measured by cizek (1967).



Figure 25.--Polyhedral voids in pulse quenched
platinum foil after partial melting in the electron
microscope. The average void size is approximately

300 A.
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.Kiritani et al. (1964) have suggested that the
voids in aluminum are regular octaheaia'withw{lll} féces,
and a similar conclusion was drawn.foﬁ the voids in'gbldr
(Yoshida et al. 1965). Clarebrgugh'et al; (1267) have
just published a rather complete study of voids in gquenched
copper, silver, and gold. (The author would.like-to
acknowledge receipt of their manuscript prior to publication.)
Although Clarebrough et al. found alfew voids that closely
approximated regular octahedra, the majority are better
described as octahedra‘truncated by {111} and/or {100} and
an occasional {110}. However, these voids were much ‘
larger and the authors concede that they may have been
regular at smaller sizes. To remaln as such after growth,
the vacancy flux would have to be uniformly distributed
over the surface of the defect.

The voids in platinum are definitely polyhedral in
shape, but the facet configuration seems to be somewhat
variable. ﬁy and large the resolvable voids can be
describéd as {100} truncated octahedra (Figure 26) which,
because of the associated strain fields, may appear
spherical. On the other hand, there are instances where
it is necessary to use more complex truncations involving
only single sets of {100} as in (b) or {111} planes as in
(d) . Clarebrough et al. have suggested the truncations

pictured in Figure 27.
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Unfortunately, the analysis is not so straightforwafd
for platinum since the Voids are as much as an order of
magnitude smaller than those observed in copper and
alﬁminum, and.the strain fiélds, although gmall,_generally
tend to obscure the boundaries of the defect. Figure 28
is a singulaf case where a clear fringe pattern was ob-
served. It is postulated that-the fringes (arrowed) occur
as a consequence of the wedge-shaped nature of the defect.
' Only with low order reflections would the extinction
distance be short énough to give rise to contours.

Figure 29 is the same area with £he defects exhibiting
strain contrast. In agreement with the Ashby and Brown
theory (1963a), the line of no contrast is normal to the
operatipg_g—vector. Strain must also be responsible for
the black patch contrast sometiﬁeé observed at various
points within the confines of the .void. Additional experi-
mental evidence for the existence of a strain field around
a void in platinum is presented in Figure 30. The dislo-
~cation line is apparently pinned at the void, and where
~the strain fields overlap, the periﬁeter of the void is
invisible. ©Note that this void can also be seen in
Figure 28 at the point‘X. Under these diffraction con-
ditions fhe entire void is visible.

It can also be seen that the edges of the voids in

these micrographs are parallel to projected <110> directions,



2

o1

101

9=002

Figure 28.--Voids in platinum foil exhibiting fringe
contrast. The specimen was quenched from near the
melting point and annealed at 400°C for 24 hrs.
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Figure 30.--Electron micrograph of a dislocation
pinned at a void. The overlapping strain fields
apparently cancel one another.
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Initially thisvﬁas misleading, for it was presumed that

the rhomboidal defects were'prismatid loops and that the
hexaéonal ones were Frank lobps. However, they do not
exhibit the behavior expected of dislocation loops. Making
fuil use of the new Goniometer Stage obtained during the
1atter‘part of this investigation, tilting of the specimen
through large angles revealed the three dimensional nature
of the defects. Figures 31 and 32 illustrate quite well
the negligible change in shape of the voids after'356 of
tilt. Note, howeVer, the marked difference inAcqntrast
between the two photographs. This is the type of behavior
van Landuyf et al. predict for void.contrast. The variables
here for any oné void are foil thickness, extinction
distance, operating reflection, 'and excitation error s,
Although direct experimental evidence is lacking, one

might speculate as to the reason for the string of voids

at the top of the micrograph. The only logical expla-
nation that comes to mind is that these particular cavities
lie along a low angle boundary. Since the boundary would
be a preferential sink for vacancies, this model would
explain the relatively large size of these voids. The
contrast behavior in bright and dark fields (Figures 33

and 34) indicates that these voids lie on the surface

rather than on a line. That is, contrast reversal of some



Figure 31.--Bright field electron micrograph of
polyhedral voids in a [110] oriented foil. The
specimen was annealed for 24 hours at 400°C.
Void density is 7 x 1014/cm3, with an average
diameter of 150 A.



Figure 32.--Bright field micrograph of the same
region after 35° tilt. New orientation is [111].
Although there is some change in contrast, the
voids have not changed significantly in shape.



Figure 33.--Bright field micrograph of the same
region after tilting to [331]. Many of the voids
are seen only in residual contrast.



Figure 34.--Dark field micrograph of the same area
illustrating the contrast behavior of the voids
along the low angle boundary.
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but not all of the defects means that they lie at different
levels in the foill Note also the increased contrast in
the dérk field image.

0ther~features of interest in these four micro-
~graphs are worth pointing out. Many of the voids, par-
ticularly in Figure 31, eXhibit dark patches within the
confines of the void. There are several insfances of
interaction between voids and dislocations, and there
appears to be enhanced contrast at the point of contact.
An extremely-interestiﬁg feature which is gquite difficult
to explain is the contrast arising from the dislocation-
void complexes along the low angle boundary.

Observations to date iﬁdicate that voids occur in
all quenched specimens annealed between 250° and 600°C,
with the highest density at 400°C after 24 hours. However,
annealing at 500°C for 70~100 houré produces isolated
colonies (one or two per specimen) containing a high '
density of large sphericél voids (~ 300 i) as shown in
Figure 35. Almost without exception, the lower the
concentration of voids, the more regular they appear
(i.e., tending toward a simple octahedron). Figure 36 is
such a void viewed along two crystallographic directions,
[1L00] .and [112]. The appearance of the tid_is in.quite
~good agreement with what Kiritani et al. (1964) predict

for an octahedral void in this orientation. Although not



=
=

i

Figure 35.--Isolated colony of voids in a foil that
was annealed for 100 hours at 500°C. Average void

diameter is 300 i.
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[(112].
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Figure 36.--An octahedral void viewed along two crystallographic directions.
(a) Beam direction (b) Beam direction
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apparenﬁ in the micrograph, a small square was visible,
under direct observation, at the "bottom" of the void
in (a). This can be attributed to a {100} truncation of
~ a regular octahedron as illustrated schematically in
Figure 26. In‘generai, the isolated, regular shaped
voids are of ﬁhe order of‘300 i.

-‘While on the subject of void size, it would be
appropriate to discuss the density of defects and the
.concentration of vacancies required to obtain this
density. Eétimating the foil thickness to be 1000 i from
the projected length of dislocation line, the void density

is calculated as 7 X lOl4

voids/cm3. This figure does not
take into account either the large cavities which extend
through the foil or the ones that have formed along the
low angle boundary. Taking én évérage void radius to be
80 i, the volume fraction of void.in Figure 31 is found to
‘be 1.5 X‘10—3. Assuming the volume occupied by a vacancy
cluster to be equal-to the volume occupied by an atom
~cluster, we can estimate the retained (quepched—in)
vacancy concentration at 1.5 X 10—3.which is in good
agreement with the value given in Table 1. If the vacancy
volume is assumed to be 0.25 of the atomic volume
(Mukherjée 1966), the initial vacancy concentration

3

would be 6 x 10 ~. Since there will be some relaxation,

.but not as much as at a single vacancy, a realistic value
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is probably somewhere between these two. A value of

2.5 x 1073

will be.assumed. Each void requires approxi-
mateiy 2 x lO5 vacancies and therefore drains the matrix
of all vacancies within a 500 g radius. This calculation
assumes that all voids are visible which, according to
theory, is not necessarily true, nor does it include the
very laxgé voids. Howéver, the number which are completely
invisible will be guite small, not more than a.few percent.,

Studies involving various quenching atmospheres
reveal a strbng influence on void size and density
(Clarebrough et al. 1967, Siedman 1967). No attempt was
made to study the effect of quenching atﬁosPhere in the
present work, but it is entirely feasible that oxigen
content could be a factor since the wires were heated in
air. It is doubtful, however, that there would be enough
~gas present to account for the voia concentration in
Figure 31. Ruedl et al. (1962) explained the presence of
voids in o-irradiated platinum as being due to accumulated
helium gas which was certainly not present in this
investigation. Furthermore, the void density in this
specimen has been calculated at 1014 to 1015/cm3, several
orders of magnitude higher than that observed by
Clarebrough et al.

There is a possible explanation for the rather

high calculated vacancy concentration, which again brings
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us to the problem of strain contrast. If the void strains
the surrbunding lattice and if the voia images by some
form of strain contrast, tﬂe'size of the defect will be
aoverestimated, since the strain must occur outside the
actual cavity. If instéad, tﬁe cavity is defined by the
inner rédius of the black circles, the vacancy concen-
tration could be lower by as much as a factor of four.
This estimate is in much better agreement with that in
Table 1, but still does not account for the’vacancies

that are tied up in the larger voids.

The strain images of voids in platinum are
strikingly similar to micrographs of internally oxidized
Cu-8i slowly cooled to room temperature (Ashby and Brown
1963b); from this the authors calculate the strain to be
approximately 10—3. If it is then assumed that the
strain in the platinum matrix due to the presence of
the void is the same order of magnitude, an equation
can be developed to approximate the surface energy of
platinum.

Bullough (1967) has suggested that y should be
estimated from the equation for the internal energy of a
void inclusion. If a sphere of radius ry is removed from
the matrix and the hole is allowed to shfink to a radius

r', then the state of the strain is giVen by
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r
u. = e—%— r > ro
r
u_ = €r <
r € r < ro
r' - r, .
where € = —0— (15)
o
We are interested in the case for which r = r . In other

o
words, we want to find the energy at the surface of the

void. To find the self-energy of the void, we must

evaluate the work done to form the void. Assuming linear

elasticity theory to hold

E =

1 S o__u ds (16)

S rr r

N bt

where, according to Bullough (1967),

Grr =.4ue : ‘ ’ (17)

where Y, the shear modulus, is given by Darling (1966) as
6.22 x lOlldynes/cmz. At the surface of the void (i.e.,

at r=1r) o and u_ are constant, so that
o ry r

o]
i

2
1 2uroe fsds (18)

32 .
or . El 8npr0 £ . (19)
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Taking into account the surface energy of the
void |
V 2 .. 2 2
= -4 =
E2 431 Y_4ﬂro (L + )7y
E, = dur 2 (] + 2¢) (20)
2 o T ¥

Thus, the total energy of the void inclusion is the sum

of these two parts:

E = 8ﬁpro3ez + 4ﬂr02(l + 2e)y (21)

Now since the energy is constant, dE/de = 0, and we find

Y = - 2prO€ = - (22)

Substituting Darling's values for the elastic constants
of platinum, recognizing that e is negative because the

' matrix collapses, and assuming that e = 10—3,

Yy = 6.25 x 103 ergs/cm2

'Thué, we find the value of the surface energy to agree
with that of Blakely and Mykura (1962) to within a factor
of two (i.e., v = 5 X 103 ergs/cmz).

it has been suggested (Jackson 1962) that the
surfaée-enexgy of a small void should be evaluated in

terms of the formation energy of the vacancies contained
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in a defect and its surface area. It is interesting to
note that a ca]culééion of this type, assuming spherical
voids,_éives a value of the surface energy in good
agreemeht with that obtained above for voids up to
approximately 20 i in diameter (i.e., of the order of
104 exgs/cmz). For much larger voids, the value of Y
becomes unreasonably high, and we must assume that the
approximation iS no longer valid. |

Field ion microscope investigations may shed some
light on this problem. Large polyhedral voids hayve not
been found in field ion specimens, but small vacancy
clusters have been observed with some frequency. Figure 37
illustrates two kinds of cluster configuration that have
been encountered. The first is a rather disorganized
cluster, whereas the second has a definite geometric
shape. The straight edges can be indexed consistently
with {111} planes, in which case the cluster can be
interpreted as tetrahedral in nature. A field evaporation
sequence through another void of this type (Figure 38)
places its size in the neighborhood of 25 i. Note that
this defect would more thén likely have appeared as a
black spot in TEM. A larger void (-~ 100 i) appears in
the last two photographs in this sequence. It hasA
eviaently feached a size level where it is no longer

possible to retain the equilibrium configuration. In other



Figure 37.--Field ion micrographs of vacancy clusters
in platinum. (a) An irreqular cluster on a {420}
plane. (b) A tetrahedral cluster near {220} plane.

Both defects are about 25 A in diameter.



Figure 38.--A field evaporation sequence through a

25 A diameter tetrahedral void near the (224) pole.
(a) 240 layers into the specimen.



Figure 38.--(b) Same specimen after removing
single (002) plane. Note that the void is
somewhat larger.



Figure 38.-~(c) Same specimen after evaporating
second (002) plane. A large void has appeared
near the [111] pole.
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Figure 38.--(d) Same specimen after evaporating a
third (002) plane. The void has decreased in size.
The large void has become quite irregular.
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jwords, the stresses have become so largevthat the matrix
collapses when the voidAis intersected by the surface,
and prefetential field evaporation occurs. It may be
that the imaging stressés inherent in the field ion
microscope will prové a disadvantage when one is studying
large cavities. Images of irradiated tungsten and
iridiuﬁ always display irregular cavities and one wonders
if the irregularity is real.

There is a region of uncertainty but it seems
clear thét the nuclei for the polyhedral voids observed
with TEM are tetrahedral, and remain so shaped up to at
least 25 2 diameter. In the vicinity of.100 3 diameter,
the defects become polyhedral, i.e., truncated octahedra.
This transformation requires that the void increase, by
a factor of two, its {111} typeisurfaces by a mechanism
which cannot be easily explained. However, Figure 39 is
‘a sketch of the relatioﬁ between a tetrahedron and an
octahedron. Suitabie {111} truncation of the tetrahedroﬁ
.atlthe'four apices will transform the shape into an
octahgdron, a process which can occur either by atomic
migration over theé inner surface of»thé void or a change
in the growth pattern as vacancies are absorbed. If it
is assuméd that the surface energy plays a major role,

then the size at which the transition occurs may well
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Figure 39.--Schematic drawing illustrating the
relationship between the surfaces of a tetra-
hedron and an octahedron. The latter can be
obtained by truncating the apices of the former.
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define the point where the concept of surface energy
becomes meaningful: Thus, at smaller tﬁan this critical-
size, some means other than the classical surface energy
must be used to determine sfability of the defect con-
figuration. It is quite possible that the use of vacancy
férmation energy is appropfiate in this region. These
small tetrahedral clusters are undoubtedly the nuclei for
" the la?ger voids, and it is relatively safe to say that
these clusters will co-exist with both voids and dislé—
cation loops, as there will naturaily be a size distri-
bution regardless of the vacancy concentration. It is
postulated that the small clusters (tetrahedral) are the
nuclei for loops as well as voids; the factors determining
the final defect configuration are the number of vacancies
available for growth and the rate at which these vacancies

can be supplied to the growing defects.

Dislocation Loops

Large resolvable dislocation loops have occasion-
ally been observed in quenched and annealed platinum, but
the majority appear in the form of black sp@i defects.
The maximum concentration of the latter is at the limit
of making a reasonable estimate, ~ 1013/cm3, ana occurs
after.Z hours at 500°C. Even this figure may be somewhat

uncertain, because the very nature of the black spot
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defects makes iaentification somewhat ambiguous. Clearly,
as seen in the last section, some small voids appear as
such, while others may be Frank loops, tetrahedra, Qrkboth.
The most convincing TEM evidence thét at ieast some of
these defects are prismatic loops is the fact that they
héve been observedvto oscillate while under ébservation,
probably due to local electron beam heating. Figure 40 is
a sequence of micrographs showing a particular- black spot
defect in three different positions. This loop was
observed to oscillate and then océassionally moved several
hundred Angstroms along its glide cylinder.

Determining the foil normal to be [112], the slip
trace at B (Figure 41) is (111). The possible Burgers
vectors for this.system are * a/2 [110], * a/2 [0I1], or
* a/2 [101]. The dislocations at C must lie on (I11),
since the imaginary trace made by these dislocation would
be approximately [132]. (See Figure 42.) Thus the
possible Burgers vectors are * a/2 [110], = a/2 [101],
and + a/2 [011].

The projected direction of oscillation, X, of the
defect at A in Figure 41 is contained in the zone given
by the solid line in Figure 42. Now, since only dislo-
cations lying in (111) or (111) could have this Burgers
vector, it follows that the defect must be a small

. prismatic loop moving on its glide cylinder. That is,
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Figure 42.,--Stereogram used for the analysis of the
oscillating defect.
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it has cleariy_been shown that dislocations lying in either
of these two planes have length, thereby eliminating the
- possibility of the defect being.an "end-on" dislocation.

Figure”43 is a micrograph of a reéolvable pris-
matic 1oop which oscillated in a direction normal to the
line of no contrast. This is in agreement with theoreti-
cal predictions for the line of no contrast being normal
to the operating reflection,\% = [022] in thié.case,-and
for the loop to move in its glide cylindervwhich must be
+ [011). The only pictorial evidence for oscillation is
the fuzziness of the loqp contrast. The,loop was out of
contrast for’g = [111), which is also consistent with a
Burgers vector éf + a/2 [011].

The FIM evidence is perhaps even more convincing
in that the loops can be atomically resolved. Employing
the_a-g criterion described earlier, the two defects in
Figures 44 and 45 can be identified as prismatic dislo-
cation loops. Indexing the disturbed pole in Figure 44
as (313), the only Burgers vectors which will produce a
single spiral are a/2 (110} and a/2 [011]. The local
radius of the specimen in the (202) region is approxi-
mately 800 i. Using the equation 4 = MR8, we find the
loop diameter to be 40 R. Field evaporation through the

-]
defect sets an upper limit of about 50 A for the dimension



Figure 43.--Electron micrograph of a large prismatic
loop. The defect was observed to oscillate normal
to the line of no-contrast.
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Figure 44.--Field ion micrograph of a prismatic
loop intersecting the (313) plane edges.
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Figure 45.--Field ion micrograph of a prismatic
loop intersecting the (111) plane edges.
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normal to the tip surface. Because-of its small size and
the limited field évaporation data, it is not possible to
determine the habit pianenof the loop.

Figure 45 is another loop in the same tip, but
some 50 to 100 i deeper into the specimen. This loop
intersects the surface in the vicinity of the (111) pole
and is about 75 A in diameter. In this case a/2 [110],
a/2 [lOlj, and a/2 [011] are all acceptable Bu:gers
vectors for the defect. If we further assume that the
loop originally formed on the (111) .plane, a reasonable
assumption considering the orientation of the defect, the
a/2 [101] type defect can be eliminated since it does not
lie in (1I1). It is not neceséary to require that the
loop remain in its habit plane and, in fact, it may well
have rotated as far as the (202) plane. The original
habit plane could not have been (lil), since there are no
a/2 <110> type displacements in that plane that can give
rise to a single spiral on the (111) plane. This, of
course, 1is a consequence of the geometry of thelg'g
criterion. |

Other instances of prismatic loops have been
observed in the FIM, but none gquite so clear and unam-
biguouys as those just described.v Unfortunately, aé
evidenced by TEM, the defect density is extremely low

and the stress fields on the FIM tip probably cause many
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of these highly mobile defects to slip out of the gurface.
At any rate, they will most likely migrate to the edge
of the image where the stresses are considerably lower.

| In Figure 46 a streak ié circled tﬂat has been
attributed to the preseﬁce of a Frank dislocation_lbop.
If it is assumed that the streak connects the two inter-
sections with the surface of the bounding partial dislo-
cation (i.e., coincides with the stacking féult), then
the loop must lie on the (111) plane and have a Burgers
vector a/3 [11ll]. Figure 47 is an enlargement of thi§
same region, with lines defihing the plane edges to aid
interpretation. Calculating the average.radius in the
region of the (3113) plane to be 1050 3 and employing the
usual @ = MRO relation, the length of the streak is 50
to 60 2. -

The computer was employed to simulate this region
of the specimen, and two defects were introduced into the
model (Figure 48). The defect in (a) is the Frank loop
~discussed above. There is good agreement with experiment
here, particularly as regards the céllapsing of the (002)
“plane edges around the defect. Alsé important is the way
the spiral configuration merges into the streak, rather
than ghowing a clear beginning and end as did the prismatic
loops pictured previously. To remove any ambiguity, a

prismatic dislocation loop with Burgers vector a/2 [011]



Figure 46.--Field ion micrograph of a Frank sessile
dislocation loop. The plane of the fault is (111)
and it intersects the surface in the (002) region.
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Figure 47.--An enlargement of the (002) region in
the previous micrograph. The plane edges have
been emphasized to aid interpretation.
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Figure 48. ——Computer simulation of the region con-
taining the defect in the previous mlcrograph
(a) The presence of a Frank loop has been simulated.
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was introducea into the same region. The dislbcation
a/2 [101] also lies in (111) and would give the same
" result, wheréaé a/2 {110] is in the (002) plane and
.would therefore be invisible. Figuré 48b is the result.
The impbrtant difference between the two simulated images
is the absence of any collapse of the (002) rings near
the a/2 [0I1) defect. The evidence is much in favor of
interpreting the loop as being sessile in néture. That
ié, the defectAis in a high—stress_region of the tip, and
if it were glissile it would not be stable there. Further-
more, all previous work both experimental and computer,
indicates that streaks are associated with stacking faults.
Stacking faults will be discuséed later in this chapter.
Figure 49 illustrates the behavior that one would
expect if all guenched-in vacancies were annihilated at
dislocations, as has been suggested by Jackson {(1965a).
However, this type of structure has been noted in only
two regions in two different foils, both of which were
annealed for 24 hours at 500°C. The efficiency of dislo-
cations as vacancy sinks is treated extensively by
Kuhlmann—wilsdorf et al. (1960). Briefly, the authors
assume dislocations‘to be classified into two groups, old
and new. New dislocations are those which formed 6r
moved at fairly low temperatures and not subjected to

any elevated temperature treatment. Conversely, old
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dislocations ére'described as those which have undergone
annealing while stationary. Ekferimeﬂtal gvidence indi-
cates that new dislocations climb;by the Bardeen-Herring
mechanism, i.e., simply absorbing pbint défects, Whereas
old dislocations absorb vacancies by nuéieatipg superjogs.
The electron micrpgraph'shown ﬁere is a claséical example
of superjogs. ©Note that there is a éreponderance of
dislocation segments alon§ projected <110> and <ll2>
directions, ihdicating that a large number of the jogs
and pinched-off dislocation loops lie on {111} and {110}
type planes.

FPigures 50 and Sl are dark field micrographs of
the same area with the operating reflection reversed while
S is held constant. In other words, the foil is ﬁilted
approximately 1° to bring the same region into good
contrast with the new operating reflection. The procedure
is carried out entirely under dark field conditions. The
micrographs illustrate two important points. First, the
small spot defects exhibit a clear black-white contrast
which is characteristic of the strain fields around small
. vacancy or interstitial defects such as dislocation loops.
The direction of the white end of the contrast is known
to be_ a function of the depth into the foil as well as
.the character of the defect. From the history of these

foils one.would hardly expect to find interstitial defects,



Figure 50.--Dark _t;ield electron micrograph of the
same region with g = (002). Defects exhibiting
black-white contrast are arrowed.



Figure 51.--Dark field electron micrograph of the
same region with § = (002). Loops exhibiting a
size change are arrowed.
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so the black spots are undoubtedlyivacancy loops. This
-can be verified experimentally but requires precise depth
measurements using a stereo technique. |

Also of significance is the fact that there are
numerous examples of loops changing sizeiupon reveréing_g.
As mentioned in the chépter on electron microscopy, this

is positive evidence for a/2 <110> prismatic loops.

Stacking Faults

Af present there is no definite TEM evidence for
the existence of Frank loops (i.e., imperfect pribmatic
loops). However, FIM work indicates that these faulted
defects do exist. Computer simulation studies (Sanwald
1967) reveal that stacking faults with their associated
partial dislocations are the only plaﬁar defect capable
of producing a streak in a field ion image. Referring
again to Figure 46, it can be seen that there ére se&eral

instances of streaking. In at least one of these cases

the streaks can be deduced as lying on a {111} plane. Many.

such cases have been observed in images of quenched and
annealed platinum, and these streaks always occur at the
edges of the specimen. It is possible that the stresses
set up in the field ion microscope are sufficieﬁt to cause
~ dislocations to split inté partials. As pointed out by

Ruedl et al. (1962) the occurrence of Lomer-Cottrell
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barriers (Fiéu;e 52) implies a dissociation inﬁo partial
dislocations.

The point 6f this discussion is the following: The
_generally accepted value of the staéking fault enexrgy for
platinum is 95 exgs/cmz. The value for aluminum is approxi-
mately 200 e}:gs/cm2 and that for nickel has been reported
to be anywhere from 150 to 450 e;gs/cmz. Loretto et al.
(1966) héve shown that faulted loops occur in guenched
aluminum, and more recently Humble et aql. (1967) have
observed faulted dislocation loops and stacking fault
tetrahedra in zone refined nickel. It would therefore
seem quite reasonable that, under the proper conditions,
these more compiex defects involving stacking faults
should be present in quenched platinum. While transmission
microscopy has not produced any such evidence, this author
maintains that faulted defects have been observed in
qgquenched platinum by means of field ion microscopy. It is
only a matter of time before the conditions will be met
to make theﬁ visible in the electron microscope. Sug-

~gestions will be presented in the following chapter.
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CHAPTER VI

CONCLUSIONS AND SUGGESTIONS FOR FURTHER STUDY

The picture is by no means complete, but several:
'.points have been clarified. Direct evidence has been
presented for the clustering of vacancies in quenched and
annealeé platinum. Itvhas been shown via TEM and FIM

that at least some of these clusters collapse to form
prismatic dislocation loops, while others grow into
polyhedral voids. The latter defect %s felt to be the
cause of the irreversible change in resistivity measured
by cizek (1967). It is entirely possible that many of the
black spot defects are Frank sessile dislocation loops and
there may even be some stacking fault tetrahedra, although
no evidence for the latter has been found.

The author does feel, however, that the field ion
micrograph>in Figure 46 along with additional features
observed in both TEM and FIM is caonvincing evidence fox
the presence of faulted loops and Shockley partial dislo-
cations. The field ion microscope could well be a useful
tool for determining stacking fault energies for materials
having a relatively high valué of this parameter. Of
course this will require that more be understood about

the imaging stresses than is presently known. Perhaps the
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experiment could be performed in reverse to study fhe field
stresses in the spécimen.

The maximum size of a particular defect is felf to
have a fundamental méaning in terms of the energy of the
matrix material and the component dislocations or surfaces
comprising the defect. Cértainly the shape change between
25 i voids and 150 i voids is significant. As mentioned in
the text, one would like to obtain accurate values of the
surface energy from these types of data. It is suggested
that a strain analeis (Ashby and Brown 1963a,b) be‘carried
out to obtain an accurate measure of the lattice strain
around the void.

The sequence in which fhe void surfaces facet has
been found to be consistent with the values of McLean and
Mykura (1966) for the surface énergy anistropy of platinum.
That is, the {111} plane is the most stable, with {100}
and {110} following in that order. Although the "spherical"
voids in platinum have been interpreted by this author tov
be truncated only by {100} planes, the analysis is not
unambiguous. In other words, {110} facets may also be
present, but the strain in the lattice and the small defect
size does not permit identification.

One method to further investigate this queétion is
to employ field ion microscopy on large voids. A study of

this type is now in its early stages but has yet to provide
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any useful results. The difficulty at presént is thatlthe
larger voids appear as a depression in the surfade, with a
'éonsiderablekamount of lattice collapseland/or distortion
of the image (Figure‘38). This behavior is'more than
likely'due to preferential field evaporation of.the atoms
around the perimeter of the intersection of the void with
the surface, rather than being -due to local lattice strain.
If this is the case, then techniqﬁes such as hydrogen
>pfomotion (Miller et al. 1965) may be useful. Recent
developments in the theory (Miller 1967) of hydrogen
promotion and the findings of Swanson et al. kl967) that
xenon in the imaging gas also reduces the field necessary
for imaging are encouraging. Techniques such as this may
be the key to determining the precise atomic geometry of
the polyhedral void in quenched blétinum.

Figure 53 is a qualitative plot of the densities
of the two types of defects observed in this investigation.
Sampling can be a pféblem in field ion microscopy, since
‘the surface area viewed is on the order of 10—10 cm2. If
one field evaporates through 1000 R, the total volume

sampled is only 10713

cm3. It is therefore obvious that
the defect density should be at least lOls/cm3.
Aiprogram is now being set up whereby the defects

will be introduced via electron, proton, and/or a-particle

irradiation. It is felt that this treatment will increase
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Figure 53.--Qualitative plot of the observed defect
density versus annealing temperature. The maximum
concentration of voids occurs at 400°C while the
maximum density of black spot defects occurs at a
slightly higher temperature.
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‘the defect density and, accdrding to Ruedl and Amelinckx

(1963), both intrinsic and extrinsic dislocatioﬁ loops are
formed after quenching, irradiatipg with a—particles,'and
annealing platinum fdils. A study is being proposed which
would combine transmission electron microscopy, field ion
microécopy and computer simulation in order to.test this
thesis. There is little doubt that intrinsic defects can
easily be differentiafed from‘extrinsic defects in simu-
lated images, but it remains to be seen if the differences
can be detected experimentally. If it is possible, FIM
will certainly be a useful ﬁool to this end, particularly
since TEM requires exacting conditions to distinguish
between the two. Indeed, there is still a great deal of
contrbversy as to the nature of these defects in neutron
irradiated copper. See, for example, McIntyre (1967) and
Rihle and Wilkens (1967).

It is further suggested that any studies involving
a correlation between field ion microscopy and electron
microscopy be carried out on the same starting material.
Although wire may be rolled to obtain foil specimens, it
is perhaps wiser to prepare field ion tips from the foil.
Rao and Thomas (1967) have only recently reported a
successful technique for preparing specimens from'

molybdenum foil.
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In summary, the author feels that fhis preliminary
study of quenched and annealed platinum-clearly demon- .
st:ateskthat fIM in conjunction with TEM can provide the
researcher with a powerful ﬁool for studying the defect
structure of métals. This is particularly true for
imperfectiqns which are at-or beyond the resolution
cépabilities of the electron microscope; but the technique
is not necessarily limited to these. Furthermore, it
appears that the field ion microscope can provide inde-
pendent measurements of such parameters as stacking fault
energy and surface free energy, if one. is imaginative in

the design of the experiment. The possibilities are many.
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APPENDIX I

INDEXING FIELD ION MICROGRAPHS

Derivation

Assuming a constant local radius, r, between any

two poles separated by a curvilinear distance, St’ along
the surface of a tip:
St = r0 | - (I-1)

and the corresponding length along the surface of a pro-

jection sphere of radius R is (Figure 54):

S = RO | (1-2)

If a projection point is now chosen such that the
projected length XP is equal to the arc length, Ss’ we
have for any zone line passing through the center of the

image:

X = RO (1-3
D )

This is not aﬁy standard type of projection since the pro-
jection point must vary with the angle 8 in order to
satisfy equation I-3.

In general, the length R is not equal to the
specimen—scféen distance, but the relationship of equation
I-3 can be maintained by orthographically projecting the

information on the projection plane to the screen. Thus,

- 144 -



- 145 -~

Screen | Image Point

Projection — Xp (19 V)

Plane

Prcjection I
‘Sphere |

Projection Point

Figure 54.--Projection of a random direction onto a
planar surface with the projection point chosen so
that Xp = SS
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the linear distance d on the micrograph is related to the

length Xp on the projection plane (or the screen) by the

expression:

d=MMZX = MX | 1-4
L'pp p ( | X

where M, is the magnification of the camera optics and M
is the magnification introduced during the printing of the

photographs. Therefore, equation I-3 becomes simply:
d = MRE ' (1-5)

While the choice of these three projections
(gnomonic, pseudo-stereographic, and orthographic) appears
arbitrary, it is not invalid to assume that the three-
straight line segments approximate the actual ioﬁ tra-
jectories proposed by Drechsler and Muller (1952). The
justification for the nature of.thé intermediate projection
is that it has the desirable property of maintgining a one
to one correspondence between radial distances before and

after projection.

‘Discussion

It is interesting to calculate precisely what type
of projection is required to satisfy equation I-3. Knowing
the points (xl, yl) and (x2, y2) in Figure 54, it is a
simplé matter to determine the coordinates of the projection

point. Thus:
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= 6 cos 6 ~ sin © ; ‘(I—6)

R : 6 - sin ©

In the limit as 6 = 0, y =+ -2R. Choosiné 0 = 60° as an
“upper limit, we find y = -1.890R. Thus the projection
point is approximately fwo radii behind the tip--the same
as that proposed by Brandon. |

| This result suggests that it may be meaningful to
compare equation I-5 with Brandon's (1964) eqﬁation for a

projection from the center of the second sphere:

_ 3 sin 8
d = R2 + cos ©

(1-7)
where R = MR of equation I-5 and 6 has the same meaning as
in eqguation I-5. Taking the first two terms of the series
expansion of sin 8 and cos 8, equation I-7 reduces to
equation I-5 exactly. 1In fadt,'the difference between

the calculated d-values is less than 1% over the angular
‘range of a field ion image.

Brandon has already shown that the pseudo-stereo-
_graphic projection is inherently more accurate than either
the orthographic or stereographic projections. He also
mentions that for.any given projection, local variations
in tip radius (Miiller 1958b) will result in a variation of

the radius of the projection sphere. This is probably the

major source of error in determining the angle to any one
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pole but appears to be minimal when averaged over the
entire micrpgraph.. |

It can also be shown using spherical trigonometry
and projective‘geometry that the present méthod may be
employed to compute angles between poles, both of which
are considerably displaced from’the im?ge center. In fact,
the liﬁear distance (e.g., measured on a micrograph)
between twovpoints both of which are 45° from the center
is only 10% larger than the actual curvilinear distance
on the préjection sphere for small angular separations.
This error drops to zero at 90° separation. Therefore, it
can be confidently stated that cross checks on pole
indexing can be made from any place on the image within

45° of the center.

Experimental Procedure

Since the projection sphere is not tangent to the
microscope écreen due to the focusing of the ion beam
(Drechsler and Miiller 1952; Miller 1960), R must be
chosen by a trial and error method analogous to that used
for indexing an x-ray Laue pattern. That is, one must
make use of symmetry and knowledge of specimen history to
make an assumption as to the indices of the ceﬁtral pole,
to be.used as a reference, and at least one 5ther pole.

Strictly speaking, the reference pole should be located
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at the geometric center of the image where, for a symmetri-
cal tip, the projeétion sphere is tangent to the projection
- plane. Howe&ef, it is sufficient té use the pole nearest
the center of the phétggraph. Using the appropriate value
of & in equation I-5, a corresponding value of the product
MR is obtained. (It is usually unnecessary to separate |
these ﬁwo parameters.) Then using this MR, equation I-5

is solved fér 8 using a d-value for a third unknown pole.
This 6 is then compared with tabular values of angles
between various planes and the reference pole. It may be
necessary to make several choices for the second pole in
order to obtain a value of MR that will give self-consistent
values of & for the third, fourth, etc., poles. Once an
approﬁriate value of MR is obtained, equation I-5 is

solved repeatedly until the entire micrograph is indexed.
When indexing any micrograph using this method, one must
keep in mind that, due to the geometry of the surface,

only those planes which satisfy the conditions analogous

to Bragg diffraction will appear (Drechsler and Wolf 1958,
Ranganathan 1966b). For example, in an FCC crystal, it is
the {002} planes (h, k, 1, unmixed) which are visible as
concentric rings--not the {001} planes as is sometimes

stated.



APPENDIX II
DESIGN CONSIDERATIONS IN CONSTRUCTING THE
FIELD ION MICROSCOPE

There are essentially five subsystems in the field
ion microécope discussed here: (1) a cryostat, (2) an
ultra-high vacuum system, (3) a controlled source of pure
imagipg.gas; (4) an adjustable high voltage source, and
(5) a phosphor screen for viewing and recording the image.

Figure 55 is a photograph of the entire system.

Cryostat

In cryostat design, one must be aware of the low
heat capacity of cryogenic fluids that necessitates extreme
care be-taken to avoid any large heat leaks to the cryostat.
Since radiation becomes a significant means of heat transfer
at these temperatures, it is desirable to shield the liquid
hydrogen cryostat from the room temperature surroundings.
This has been accomplished by means of a liquid nitrogen
dewar which almost completely surrounds the cryostat and
specimen.

Convection is a small, but real problem since the
microgcope body must be back-filled with an imaging gas.

'In order to minimize heat transfer by this mechanism, the
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~gas is precooled in the liquid nitrogen dewar before-it
passes into the specimen chambexr.

Conduction is perhaps the most difficult mechanism
to deal with. This is particulariy true when dealing
with a metal FIM body where a high voltage connection
must be made to the specimen, muét be electrically insu—.
lated from the body, and must ﬁot be too large a heat
leak. This has been accomplished using 0.015" diameter
Nichrome wire for making the electrical contact between
the high voltage feedthrough and the_spécimen. This wire
is sheathed in a Pyrex capillary, over most of its length,
to prevent discharges between it and the FIM body.

| A major'problem is encountered in making the

connection to the specimen itself. It is absolutely
imperative that the specimen assembly not be thermally
shorted to room temperature, so one must be clever in
making this connection. Figure 56 illustrates how this
was done. By having the tungsteh leads re-entrant
"through the liquid hydrogen bath, the cryostat is
admittedly shorted to room temperature. More important,
however, is the faét that the specimen is still thermally

connected only to the liquid hydrogen.
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Figure 56.--Schematic drawing of the liquid hydrogen
"cryostat. The 0.050" thick tungsten leads are glass
coated inside the cryostat. The high voltage con-
nection is 0.015" thick Nichrome wire. The liquid
hydrogen bath is maintained between 16 and 21°K
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Vacuum System

The most important consideration in designing the

8 to 1072 Torr

"and that this’preséure be attained in a reasonable length

of time. This system employs a liquid nitrogen-trapped,
100 liter/sec, 2" oil diffusion pump which is capable of
10—8 Torr within two hours of specimen change. With mild
bake-out, lO"9 Torr is attainable. Thé smallidiffusion
pump can be guenched and exposed to air soﬁe ten minutes
after shut-down, which eliminates the need for a roughing

line.

Imdging Gas

| The imaging'gas supply has only one unique feature
other than the mixing capability mentioned in Chapter 1IV.
That is, the gas line passes through the liquid nitrogen
shroud and is therefore precooled before entering the
specimen chamber. It is believed that this increases

thermal accommodation between the gas and the specimen.

High Voltage Generator

The'high voltage power supply has continuously
variable voltage control and provides up to * 30 kV. The
supply is extremely stable (0.01% ripple) and can Eompen~

sate for up to 10% change in line voltage with only 0.005%
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change in output voltage. This is an absolute necessity
since slight variations in applied potential can easily
cause a tip to flash. 1In order to eliminate the danger

8 ' . X
ohm resistor 1is

from high voltage discharges, a 5 x 10
placed in series with the generator and specimen assembly.
With a maximum current output of 1 ma, the méximum supply

in the vicinity of the operator is 10-'4 amp or 3 watts.

Viewing Port

Normally, a Pyrex or 7052 glass viewing port is
used in field ion microscopes. The glass window is méde
electrically conducting by evaporating stannous oxide on
the surface. A.layer of Willemite is then deposited on
the glass to provide a fluorescent screen. While this is
quite suitable for viewing the iﬁage, it is not very
efficient for photographically recording the image,
without the use of image intensifiers. However, a fiber
optic faceplate has been incorporated into this microscope
which enables the operator to record tﬁe image by placing
a photographic emﬁlsion in intimate contact with the outer
surfaée of the window. In other words, it is not necessary
to focus a lens system onto the phosphor which.is on the
vacuum side of the window, as is the case with a Pyrex
viewiﬁg port. Rather, with the fiber optics, the image is

transmitted through the glass fibers (15 microns in diameter)
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to the.outer surface of the plate. Since the image is in
focus to within the resolution of the individual fibers,
it can be recorded directly. It has been observed experi-
mentally that the exposure times»are reduced by an order
of magnitude over 35 mm techniques, and the quality/of

the final micrograph is much improved because fhe 4 x 5

negative need not be enlarged ds much as the 35 mm f£ilm.



APPENDIX III

CALIBRATION OF THE ELECTRON MICROSCOPE

As the current in the intérmediate lens of an
electron microscope is increased, not only is the magni-
fication increased, but the image also undergoes a
rotation about the column axis. Before any qugntitative
work can be accomplished on defects in metals, the vari-
ation of these two paraﬁeters with lens current must be
measured. This information is presently available for
the Philips EM 200 fitted with a Rotating Tiltiﬁg Specimen
Stage (Feltner and Sefton 1964); however, the data is not
valid for the newly acquired Goniometer Stage. All cali-
brations have been carried out with the intermediate,
objective, and condenser I and II lenses set at negative
(-) polarity and the mégnification selector switch (MSS)
set at position (2). The fine adjust knob of the inter-

nediate lens control was set at full clockwise.

Magnification Calibration

The magnification at 100 kv, as_given'in Table 5,
was determined at each position of the intermediate lens
control by photographing a replica of a ruled grating

(5.48 x lO4 lines/inch) and measuring the line spacings
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TABLE 5

MAGNIFICATION CALIBRATION OF PHILIPS EM 200 WITH
THE GONIOMETER STAGE

Intermediate Lens Magnification
.Position Current Plate 8x10 Print 35 nm 8x8 Print
(ma) | o
1 60 . .. . .
2 80 13,150 32,880 5,480 36,520
3 100 23,020 57,550 9,590 63,920
4 110 29,590 73,960 12,330 82,200
5 125 37,490 93,730 15,620 104,120
6 150 59,180 147,950 24,660 164,380
7 160 65,760 164,400 27,400 182,640
8 170 74,980 187,450 31,240' 208,240
9 190 84,170 210,430 35,070 233,780
10 210 97,320 243,300 40,550 270,300
11 240 109,820 274,550 45,760 305,040
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from the 35 mm film and the glass platés. For completeness,
the ﬁagnification after printing full-frame is also given.
Since the lens current may vary slightly withrspecimen
position, lens current has been plotted versus plate

magnification in Figure 57.

Rotation Calibration

When going from a diffraction pattern to a bright
field image, the intermediate lens current is changed
.giving rise to a relative rotation between the diffraction
pattern and the image. Before érYstalngraphic directions
from the difﬁraction pattern can be transferred to the
image, this rotation must be accounted for. Groves and
Whelan (1962) pointed out that there is an additional 180°
rotation between the diffraction pattern and the image
because the intermediate lens is not energized when
viewing the diffraction pattern. .However, with the
Goniometer Stage, the MSS set at position (2), the inter-
mediate lens at (1), and the fine adjust turned full
-clockwise, the intermediate lens is on. Therefore, there
is no additional 180° rotation for this set-up.

The fotation measurements were made by photographing
the intersection of two slip traces in a platinum foil
orien%ed so that the beam direction was [110]. Knowing

this, and the width of the two slip traces, indices could
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be assigned to the slip planes. As the magnification is
increased, thebimage rotates counterclockwise through an
angle as plotted in Figure 58. Thisi then, is precisely
the angle through which the diffraction péttern must be
rotated (also.counterclockwise) in order to make the twp
cbincident. The rotation has been found to decrease

slightly as the diffraction lens current increases.

Position of.the Tilt-Axis

The Goniometer Stage has been designed so that the
tilt axis is always defined by the direction of motion of
the image when the left hand stage control knob is rotated.
Therefore, the tilt aéis can be determined guite accurately
while the specimen is under observation. It can be measured
photographically by double—exposing a plate, before and\
after moving the specimen stage with the left hand control
only. The line joining alsingle feature in the double-

exposure is the tilt axis.
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