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and contradictions arise when the theory is applied to bright-field

images, low—oraer réfléctions, thin foils, or défécts which are large

and not edge-on. In quenched copper it is found that Frank loops are
stable below about 125A° and pérfect loops are the stable défect above this

size.
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I. INTRODUCTION
t is now well known that when fcc metals are quenched rapidly from

9

hear the melting point iarge vacancy supersaturations, up to 107, can be
retéined. The excess vacancies subseguently anneal out to form vacancy
clusters, stacking fault tetrahedrs, or prismatic dislocation lobps (for
review, see Ref. 1). In metals of intermediate or high stacking fault
energy, e.g., copper and aluminum, dislocation loops are formed. There are
three types of prismatic loops possible:'_(l) Frank loops, which are pure
edge dislocations on.{lll} planes with Burger's vectors b = a/3<lll>, (2)
perfect loops on {111} planes with Burger's vectors b = a/2<110> which
normally are formed by the conversion of Frank loops by the nucleatioh of
Shockley partials and are nb longer pure edge dislocations, and (3) rhombus
loops alsc with Burger's vectors b = a/2<110> but formed by the rotation of
perfecf locps onto planes other than:{111} so as to minimize dislocation
line energy.2’3 The rhombus loop appears to be the final stable defect and
is commonly found in aluminum after certain quenching and aging procedures.
Rhombus loops are nearly pure edge, as their habit planes are close to, but
not exactly, {110}.

It appears thgt whilst the stacking fault energy should determine
whether or not Frank or perfect loops are formed, in aluminum the quenching
conditions.seem to be the most important in determiniﬁg the.type of loop
that is observed. If guenching is done such thatilarge'stresses are set
up, mostly perfect loops are formed whereas if little or no deformation

L,5

occurs, mostly Frank loops are formed. This suggests that Frank loops

-are formed initially but their conversioﬁ to perfect loops by nucleation



of s Shockley partial is stress aided, i.e., the tfanéformgtion is heter-

ogeneous. Impufities mé& also play a role in léop nucléation; ’
There is a fourth type of dislocatign loop tﬁaﬁ may be found in » Y

quenched materials'but is not dependent upon a supersaturation of vacancieg

for its formation. This type of loop is a deformation loop with Burger's

W

vector b = a/2 <110> and is formed by dislocations interacting with other

6,7

dislocations or impurities or precipitates, or by stress—relief : i
mechanisms sﬁch as prismatic punching of loops;a

There are distinctly two types of loops possible in fcc mefals,'the o
vécancy type which results from the condensation of vacancies to form an
intrinsic Frank loop;and can be converted to a vacancy-type perfect loop,
and the interstitial type which results from the condensation of inﬁér—
stitials to form an’extrinsic Frank loop or by»prismatic punching of
dislocation loops, both which have their Burger's vectors normal to the
plane of the loop.v Converéion of the extriﬁsic Frank loop may take placé.
resulting in an interstitial perfect‘ioop on {111}, but such behavior has

not been studied or réported.

Vacancy type loops are normally found in quenched materials and inter-

stitials in irradiéted matérials. Howevetr, Edington and Smallman9 have v
found that both types occur in quenched pure aluminum. Fromvciimb rate
measurements they estiMated that the extripsic and intrinsic stacking fault .
energies were about L60 ergs/cm2 and 280 ergs/cm2 respectively. Essman

~

and Wilkins:LO found that after neutron irradiation of copper intrinsic,
or vacancy, Frank loops were formed. Punched interstitial loops as a

result of quenching stresses around impurities are also common in a number



of metals and alloys.g’ll However,'the primary defect. to be discussed
here is the vacancy type loop obtained by quenchihg.

Dislocation loops can be directly observed using an electron microscope,

- and the loops can be analysed if the microscope. is equiped with a gonio-

nmetric or double tilting device.lzv Dark-field experiments can be carried
out if the electron gun is mounted such that it can be tilted from the
microscope column by a few degrees in an& direction. The problem of iﬁage
detection involves ﬁwo contrast mechanisms, diffraction contrast and strain
contrast, both of which have been theoretically considered in terms of the
dynamical theory of diffraétion_contrast for electron waves.

| Diffraction contrast is the normal mechanism by which defects are
observed and depends upon the distortion of the lattice surrounding é
defect such as to modify the parameter s, the deviation (in reciprocal space)
from ideal Bragg diffracting conditions, and the corresponding displacements
introduce a phase change in both the transmitted and diffracted waves.13
Thug, locally near a defect, the intensity will deviéte from background to
give contrast. The position of the image with respect to the true position

13-15 where g is the

of the defect depends upon the product (g.b) s,
reciprocal lattice vector_corresponding to set of crystal planes diffracting
and b is the Burger's vector_of the: defect. In the case of a closedvloopf
of dislocatidn line, the image of the loop lies either inside or outside

of the true position of the'loop depending upon, for a given loop in a

given orientation, the product of these parameters. At s =0 (exact Bragg

case) the image coincides with the true position of the dislocation.

Diffraction contrast 1s satisfactory for observing large lcoops but when the
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size of avloop-is,iess than a few hundred angstroms, the images of the -
sides are no'lQnger_régolvable and its stréin fiéld'chanéés'due to inter-
actions from the various segmenté’of dislocétion liﬁe surrounding the loop. e
For small loops, therefore, diffraction contrast is no longer suitable for
identifying the nature of the defeéf and strain contrast imaging must be )
used.

Strain contrast'images are obtained from defects when the crystal is
at orvnear thé ideal Bragg condition and the parameter s does not play a
role of much importance in the contrést mechanism. The parameter g.b
responsible for phgse changes by locally modifying's is still importént,
however, and very small and localized strain‘fields~can be detected by
strain contrast which may not give rise to significant diffraction contrast.

This péper will be concerned with the study of loops of various sizes
and will necessitate the usé of both contrast mechanisms; diffraction
contrast for large loops and strain contrast for small loops. The perfect
prismatic loop with.the‘{lll} habit plane will be of priméry interest and
a model is proposed to explain tﬁe origin bfvdouble—arc contrast and the
relation of the image to vafious crystal directions. An outline of the
strain contrast theory will be presentedand the predictions compared wiﬁh
erperimental evidence in quenched aluminum and its alloys and copper. Also
consideration will be given to the results obtained Wheﬁ loops large enough N
to be analysed by diffraction ‘contrast are observed under strain contrast
conditions. |

A. Analysis of Large Loops |

Large imperfect loops are feadily distinguishable by»théir character-



istic enclosed stacking fault if the depth in the crystal covered by the
loop ié greater than one extinction distance; and vacancy loops can bé
distinguished from interstitial loops by performing one of a numbér of
tilting experiménts which have been well explored in other papers (e.g. Refs.
12,16). The large perfect vacancy loop has a singular distinguishing
characteristic in that its image often appears as a discontinuous line
image called the double~arc image. The model proposed below explains the
origin of the double-arc contrast and relates the image to the crystallc-~
graphy of defects in the material.

Consider an imperfect or Frank loop as shown in top view (Fig. la)
and in cross-section (Fig. 2a).  Upon nucleation of a Shockley partial, the
loop is converted to.a perfect prismatic loop by the reaction a/3[111]+
a/6(112] = a/2 [110] as shown in Figs. 1b and 2b. Now at each end of the
loop, along the [112] direction, there are two pure edge segments, but the
extra half plane lies above the plane of the loop at one end and below this
plane at the other-end. Since the loop lies along <110> and is hexagonal
in shape, the diélocation segments joining the two pure edge segments will
be mixed screw and edge. Th¢ extra atoms corresponding to the partial
edge character of these mixed segments will be above the plane of the loop
on one half and below the plané of theAloop at the other half 6f the loop.

If these extra partial planes are considered as a series of dipoles,
the separation of the dipoles wili decrease as the intersection of the
mixed dislocation segments is approached. The contrast to be expected
from any set of dipdles will be suchithat a cancellation of image

intensity occurs.to a degree dependent upon their separation. As predicted
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for vacancy-type diﬁoles by Wilkins and Hornboéenl7 and CéSS,lB this
cancellation of image intensity will incréase with décreasing séparation
of the dipole segments. Because of this fact, the imagé to be expécted
from a perfect 1oop\oni{lll} is\one which has the strongest contrast from
the pure edge segments of the'loopband the weakest contrast from the
intersections of the mixed dislocation components. Thus the double-arc
image will be one in ;hich the direction of the line connecting the missing
segments of dislocation image lies along a <110> direction projected onto
the surface of-thé foil and which is parallel to the two pure edge components
of the loop.

For an arbitrary foil orientation as interpreted from aAdiffraction

19,20 the projected

pattern or, more accurately, from a Kikuchi pattern,
<110> direétions can be obtained from a stereographic projection oriented
to‘correspond with the foil normal by suitable rotations of all the <110>
poles. The micrograph can then be oriented with respect to the stereogram
and the strong edge segments of the double;arc identified. A projecﬁion
of the Thompson tetrahedron can easily be obtained from the stereogram and
" is a concise figure containing all fhe projected <110> directions.

Since each <110> direction ié perpendicular to only one other <110> Vv
direction, the Burger's vector of any double-arc loop can be idenﬁified by
inspection, that is, the Burger's vector, oné of the.a/2 <110>, will lie
along the <110> direction normal to that of the pure edge segments of the "
perfect loop on {111}. Since each <110> direction is common to two {111}

planes, the identification of the plane of the defect is simplified by

the reduction of the number of possibilities from four to two merely by
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inspection of the direction of the line joining the missing segments of
dislocetion arc.

If the sense of the slope of the habit plane is known so that thé foil
normal can be unambiguously identified,lg'it is usuvally possible to
identify a perfect loop as lying on that plane provided the loop.is large
enough and inclined far enough from the foil normal so that the directions
of the six sides of the hexagonally-shaped loop are easily distinguishable.
This is so becaﬁse in any orientation except <100> and <110> all three
projected <110> directions from one {111} plane will not coincide with all
three preojected <110> directions from another {111} plane. Since <100>
and <110> are axesnof two-fold rotational symmetryAand thus are normal to
nirror planes in fhe crystal, instances arise in these orientations where
the projections of the <110> diréctions on adjacent {111} planes are
parallel, and in these cases the habit planeiof a loop cannot be identified.

Figure 3 shows the projected <110> directions for various foil
criertations and the double-arc loops that might be expectéd from loops on
the vafious {lll} planes in each of the orientations. These cases are
naturally_idealized,lrepresenting the cases when exact orientations are
observed'and show the loops both Just inside and just outside the true
positions of the dislocation line bounding the loopsL The actual images
may not appear exactly as shown in Fig. 3,e.g. the corners would not be so
sharp and the image position would vary with the operating reflection used
for diffraction contrast. However, provided the loops are large enough so
that both edge components of the images are resolvable, the characferistic

skewness of the imége'enables an analysis to be performed without neces-
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sitating tilting experiments to find cases where~é.5 = Q. 'Thé'importaht
point is that, although for any {111} plane (not édge—on) in any orientation
the projections of the hexagonally shapéd loops are identical, théré can
result three different double-arc images, each of which is diétinct from
the other two. In addition, in the <112> and <111> orientations, loops

on different {111} plénes are skewed differently and hence the image of the
loop can be used to identify the habit plang.

Knowledge of the habit plane and its slope allows the determination

of the character of a loop, whether it is a vacancy—typé or an interstitial- "~

type, by the analysis of the diffracting conditions giving rise to the
image. For example, when s > 0'as in normal bright-field operation, if
the Burger's vector of the loop is chosen to make an acute angle with

the upward normal to the habit plane and thereby making g.b > 0, the image

of a vacancy loop will lie inside and that of an intérstitial . loop-outsidexthe

true projected image of the loop while the reverse is true if .5 < 0 (for
review see Ref. 12).

B. Analysis of Small Loops by Strain Contrast

For very small loops the images from opposite sides of the loop
overlap.so that the defect appears as a black dot (bright field). In
these cases detection must be done by strain contrast methods which image
the strain field of the defect and allow conclusions to be drawn about °
their shape and nature, e.g., it is possible to distinguish between planes

and three dimensional defects.ls

The use of dark-field imaging techniques
are of particular importance for a number of reasons. The primary reason

is that, since strain contrast occurs only at or near the ideal Bragg

“



diffraction condition {i.e., when s = 0), the diffracted beam is more
suitable for detéctingvstréin fields bécausé the dark-fiéld intensity is
~symmetrical about the s =0 position. Furthermore, dark-field imagés,
when obtained by tilting the incident beam so that the diffracted beam
travels down the center of the microscope column, have enhanced resolution
over the transmitted beam due to the lower amount of background or
scéttered intensity present. The transmitted beam is not by any means
useless, but the uncertainty in the value of s and the difficulty in
observing an important field of view at s = 0 is not easily overcome.
Also it is desirable to use the diffracted beam in order to evaluate
results in the light of existing strain-contrast theory as developed by

Ashby and Brown.lS ' )

The Ashby-Brown theory predicts the strain contrast image profile
along the normal to an edge on circular dislocation loop éan be approx-
imated by the image profile of an edge dislocation line parallel to the
surface of the foil. The extra half-plane intersects the nearer surface
for an interstitial-type defect and intersgcts the farther surface for a

vacancy=type defect. Thus a loop in the top half of the foil is approx-

e

imated by a dislocation of one sign, and a similar loop in the lower half
of the foil by a dislocation of opposite sign. Now based upon the symmetry
properties of dislocation imeges as predicted by the dynamical theory at

= 0,13’21 the white-black image of a small dislocation loop at a given

s

depth in the top half of a foil will be the reverse, in bright field, of

the image of an identical defect in the lower half of the foil an equal
~

distance above the bottom, whereas in dark field the images will be
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identical. According to Ashbyiand Brownl§ the relative'cpntrast between

the white and dark halves of the image decreases with incréasing distance

from the 'surface of the foil and becomes almost negligible for distances »

beyond half an extinction distance from either surface.

In summary, the presént straiﬁ contrast théory predicts that for
planar defects within half an eitinction distance of either éurface,
the dark field images will be half—blaék, half—white-elliptiéal images
with the line separatingvtﬁe'regioné (the iine of no contrast) perpendicular
to the projection ofvﬁhe Burger's vector of the defééts onto the plane of
the foil. Vacancy-type planar defects will have the white side:of the
image on the side of the_operaking rgflection for pontrast and'intefstitial
defects will have éheir dark sides to the direction of the operating’
reflection. Thidker regions of.the fqil are preferred to ensure a truly .
dynamical, rather than kinematical, situation. .

The Burger's vector of‘fhe défect can be analyzed from the dark fieid
image by observing the direction of the normal to the line of no contrast
and comparing that normal with the projections of possible Burger's .
vectors onto the surface of thé_foil, e.g., a Frank loop showing strain
contrast will exhibit a liné.of no cohtrd;t perﬁendicular to a <111>
direction lying in orvprojectea_onto ﬁhe plaﬁe pf the foil. This technique
was used by Essman and W;lkinslo to determine that the black-dot defects
(in bright-field) formed by neutronvirradiation'of copper were primarily
Frank -sessile vacancy loops.

C. Strain Contrast from Large Loops

Although there is a lower size limit below which diffraction contrast

b3

W
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from loops is not useful for imaging the defects, there is no upper size
limit for strain chtrast images. At s = 0 any defect which.strains the
lattice will aﬁpear iﬁ strain'contrast'provided‘it'has resolvéd strain in
the direction of the operating reflection,_é; However, the strain field
assoclated with the larger loops may be mére nearly a pure dislocation
strain fieldbfrom the line bounding the ioop, so each segment of the loop
could contribute its own strain contrast image and the result would not
be thé expected stra}n field image of the loop.

An important distinction between the loops useful for observation by
diffraction contrast and those useful for observation by strain contrast
is that in the former case the loops should Be far from edge-on while in
Ithe latter case they should be as close to edge;on-éé possible., Thué,
unless care is taken in analysing which type of loop is being observed
undér strain contrast conditions the conclusions drawn can be misleading.
For example consider a large ﬁerfect loop lying on a {111} plane not normal
to the foil surface. Under.normal diffracting conditions the loop will
appear as a double-arc with the missing segmeﬁts along a projected <110>
direction. Upon tilting the foll to obtain s = 0 for the particular
diffractéd beam operating, the pure edge segments of the double arc will
exhibit strong dislocation strain contrast resulting in an_image which .

15 rig. 10).

might bermistaken for an edge-on loop image (see Ashby-Brown)
The important distinction that can be made is that this type of loop will
have a zero-contrast line parallel to a projected <110> direction (that

normal to its Burger's veétor)'whereas the true strain contrast image of

a perfect loop should exhibit this line perpendicular to another <110>
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direction (thatcSf its Burger's vector). A second distinction can be made |

in analysing'the'direction of streaking of the image associated with strain

contrast. While streaking from an edge-on loop should be normal to the

havit plane of the loop or along the direction of its Burger's vector, the .

double-arc loop observed under strain contrast conditions should appear to
be streaked in a projected <112> direction. That/is, the <112> direction
in the plane of the loop normal to the pure edge components of dislocation
line (éee Fig. 3), when projected onto the foil surface, represents the
direction of skewness of the image. A <112> direction can also easily 5e
obtained from the projection of an oriented tetrahedfonvby connecting the .
midpoint of the:<llO> diréction, to which it is normal, to thé vertex of

the angle opposite this line in the plane of interest.

-

A
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II. EXPERIMENTAL VERIFICATION

All specimens were observed in a Siemens Elmiskop I eléctron microscope
operated at 100kv and equipped with a double tilting stagé. All dark—fiéld
micrographs were obtained by tilting the electron éun so that the |
diffracted beam passed along the optic axis of the microscope. Foils from
guenched copper and aluminum or aluminum alloy specimens were preparéd in
the usuval way by electropolishing. Aluminum and its alloys are suitable
for investigations of large loops since by adjusting the quenching conditions,
Frank, perfect, or rhombus loops can be obtained.h Previous results on
copper22 showed that only very small loops are usually produced after
careful quench—aging. Thus foils from copper specimens were uséd to
study strain éontrést from small loops.

A. Large Loops by Diffraction Contrast

In Fig. 4 are shown a number of various orientations and the projections
of the <110> directions in these orientations. It is seen that the line
connecting the missing segments of dislocation arc is in all cases
parallel to a projected <110> direction. TFigure 5 shows that Frank loops,
diamond shaped rhoﬁbus loops and deformation loops do not, as a rule, show
double-arc contrast. Rhombus loops, when-not lying exactly on ﬁhe {110}

plane normal to its Burger's vector, may exhibit a tendency to lose a

,small amount of dislocation arc exactly as do the perfect loops on {111}

planes, but since the habit plane is not unique, geometrical analysis
permits only the identification of their Burger's vectors. Deformation
loops are normally formed such that the Burger's vector is either in the

\

plane.of the loop or normal to that plane, the latter also beihg the case



for a punched prismatic loop. If thé loopbié very harrow and sharply

' pointed on the ends, or if rotation on the glide cylindér takes place, some
cancellation of image intensity may occur dﬁe to dipole rélaxation of the
strain field at these ends of the dislocations, bu£ the habit plane in
this case is also indeterminate.

Figures 6 and 7 illustrate the use‘of the model to identify defect
systems in quencheq copper foils. The diffraction patﬁerns have.been
analysed as nfear—tlll] in each case and the diffraction vectors indexed
as showvn. All rotations.have been performed in comparing diffraction
patterns and micrographs. Comparison of the loop in Fig. 6(a) with Fig.
3(c) indicates fhat,'since the line. connecting the missing segments of
dislocation arc lies along [110], the loop lies either on (111) or (II1)
and has as its Burger‘s vector b = a/2[110]. Because of its nearly
hexagonal shape, 'the loop must be on (111). Rough measurements indicate
that the image lies outside the true dislocation position, in which case
it would unambiguously be a vacancy-type loop. Comparison of the loop in
Fig. 6(b) with Fig. 3(c) indicates,.by the line connecting the missing
segments, that the loop lies on either (1I1) or (111) and has as its
Burgér'é vector b = a/2[101]. From thé'géometry it can be seen that, of
thése two possibilities, only a loop on (11I1) matches closely fhe image,
since the image of a'loop on (1Il) would be skéwed in a different direction.
There is'a weak secondary image on thé_inside of.the loop caused by a
second beam, g = [OLL] acting in a direction almost opposite to g = [22L],
thus this loop also analyées as' a vacancy loop. The two loops.in Fig. T

have the same line of no contrast, the projected [0I1] direction, and
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hence the same Buréer's vector © = a/2[011], and lie either on (II1) or -
(ili). With changing é, each loop image.changés insidé or outsidé thé
projected dislocétion'loop position, but does so in:an opposité manner from
the other. Comparison'of these loops with Fig. 3(c) shows that loop A lies
on (iil) and loop B lies on (I11). Both loops therefore, are vacancy-type
loops, as expected.

B. Small Loops by Strain Contrast

Once the difficuities in obtaining quenched copper specimens with a
high supersaturation of vacancies were overcome,gz’loops in copper pfoved
to be very informative for the study of strain contrast because only a
very small number of loops were observed to grow beyond about 200A in size.
Loops as large as those presented in Figs. 6 and T were exceptional.'
Normally a foil oriented for good bright-field integsity revealed little
more than a field of black dots, as shown in the right half of Fig. 8(a),
which exhibited strain contrast when near bend contours or, as in Fig. 8(v),
when the local value of s was reduced neariy to zero by tilting. Dark-
fleld micrographs obtained fbr various single érystal foil normals and
various operating‘reflections‘are shown in Figs. 9 through 1L.

Since the white side‘of the strain céntraét image liés, in tﬁe great
majority of cases, to the same side of the zero-contrast line as does the
operating reflection vector, g, for all foil orientations and all operating
reflections, the defects are vacancy-type defects. This result is precisely
as expected, since gquenching can only produce vacancy aggregation because
the formation energy of interétitials is very large (about 4 ev).

The fact that the line of no contrast of the image makes various
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angles with the operating reflection vectors;(théy are norﬁal:only for <220>
and <111> refleééioﬁs;‘othérwisevthé zero—contrast.lihe_lies«perpeﬁdicular
to <110> and  <111> directiéns projéctéd onto the plané of the. foil)
indicates that thg vacancy-type aefects are planar rather than spherical,
since straining of the crystal only takes place in certain crystallographicv
directions. A spherical defect would always exhibit a zero~contrast line
perpendicular to the operating reflection vector regardless of which
vecfor it was, whereas planar défects muét satisfy the g.o #0 eriterion
fér visibility as demonstrated in Fig. 9.

The fact that the lines of ﬁo contrast are distinctly perpendicular
to either projected4<ilO> or <111> directions indicates that the Burger's
vectors of the defects are of two.types, a/2<liO> and“a/3<lll>) and ﬁhﬁs
unresolvable prismaﬁic loops, both perfect and imperfect, are preéent.

The type of defeét‘ébserved, whether ﬁerféct or imperfect, depends_to
a great extent upon the operating reflection for contrast. If a <220>
reflection'is_used, aé~in Figs. 9(b) and ld, the primary defect observed,
or the defect showing the strongest strain contrast, will bé one whosel
Burger's vector.liés along thé opergting.reflection, that is, an a/2<110>
type. If a‘<lll>_reflecti0n is used,.as'in Fig. ll,.thé defect most
likel&_to be ogserved will have a Bufger‘s vector of the type a/3<1ll> lying
along the direct;on of the operating reflection. If a reflection such as
<200> in a <110> foil is.used, then two.<111> sysﬁems are resolved as
shown in Fig} 12 and no stfong <110> systems. In any case, the most easily
observed defects ﬁill.have Burgér'sAvectors whiéh lie in the plane of the

foil. Defects with Burger's vectors not in the plane. of the foil will give
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rise to weaker strain contrast and may be entirely ihvisibie if the angle
between the Burger's vector andlthe.plané of thé foilAis largé.

When analysing the black-white strain contrastvimages of the vacancy
precipitates it was found that it is important to distinguish betwéen the
line of no contrast (the line separating the black lobe from the white
lobe) and the so-called quasi-symmetry line (the major axis of the
elliptically shaped image) pointing from black to white, i.e., the direction
of streaking. These lines may or may not be perpendicular depending on
the orientation and type of defect. In Fig. i3(a) there are three distin-
guishable black-white directions, but there are four zero-contrast lines
as shown in Fig. 13(b). Similarly in Fig. 14(a) there are a number of -
different defect syétems as shown in Fig. 14(b). In Fig. 13 éases A; c,
and D have zero-contrast lines perpendicular to their black-white directions,
but case B has a zero-contrast line which lies hormal to the direction of
a projected <110> vector whereas its black-white direction is along a <111>
direction in the plane of the.foil. In Fig. 14 cases A, C, énd E are all
streaked normal to their zero-contrast lines while cases B and D are
streaked in <111> directiéns but have their zero—contrést lines perperdicular
to the [110] direction. These results indicate that the line of ﬁo
contrast is always normal to the Burger's vector of the defect while the
black-white direction of streaking is normal to the habit plane of the
defect if this normal lies in the plané of the foil, otherwise the streaking
may occur normal to the zero—contrast'line_if the loop is not edge-on.

C. Strain Contrast Images of Large Loops

Interesting images appear when large double arc loops are observed
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under strain cpntréét conditions as'showh in E£g§; iS-and:i6. Tﬁe images
appear similar‘to thdsé predicfed for-edgé—on loopé when highér ordér beams
are operating,.thaf ié, when fhé g.b product is 2 or more. Howevér; the
directions of streaking of the images are projected <112> directions and
the apparent line ofvno contrast is parallel to rather than perpendicular .
to projected <lid> directions. .

Since the skewness is well defined in the strain c¢ontrast image, a com-
parison of the direction of streaking to the ?rojections of the two <112>
directions normal to the zero—gontraéf line will pérmit identification of
the habit plane of the loop as shown in Fig. 15. If more than one defect
system is in the field of view, as in Fig. 16, each can be analyzed

~separately by its line of no contrast and its direction of streaking:



-19-

III. DISCUSSION

A. Double-arc Contrast

The double-arc model fits ob§ervatiohs very wéll and provides a
rapid method for identifying the Burger's vector of a perfect loop since
the line of no 'contrast (the line connecting the missing segments of
dislocation arc) is very easily identified and compared with projections
of <110> directions onto the plane of the foil. However, unless the
loop is large enough to permit identification of the directions ?f its
weak sides, 1t is difficult to determine the habit plane of the loop sinée‘
two {111} planes have the same common <110> direction. Due to the high:
stacking fault enérgy of aluminum, a perfect loop may rotate away from {111}
and exhibit less aﬁd less the double-arc effect as it approaches a pure
edge dislocation cdnfiguration on {110}. Metals of lower stacking fault
energy, such as gluminum alloys and copper, should have perfect loops
bounded by an extended dislocation line and would therefore, have difficulty
in changing their habit planes by rota,tiom.'2

Both the habit pléne and its sense 6f slope must necessarily be known
before identifiéétion of the nature of the defect can be made. The sense
of slope can be determined‘in any of a number of ways such as by tilting
the foil and observing the effect upon the size of the loop image23 or,
in the case of single crystals, by x-ray diffraction analyéis of the
specimen ‘mounted in’the specimen holder of the micréscope, thereby eliminating
the 180° ambiguity present in analyzing electron diffraction patterné.
Alternately, contrast experiments can be performed on a stacking fault or

a slip trace (see Fig. 20) in the foil, comparing dark~field images to
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bright-field images; to determine which éidé of:the §rojected tracé
represents the top sﬁrface of the foil.l6'_0ncé the sénsé of_slopé'of_the
{111} plané,is kgown;‘the Slbées of thé‘othér_three'can be determined from
a suitable oriented stereogrém or .a tetrahedron.

The calculated image profiles of Wilkins an.d,Hornbogen17 predict,
for the caée of screw dipoles, thét, Wheﬁ the image lies té the outsiae of
the dipole, greater lessening of image intensity will occur the smaller. the
separation of the dislocations forming the dipole, and when the image is
on the inside of the dipole, enhancement of the image intensity will occur
down to very small separations. Upon this analysis a good perceﬁtage of
randomly distributed perfect loops on {lll}_planes should not exhibit
double--arc contrast, but rather images somewhat like that of loop A {n
Fig. 15. However, since double-érc images are observed both inside and
outside the true dislocation positions, this analysis cannot be strictly
true for loops on planes inclined far from the foil normai but is
gualitatively true for loops such as in Fig. T, lying on planes making a
small angle with the foil normal or for very small loops, that is, the
image when inside the frojected loop position appears as & single‘strong '
image. The treatment of the problem by Wilkins and Hornbogen is based
upon the kinematical approximation for-diffréctiqn contrast which is
~really valid inyvfor thin foils and for values of the parameter‘s far
from zero.

On the othgr hand Cass18 has applied thé”two Beam dynamical theory
of Howie and Whelan toﬂéalculate profiles for edge dislocation dipoles and

predicts that dipoje diffraction contrast images grow weaker in intensity

o
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with decreasing separation for images both inside and outside the projected
dipole position. This is also expécted intuitivély dué to cancéllation of
the strain field at small‘séparations. The conclﬁsioﬁ that can be drawn

is that both vacancy and interstitial type perfect loops on'{lll} planes
will show double-arc contrast both inside and outside the true projected
loop position provided that the loop is large enough and inclined far
enough from the foil normal. Perfect prismatic interstitial loops created
in aluminum by alpha particle bombardment23 do, in many cases, exhibit
double-arc contrast although their habit planes atre uncertain.

There 1s no reason why the use of the double-arc model should be
restricted to fcc metals. Any crystal structure in which the Burger's vector
of a loop makes an acute angle with the habit plane.of the loop would be
as suitable to analysis as is the fcc structure. TFor example, the bee

system may have loops on {110} planes with Burger's vector of the type

. 2l
<111> making a 55° angle to these planes. Meakin and Greenfield have

o

found interstitial looﬁs in irradiated molybdenum Whicb at times exhidit
definite double-arc contrast. Projections of the <lll>\directions
should 1ie‘normal to the lines of no contrast of these loéps.

It has been implied that double—arC‘iﬁages arise purely by diffraction
contrast where the magnitude of the é.g product determined the type 6f
image, if any, that will be observed. However, in one particular
instance, when the Burger's vector of a loop on (111) in a [110] foil

lies along the foil normal as interpreted in Fig. 17a, the g.b product is

" zero for every reflection in the plane of the foil. Therefore, if any

double-arc image appears, it must do so purely by residual contrast caused
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by lattice displacements hormal‘to»the direction»of 6. Contrastifrom ~this
type of lattice straining is neither unpredicted nor unobserved, being -
the type of contrast by'which'Frank loops'in fce. or basal plane lodps in-

16,25

hep materials are often observed. Figure -1T(b) shows the same loops
as in Fig. 17(a) under strain contrast'cohditions where the line”of no
contrast is normal to the [002] direction as wouid be expected.

A pure edge leop'in the plane of the foil, observed by residual
centrast, may also exhibit déuble-erc contrast if the residual strain on
parts of the loop is normal to the operating.refleetion. This is a trivial
caee, however, and is easily distinguished from the double-arc image of a
prerfect loop by thershape and nature of the imege (neither foreshortening
nor skewness will occur) and the fact that the line of no contrast ié
always normal to the operating reflection.

When large perfecﬁ lobps on {111} are viewed edge-on, the double-
arc model presented above would predict that, when the Burger's vector of

the loop lies in the plane of the f011 the image will be two spots
perhaps separated by a line of weak contrast. ,That this is indeed the
case is illustrated in Fig. 18. figure 18(a) is a dark-field image with

s =0 showing the strain field image&(preﬁable iso-strain contours) as
thin black lines and Fig. 18(v) shows the same-loops at s # 0 under
diffrection conﬁrast'in derk-field. It should be noted that this double-
spot image 1s.un1qee to a perfect loop for which the normal to the habit
plane and the Burger's vector of the loop both lie in the plane of the
diffraction paptern,_i.e. only in special-instancee.in <110> foils will it

occur. In all other cases of edge—oh loops, whether perfect or imperfect,

L
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the diffraction contrast image will be a single line (;ee Figs. 4 and 21).
Although Frank loops, when not édge—on; are géﬁérally distinguishable
by their enclosed stacking fault or by théir continuous length of dislo-
cation line bounding the loop, i£ is possible to obtain images which are
.similar to double-arc imageé.5 If fhé loop is small enough so that two

. black fringes and one white fringe appear and the dislocation line

w [+

bounding the ioop is out of gontrast-(é.g = 0), or very weak (g.b = * =)
it may appear to be a double-arc image but, in general, there would be no
crystallographic relationships satisfied by this image excépt in special
cases. The stacking fault fringes would be parallel to the foil surface
~and not along the edges of the loop as seen in the loops of Fig. 5(a). In
this case, however, if there were any doubt, an operating reflection with
a different extinction disténce codld be used and either more or less
fringes would appear and the image would nb longer.be similar to a double-
arc image. |

B. Strain Contrast Images of Sma;l Loops

_ The strain contrast images of smal; léops;.in general, agree with
predictions of the Ashby—ﬁrown theory, but.thére is one assumption in the
theory that needs further exploration. Thét assumption'is the inherent
one that bright-field micrographs of a foil containing small vacancy loops
randomly distributed should have roughly about half the strain contrast
images reversed. In investigations on quenched copper folls this has not
been found to be the case and bright-figld images, such as Fig. 19, are
found to be not much different than dark—fieid images and the incidence of

black-white images black on the side of. the operating reflection is in
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both cases very'lqw,  Bfandon et=al;26‘performed very convincing
exéeriments on i;radiafed foilévthat vérifiédvAshby.and Browﬁ's prediction
vthat bgighf—field imageé would bé ésymmétrical and dark—fiéld imagés'
symmetrical for_defects near opposite surfaéeS'of the foil. Fﬁrthermbre,>
slip traces give rise to strain contrast images ét s = O,vas shown in Fig.
20, that are the same in dark-field at Both surfaces of the‘foil, while

in bright—field the images are opposite at théutﬁo surfaces, illustrating:
the predictions are bertainly yalid at the foll surfaces.

A pqssible explénation for the conflicting results obtained in
quenched cépper is fhat thé nature of the stréin field and‘hence the
strain‘contrast image may depend upon the size of tﬁe deféct; the strain
contrast imageé of very small defects may depend only on the sense of the
‘displacement aroﬁnd the defect, that is, only on g.b, whiie large defects
may exhibit images-which are éompounded with diffraction effects and
depend on (g.b)s. |

Dark-field imageé also exhibit a depeﬁdence on s when l;fge défects
are observed. . Whereas the strain cOntfast images'of the small loops in
Copper'are insensitive to the sigﬁ of s in;dark—fieldland can be analyzed
as vacancy loops on both sides of a'bend’éoptouf, dé;kffield strain contrast ‘
images of larée fodliké defects infdéped silicon show'a reversél'of the

27

' black-white images as the sign‘of s is changed.-' The dark-field imagés_
of slip traces shown in Fig. 20 indicate‘that strain fields near the top
surface are not well resolved for s>0 and those near the bottom are not

resolvable for s<0 suggesting that; for avgiVen value of s, the detection

of a defect by strain contrast_is sénsitive to its position in the foil.
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It is improbable that defects need be restricted to within half an
extinction distance of either surface in ordér to be detected by strain
contrast. The Frank loops shown in Fig. 21 are nedrly 1000A in diameter
and exhibit remarkable strain contfast with the opérating reflection g =
[I11] for which the half-extinction distance is about 325A. The half-
extinction distance for the <111> reflection in copper is about 125A and, -
since a reglon denuded of defects is expected near the foil surfaces,
only a very small number of very small defects should be observed for
this reflection. Figures 11 and 22 show that an appreciable number of
defects appear for the <111> reflection and that defect sizes up to about
200A still exhibit good strain contrast.‘ Furthérmofe, dislocations
observed under stréinvcontrast conditions usually have easily visible
black-white contrast at the center of the foll regardless of how the
image may be complicated by primary extinction. An example of this is the
dislocation at A in Fig. 22. | |

One. feature not covered in the theory is the effect of varying foil
thickness upon the black-white contrast. Whereaslthe calculated image
profiles of Ashby and Brown are for a foil an integral number (five) of
extinction distances thick, the best relative contrgst, as can be seen in
Figs. 8 and 13, occurs. somewhere between thé strongly-vhite areas and the
strongly—dérk areas of the foil, that is, for foll thicknesses of odd~-
quarter extinction distances. This wéuld be tﬁe case intuitively, since
neither strong white against a white background nor strong black against
a dark background would give too much apparent contrast, whereas both

would show well against'a grey background.
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_Ih conjuncﬁion wifhvthis, the_evidencé near:bend-éontbur55 such as in
Fig. 22, indicates that the optimﬁm vi;wing condition for the black-white
centrast is not ékactly at s = 6, but rafhér,slightly to oﬁé sidé of
this position. This is also illustrated in Fig. 23 iﬁ fhé vicinity of a
small angle boundary. - Normally ih dark—fieid the small vacancy-type planar
defects show: (a) weak strain contrast or appeér as black dots for s<0,
(b) fair strain contrast for s = 0, (c) very good strain contrast for .
.s8lightly positive values of s somewhere between the maximum intensity
peaks for bright-field and dark-field intensity profiles, (d) very poor
strain contrast normally ap?éa:ing as white dots (black-dots in bright-
field) for é positive such that maximum brighﬁ—field intensity is
.obtained. | |

Also, the-black—white contrast generally appears better‘for foil
thicknesses of four or more extinction distqnces where the background
appears grey and there_is‘less fluctugtion inmaximum to minimuﬁ intehsity
-with dncreasing thiékness; This is illustratedvin Fig.j22 where the foil
getslfhiéker going from_left.to right;_ |

In ceftaiﬂAihsténces stréin contrast images‘appeér which are the
reverse of the vaéancy—tﬁpe image expected. . This may be an effect
associated with impuritiés such as prismatic puhching as obseryed by
Clareborough et al.ll,in copperAquehched in an argon atmosphere and as
iilustrated;in Fig. 24 for vaéuum-qﬁenched copper, orlthere may be.
particulaf dgptﬂs'in the foil at which the strain-contrast iﬁage is
révgrsed, én effect pfedicted by the theory forvd¢fect§.at one-half an

extinction distance from either surface. The incidence of this type of



-27~

image is highest fér <111> reflections (see Figs. 11 aﬁd 22), and is
elmost non-existant for higher-order reflections such as <220> and <311>.
Therefore, this reverse image effect could be associated with defects near
the foil surfaces where the dynamical theory becomes less applicable with
lower—order beams. This last analysis is in complete contradiction to the
theory since good strain contrast_béhavior ié predicted onl& for defects
near the surfaces of the foil, but the dynamical theory, and hence the
strain contrast theory, should be modified to exclude a certain amount of
the foil near thé surfaces where there can be no dynamical interaction
between the transmiﬁted‘and diffracted beams. The distance y = d/6 is the
depth below the top,sufface of a foil that radiation, scattered according
to Bragg's law from the first scattering-éenter'on one plane of atoms,
must travel before striking é scattering center on an adjacent plane.
Dynamiéal interaction'between the ﬁransmitted and diffracted beams is
expected only at fhe>scattering centers and not‘in‘the regions between,
hence the dynamicgi theory, which_treats the crystal as the continum of
scattering centers, is really not applicable iﬁ the first depth y of the
foil. Similar considerations hold near the lowef or exit surface of the
foil, whence the dynamical theory is limited in its applicability £o the
region Qf the;foil between a’distancg‘y of.either“éurfacé. Since & gets
smaller and 8 larger with increasing h, k, and 1, higher—ordér beams have
a smaller distan;e y associated with them. Higher order refleétions

also have larger extinction distancevso the ratio of d4/6 to to/2

decreases with increasing 6rder‘oftreflection. Thus, the contradiction

can be resolved by basing analyses on results obtained from higher-order
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reflections. This attitude-is_commensurate‘with ﬁhe suggestion of Ashby .
and Brown that higher-order beams. be ﬁsed, éithéﬁgh they reqoﬁmend it for.
reasons of enhaﬁced reéolution. - |

The defects-observed in the .quenched copper specimens were vacancy-
type planar defecté caused by quenching in a supérsatdration of va;ancies;
such defects are not obéerved_in‘unquenched'or well annealed copper foils.
The defects.cannbt have been.caused by demage to the foilvin the micro-
© scope by the eiectron beam‘siﬁée Howe et al.28 demonstraﬁed in ion
bombardment experiments on copper that spots and lodp—like features were
produced only when a.coéted filament was empioyed-and that no daﬁage
occurred when the microscope‘was opératéd undef normal cdnditions. Thé
strain contrést iﬁages shqwn in Figs. 8 fhrough 14 canﬁot be due to
end-on dislocations29 because the nﬁmber of différént brientations used
preclude the di310c§tions beinévend;on in all éases; and any result
derivable from one imagé is also derivable from an image of a foll in a
dif'ferent orientation. |

The size rangetof the Frank loops-as identified by.their strain
contrast images appears to be from less thaﬁ'6OA fo aboﬁt'lQSA. Looﬁs
smaller than 60A in diameter ére geﬁerally_too émali to éive other than
very'wéak strain contrast énd loopé larger than 125Avalﬁost always have
the zero contrast line of thé'strain field image>ﬁormal to a projected
<110> di;ection. _TheISiZe rénge of perfect loops as determined from
théir.sﬁrain_contrast images is between about 100A and 200A. Thus, the‘
prébable éequence followed forithe condensation of vacancies after

. . . .11
quenching copper is:  single vacancles - divacancies + clusters
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(spherical or oblately ellipsoidal)3o’31 -+ Frank loops - perfect loops at
about 100-125A. That the perfect loop is the stable defect at large size
is supported by the fact that almost all large loops observed, although of
considerable less density than those small loops observed by strain
contrast, have been of the perfect type as indicated By their double-arc
appearance, Figure 25 illustrates the relative size of some of the
larger double-arc loops to that of the loops observed by strain contrast.
When loops become larger_thén about 200A, the strain contrast images
seem to be no longef of a simple.Whité—black type. Instead a small arc
of white appears on the black side of the image.and a corresponding small
arc of black‘on the white side of the image as witnessed in most of the
strain contrast images from aluminﬁm and the larger strain contrast.’
images from copper (see Figs; 2L to 26). Although thié is most obvious
for high-order operating reflections, it-sometimeé 6ccurs for the <lli>
reflections, so that this effect cannot be entirely associated with g.b >
1 Where such intensity variatiqns are expected from theoretical dislocation
intensity profilgs.l3 It may be that there is a<superp§sition of diffrac-
tion contrast effects from the dislocation line boundéng the loop énd
strain contrast effects from the strain field of the loop as a whole.

A feature'eXhibited in Fig. 18 is that the strain confrast images'

fof large edge-~on perfect loops are excepfionally weak for loops as

large as S00Ain diameter while Fig. 21 shows that imperfeCt loops up to

- 1000A in diameter still exhibit remarkably good strain contrast. An -

idea of the approximate upper size limit for the usefulness of strain
contrast ‘for identifying the Burger's vector of a perfect loop can be

obtained from Fig. 26 where loop'B, about 250A in size, appears as a
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white dot on éither Side‘of the [250] bend,;ontour (ih é bright field
image it would appéar.gs é biack—dot defect) and shows“good strain
contrast with the.line_separating:thé black:and-white areas nofﬁai to

the [220] direction. Loop A, aboﬁt 300A in size, appéaré.fifst as a
stréin contrast image‘with its apparent line of no contrast normal to

the [lii]'rather than the [110] direction and then exhibits the character-
istic doubly-spotted image expectedlfrom an edge-on-perfect loop (Fig. 18).
Therefore, while the size of an imperfect loop is unimportant as long as
it is nearly edge—oﬁ, the ‘size of a perfect loop on .a [lll] plane seems

to determine whether its line'of no céntrast is normal to its,Burger'é‘ ,
vector or appears téfbe parallel to the plane of the loop# Thus; there

is a maximum size beyond which strain contrast is no lbnge:-useful for
identifying the Burger's vector of a perfect loop. This size ;s estimated
to be aboutVQOOA to 250A in both cobpef and aiuminum; This is indicated
in Fig. 26 for aluminum and QOOA_defects in copper show good straigb
contrast with the line of no contrast.norﬁal térprojécted <110> directions
while pe?fect loops about 250A in size exhibit douBle-arc contrast as seen

in Fig. 8, loop A.

C. Strain Contrast‘ffom Large Loopé

Lafge double—afc loops obsérved undef strain.cpnfrast conditions
exhibit also the type of image thaf héé érds éf.wﬁitefon the'black lobe .
or arcs of black on ﬁhe-whité lobe, but'there are a number of important |
distinctionsAthat can be made to differentiate them from fhe more éompliQ
cated images of émall loops. The first is tﬁat the line of no éonfrast

lies parallel to, not normal to, a projected <110> direction. The second
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is that the direction of streaking lies along a projected <112> direction
and not along the projection of the Burger's‘vecfor or along the projection
of the normal to the defect plane. The third is that the lobes may not

be always black on oﬁe side of the zero contrast line and white on the
other, but may be black on both sides or white on both sides, with the
characterisfic_smaller arc Qf opposite color:enclésed within the lobe.
This last effect is most probably due to dislocation image variations

with foil depth»énd contfastvconditions such as the sign of the parameters
g, b and s, and defect size and inclination to the incident beam. The
important fact is tﬁat erroneoﬁs conclusions can be arrived at if the
strain contrast image.is considered to be the imaée of the strain field of
an edge~on planar aislocation loop, i.e. the habit plane and the Burger's

vector can be completély misinterpreted.
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SR VCONCL\IVJS_I:ONS :

Perfect prismatig-dislocation.loqps‘on {l1l} planes in fgc méterialé
exhibit double—arc'contfast in éléctfoh microscope'images because the
displacemenﬁ field_res?onsible for diffraction contrast }s Weakened‘by
thevdipole—like inte?action of-the-edge componénts of dislocation line at
the intersectiqns of the mixéd screw and edge segments of the lobp.
Double-arc contrast diséppears as the lobps rotate away from {111} to {110}
planes where they become pure edge dislocation loops. This doublefarc
model is supported by‘observations and serfes as a useful tool in analysing
the Burger's vecto?'bf the loop.

Alfhough this mpdel was applied toward vacancy loops, it shoﬁld be
equally as valid fO; interéfitial loops. Als§; a metal with a different
crystal structure, such.as bgé, should display logps exhibiting double—aré
contrast if thesevloops lie on planes which are not ﬁormal‘or parallel to
their Burger's vectors.

In metals with intermediate stacking‘faulﬁ energies, where loops are
confined. to the'{lil} habit pianes, the modél is further useful in-allowing
the habit plane of a ldop to be‘éstabiishéd in most cases, providéd that
the loop.is large'enough to allow easy'op§ervationbof thé directions of
its sides and further proﬁided that the sense of slope of the habit plane
can be determined by tilting or contrast expgrimenﬁs.

-. The predictions ofvthé Ashby—quwn gtrain contrast theory are valid
vrrovided care is faken to obtain dataAunder the conditions épecified by
the theory. These are: (a),usé dark fiéld images, prefefably obtained

by tilting the electron gun‘in such a manner that the diffracted beam

3
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passes down the center of the microscope column, (b) maintain diffracting
conditions closevto s = 0, preferably siightly positive, (c) utilize
thicker regions of the foil to eliminaﬁe strong background fluctuations and
eliminate ambiguity in identifying the character of a defect, (d) use

high order reflections both for enhancement of resolution and tb minimize
the region near the foil surface where the inapplicability of the

dynamical theory may cause conflicting results to be obtained, (e) limit
the use of strain contrast images to defects which are impossible to
énalyse by diffraction contrast.

Further features that would be desired in the theory are: (a) an
analysis of strain contrast image intenéities with respect to béckground
intensities with varying foill thickness and varying values of s, the:
deviation parameter, (b) an analysis of defect images as = funcfion of
defect size, i.e; the effect of changing from the strain field of a
small loop to the strain field of a dislocation line, (c) an ahglysisrof
wvhen the parameter s plays an important role in determining the arrangement
of a black=vhite image, (d) an analysis of bright-field images as a
function of defect siie and placement‘in the foil, and as a function of
changing s, (e) an analysis of whether or not strain contrast images are
obtainable only‘from defects near the surfaces of the foil and.exactly
what type of images would be expected from defecﬁs s0 near the surfaces
that there is_no true dynamical interaction between the transmitted and
diffraétéd beam for a given set of diffracting plénes.

Based upon ﬁhe strain cont;ast imaées of loops in quenched copper

foils it is concluded that perfect loops are the stable defect for loop
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sizes greater than about 125A and Frank'loopsfére stable below thié size
and down to less than 60A. Diffractionvcontrast results revealingl
double-arc loops asrthe primary defect support this conclﬁsion‘and indicate,
by the low densitj of these large loops that»the_quenched—in vacancy
concentration is not nearly as high'as that obtainable in quenched aiuminum
or that annealing‘oﬁt of vécancy clusters takes blace at an early stage.

- Lastly, strain contrast images of large loogs can easily be obtained,
but care must be exercised in analysing such loopé by the strain cqntrast'
theory since this theory may not be épplicable if the_lbops are perfect
loops or if they lie upon planes vhich are far from being parallel with
the inc¢ident eléct;oh beam. Perfect loops oh {111} planes not parallel
to the incident beam will have strain contrast images with a line of\no
contrast parallel to a projected <110> directién and appear to be stresked
in the projected'<llé> direction which is ﬁormal to the zero contrast
line and lies in the habit plane of the loop? This diréction of streaking

serves as a further aid in identifying the habit plane .of a loop.
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FIGURE CAPTIONS

(a) Top view of a Frank loop on (111). Empty spaces indicate_theA
missing layer of B atoms inside the loop. (b) Same loops after
nucleation of an a/6[ll§] partial dislocation and transformation to a
perfect prismatic loop. Extra atoms between A and B positions are
below the loop plane, those between B and C positions are above the
loop plane.

(a) Side view of a Frank loop showing hep stacking sequence across the'
loop plane. Viéwing direction is [170]. (b) Side view of 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. -
Tetrahedra, vounded by <110> directions for (a) [001], (b) tllé], (c)
(111] and (d) [110] projections, and appearances of double-arc images
for each projected {111} plane. Images are shown both to thé inside
and to the outside of the true loop position for each {111} plane
except those edge-on. Position and width of an image will vary with
contrast conditions and operating reflections.

Double-arc images of loops and projecﬁéd tetrahedra for the foil normals:
(a) [013] (about 18° from [001]), (b) [325] (about 6° from [112]), (c)
[3@5] (aﬁout 11° from [111]}), and (d) [L47I] (about 170 from [110]).
Figures (a) and (b)‘are from pure aluminum queriched from 550°C into
water at éO°C and aged 24 hours at room temperature. Figures (c) and

(a) are from aluminum-7% magnesium alloys quenched from 550°C into iced

brine and aged 100 hours at 100°C.
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Various loops which do nof»eﬁhibit double-arc contrast are: (a) Frank
loops as obtained-in'pure'aluminﬁm quenched‘from 550°C into silicone

0il at 20°C and aged 24 hours at rooﬁ temperature; Frank loops, in
addition to exhibiting continous dislccation line images, are character-
ized by their énclosed stacking fault fringesvwhich are parallel to ﬁhe
foil surface rather than the <110> directions of the dislocation lines
bounding the loops.. (ﬁ) Rhombus loops as obtained in aluminum-5%
nagnesium quenched from QSOOC-into silicone oil at ?oom temperature.

The rhombus loops are perfect prismatic‘loopsvbut have rotatedvso that
they lie nearly normal to their Burger's vectors. \(c) Déformation loops
caused 5y the inﬁéréction of moving dislocations during bending or

other deformation of the SPecimen. The loop shown is from a copper
specimen queﬁched in vacuum by liquid nitrogen—éooled‘helium.
Illustrations of the use of the aouble—arc model to identify defect
systems in quenched copper: (a) The line of no contrést of the loop is

parallel to [110], indicating the Burger's vector is b = a/2[110] and

that the loop is either loop A on (111) or loop B on (ITI1). The shape

of the loop proves that it is loop A. (b) THe line of no contrast of
the loop is parallel to the'projection’of (1017, indicatihg that b = a/2

[T01] and that the loop is either loop A on (II1) or loop B on (1I1).

The skewness of the image is used to determine that it is loop B.

The lines of no contrast of the loop shown are normal to the operating

reflections in quenchéd copper, thus b = a/2[0I1]. (a) The skewness of

loop A indicates that it lies on (I11). (v) The skewness of loop B

‘indicates that (I1I) is its habit plane.

PN
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Fig. 8 Bright-field images of defects in vacuum-quenched copper: (a) Defects
appear primarily as black dots for s > O except.near an equalthickness
contour. (b) The same defects exhibit black-white strain contrast when
‘s = 0. Loop A, about 250A in size, exhibits double-arc contrast.viBéttér
strain contrast images.are observed in the grey areas separating the
white and black regions.

Dark-field images of quenching defects in copper indicate that the

=i

e
. B

\O

defects observed are planar rather than spherical. (a) The operating
reflection 1s normal to the Burger's vectors of a large number of
defects, hence g.b = 0 and no strain contrast is observed. (b) The

operating reflection is parallel to the Burger's vectors b = a/2[01I],

g.h = 2,.and the defects are observable.

Fig.. 10, “The primary defects observed in dark-field using a <220> operating
reflection in a [111] foil are those which have their Burger's vectors
aléng the operating reflection, i.e. perfect loops.

'Fig. 11 The primary defects observed in dark-field using a <111> operating
reflection in'a [110] foil are Frank loops normal to that reflection.
 However, those loops at F have their zero—cqntrast lines normal to [520],
indiéating that they are perfect prisﬁétic loops. Most loops are |
vacancy-type and have their white sides on the side of the operating
reflection but the loops at G are reversed.

Fig. 12 In dark-field, the ﬁse of the [002] operating reflection in a [110]
foil reveals two deféct systems, H and J each with their zero-contrast
line n%rmal to a.differént'{lll} directiod while no a/2<110>defect

systems are observed.

1
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Defects which Have.their lines of no contraét normal to the direction.
of streaking of the/strain chtrast image such as cases A, C, and D of
this dark—field’image are the most common. However, if the normal to
the habit plane of a pérfect loop_liés in the plane of'the foil, the
"direction of streaking of»thé image will be along this <111> direétion .
as in case B, while the zero-contrast line is normal to the projection'
of the a/2 <110> Burger's vector of the loop onto the plane of the
foil. Note that the best strain contrasf-images occur in the gfey
regions (thicknesses of.oddquarter extinction distancés) rather than in
the strongly white or black regions.

In a [110] foil, .the dark-field strain contrast images of Frank loops,
A and E, are streaked normal to their lines of no contrast, while the
images of perfect loops on the same habit plahes, B ahd D, have zero-
contrast lines normal tovt§20] but are streaked normal to their habit
planes. The defect at C may be a perfect loop which has rotated to

become normal to its Burger's vector b = a/2[110].

- A perfect prismatic dislocation loop on {111} will appear as: (a) a

dguble;arc image under normal bright-field diffractihg conditions as
seen in.water—quenched aluminum, and (b) a complicated strain contrast
image near s = 0. ~The lines of no contrast'of the stréin contrast image
.and the double-arc imagé are the same projected <110> direction, the

dotted line on the projected tetrahedron. The projected <112> direction

" in the habit plane of the loop which is normal to this line of no contrast

 is the direction of skewness of the image. ‘The projections of the two

<112> directions normal to the line of no contrast are shown and
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comparison With the image shows that the {111} plane on the 1§wer side

of the dottea line is the habit planevof the loop. The loop at A

shows an enhancement of its image intensity at the ends rather than:a
~decrease.

Fig. 16 (a) and (b)_Dérk—field strain contrast and diffraction contrast images
of double-arc loops in aluminum. The edges of the projected tetrahedron
are parallel to the zero-contrast lines'of the images. The three
most obvious directioné of streaking are parallel to the projected
<112> directions shown.

Fig. 17 Dark-field images of double-arc loops in a [110] aluminum foil. (a)

s # 0 and the lines of weak contrast are parallel to [220], indicating
that phe Burger's vectors of the loops lie parallel to the foil nérmai,
whence g.b = 0 for diffraction contrast. The loops are observed by
residual contrast caused by the displacements of the lattice, normal
to b = a/2[110], in the [001] direction (see Fig. 2(b)). (b) s = 0
and the strain contrast images show sharp lines of no contrast normal
to [002].

Fig. 18 Dark-field images of edge-on double-arc loops in a [110] aluminum foil.
(a) s = 0 and ghe Etrain contrast imaées of loops A and B appear as
iso-étrainicontours which relate the two dots within each image. (b)

s # 0 and the images appear as white diffraction contrast images
consisting of two sharp dots,_indicatiﬁg that the lines of no confrast
of the looés lie parallel to the foil normal and the ﬁurger's vectors
of the loops lie in the plane of the foil, i.e. the two strong edge

components of the loops are end-on as in Fig. 2(b).

i
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Representative brighﬁ—fiéid image_of'quenched—in'bacancy defects in
copper. The f&il normal is [ill]. Few if any of the strain contrast
images are white ohvthe side of the oberéting reflecfion. If the
vacancy-type ioops.are'randomly distributed throughout the thickness

of the foil, approximately half should show a reversal of contrast,

“assuming the Ashby-Brown strain contrast model to be valid for these

defects.

Slip trace images in an [001] aluminum foil. (a) Bright-field images

of the traces at either surface are asymmetrical. The s = 0 position

is in the region where the images indicate that cross-slip has occurred
and s is positive to the left. The strain contrast images are roughly

equal for all values of s at both surfaces. (b) The corresponding

dark~field images at exactly the same diffracting conditions are

symmetrical, that is, the same at either surface. The slip—trace.
imeges ére therefgre exactly as predicted by the dynamical ﬁheory for
an edée‘or screw dislocation (Burger's vector parallel to the foil
surface).of one sign at the top surface and a similar defect of
opposite sign at the bottom surface. . The top surface of the foil is
where the images are the same in bobhfbright—field and dark-field and
is therefore well defined by thevupper image of the slip-trace (such
anvanalysis is useful in determining the sensé of slope of a {111}A

siip plane); Aithough near s = 0 the dark-field images are about the

. same at both surfaces, for s > 0 strain contrast at the lower surfaces.

is excellent while that at the upper surface is very poor and vice

versa for s < 0. (c) The dark-field image after the s = 0 position has
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been moved to ﬁhe far right by tilting the foll so that the entire region
has aipositive‘valﬁe'of s. The image of the slip-trace at:the bottom
surféce of the foil has thus been brought into sharp strain contrast.
Dark=field images of large Frank loops in gquenched aluminum appear as:
(a) dislocation line images for s # 0, and (b) strain contrast images
abouﬁ the dislocation line image for s = 0. The sizes of the loops
range from abou£ TOQA to about 1200A in diameter. Since the hglf—
extinction distance for the reflection shown is about 325A, the centers
of the loops cannot ge withip half an extinction distance of the
surfaces, yet the& show very good strain contrast in contradiction to
the predictions of Ashby and Brown.

Small black-white images.in guenched copper near a bend contour. ‘s is
negative in the upper right corner and positive in the lower left; the
best strain cont;ast images are observed for values of s slightly
positive. The foil becomes thicker from left to righﬁ; better strain
contrast images are observed in the thicker regions. The dislocation
line at A, nearly at s = O, shows black-white contrast throughout its

entire length. Note also the number of black-white images black on the

-

side of the opérating reflection.
The effect of changing s upon dark-field strain contrast images is

illustrated near a small angle boundary in a quenched copper [110]

foil. (a) s = 0 on the‘left and is changed to a somewhat positive

value on the right by the tilting effect of the boundary on the
diffracting planes. (b) The specimen has been tilted so that s > O on

the left and the region on the right of the boundary shows diffraction
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contrast images éonsisting of whitevdots;] :
Punched interstitial loops in a guenched copper -[110] foil lie in rows

along <220>. (a) The dark field strain contrast images are black on the

side of the operating reflection and the loops are interstitial in

character. (b) The briéht;field image consists of line images caused
by diffraction contrast.

A bright-field iﬁage of vacancy defécts'in quenched copper showing the
smaller loops by strain contrast.and the larger loops by dbuble—aré
contrast. |

Dark-field images of small loops in a quenchea aluminum [110] foil
indicate that although a perfect loqp may be observed by strain contrast,
its iine of no.pontrast may not be normal to its Burger's vector &f the
size of the loop ié much greater than about 200A. The center of the
figure is at: (a) s > 0, () s =0, and (c) s < 0. The double-dot
diffraction'60n£rast image.éf.loop A indicatés that it is a perfect
loop of abqut 300A in size bui'gheline of no contrast of its strain

contrast image appearsito lie parallél to its habit pléne rather than

normal to its;Burger's'veétorr Loop B is about 250A in size and is

small enoughitd appear ds a White'dot/in diffraction contrast and shows
a strain contrast image with a line of no contrast normal to its

Burger's vector b= a/2[I10].
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