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

images, low-order reflections, thin foils, or defects which ar~ large 

and not edge--on. In quenched copper it is found that Frank loops are 

stable below about 125A0 and perfect loops are the stable defect above this 

size. 
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I. INTRODUCTION 

It is now '\-Tell known that when fcc metals are quenched rapidly from 

nea:r the melting point large vacancy supersaturations, up to 109 , can be 

retained. The excess vacancies subsequently anneal out to form vacancy 

clusters, stacking fault tetrahedra., or prismatic dislocation loops (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: (1) Frank loops, which are pure 

edge dislocations on {111} planes with Burger's vectors b = a/3<111>, (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 nucleation of 

Shockley partials and are no longer pure edge dislocations, and (3) rhombus 

loops also with Burger's vectors b = a/2<110> but formed bY the rotation of 

perfect loops onto planes other thanr.{lll} so as to minimize dislocation 

2 3 line energy. ' The rhombus loop appears to be the final stable defect and 

is com~only found in aluminum after·certain quenching and aging procedures.
4 

Rhombus loops are nearly pure edge, as their habit planes are close to, but 

not exactly, {110}. 

It appears that 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 determining the type of loop 

that is observed. If quenching_ is done such that large stresses are set 

up, n1ostly perfect loops are formed whereas if little or no deformation 

occurs, mostly Frank loops are formed.
4•5 This suggests that Frank loops 

are formed initially but their conversion to perfect loops by n:ucleation 
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of a, Shockley partial is stress aided, i.e., the transformation is heter-

ogeneous. Impurities may also play a role in loop nucleation. 

There is a fourth type of dislocation loop that may be found in 

quenched materials but is not dependent upon a supersaturation of vacancies 

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

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

dislocations or impurities or precipitates, 6
l 7 or by stress-relief 

mechanisms such as prismatic punching of loops. 8 

There are distinctly two types of loops possible in fcc metals, the 

vacancy 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 vrhich results from the condensation of inter-

stttials 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. Conversion of the extrinsic Frank loop may take place 

resulting in an interstitial perfect loop on {111}, but such behavior has 

not been studied or reported. 

Vacancy type loops are normally found in quenched materials and inter­

sti tia.ls in irradiated materials. Hm.;rever, Edington and Smallman9 have 

found that both types occur in quenched pure aluminum. From climb rate 

measurements they estimated that the extrinsic and intrinsic stacking fault 

energies were about 460 ergs/cm
2 

and 280 ergs/cm2 respectively. Essman 

and Wilkins10 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 

.. 
f' 
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of metals and alloys.
8 •11 However, the primary def~ct. to be discussed 

here is the vacancy type loop obtained by quenching. 

'• Dislocation loops can be directly observed using an electron microscope, 

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

. d bl t'lt' d . 12 
metr1c or ou e 1 1ng ev1ce. Dark-field experiments can be carried 

out if t:.1e electron gun is mounted such that it can be tilted from the 

microseo;pe column by a few degrees in any direction. The problem of image 

detection involves two contrast mechanisms, diffraction contrast and strain 

contrast, both of which have been theoretically considered in terms of the 

dyna.'ilical theory of diffraction contrast for electron waves. 

Diffraction contrast is the normal mechanism by which defects are 

observed and depends upon the distortion of the lattice surrounding a 

defect such as to modify the parameter s, the deviation (in reciprocal space) 

from ideal Bragg diffracting conditions, and the corresponding displacements 

13 introduce a phase change in both the transmitted and diffracted waves. 

Thus, locally near a defect, the intensity will deviate from background to 

give contrast. The position of the image with respect to the true position 

(- - 13-15 -of the defect depends upon the product g.b) s, where g is the 

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 closed loop· 

of dislocation 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 is satisfactory for observing large loops but when the 
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size of a loop is less than a few hundred angstroms, the im~;tges of the 

sides are no longer resolvable and its strain field changes due to inter~ 

actions from the various segments of dislocation line surrounding the loop. i>' 

For small loops, therefore, diffraction contrast is no longer suitable for 

:identifying the nature of the defect and strain contrast imaging must be 

used. 

Strain contrast· images are·obtained from defects when the crystal is 

at or near the ideal Bragg condition and the parameter s does not play a 

role of much importance in the contrast mechanism. The parameter g.b 

responsible for phase changes by locally modifying s is still important, 

hm.,rever, and very small and localized strain fields· can be detected by 

strain contrast which may not give rise to significant diffraction contrast. 

This paper will be concerned with the study of loops of various sizes 

and ~>rill necessitate the use of both contrast mechanisms; diffraction 

contrast for large loops and strain contrast for small.loops. The perfect 

prismatic loop ~>riththe {lll} habit plane will be of primary interest and 

a model is proposed to explain the origin of double-arc contrast and the 

relation of the image to various crystal directions. An outline of the 

strain contrast theory will be presented/and the predictions compared with 

experimental evidence in quenched aluminum and its alloys and copper. Also 

consideration will be given to the results obtained when loops large enough 

to be analysed by diffra.ction 'contrast are observed under strain contrast 

conditions. 

A. Analysis of Large Loa~ 

Large imperfect loops. are readily distinguishable by their character-
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istic enclosed stacking fault if the depth in the crystal covered by the 

loop is greater than one extinction distance, and vacancy loops can be 

distinguished from interstitial loops by performing one of a number of 

tilting experiments 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 

j_mage called the double-arc image. The model proposed below explains the 

origin of the double-arc contrast and relates the image to the crystallo~ 

graphy of defects in the material. 

Consider an imperfect or Frank loop as shown in top view (Fig. la) 

and i1i cross-section (Fig. 2a). Upon nucleation of a Shockley partial, the 

loop is converted to.a perfect prismatic loop by the reaction a/3[ll:i]+ 

a/6[112] = a/2 [110] as shown in F'igs. lb and 2b. Now at each end of the 

loop, along the [112] direction, there are two pure ec.ge 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 dislocation segments joining the two pure edge segments will 

be mixed screw and edge. 'rhe 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 plane of the loop at the other half of the loop. 

If these extra partial planes are considered as a series of dipoles, 

the separation of the dipoles will decrease as the intersection of the 

mixed dislocation segments is approached. The contrast to be expected 

from any set of dipoles will be such that a cancellation of image 

intensity occurs to _a degree dependent upon their separation. As predicted 
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for vacancy-·type dipoles by vJilkins and Hornbogen17 and C~ss, 18 
this 

cancellation of image intensity will increase with decreasing separation 

of the dipole segments. Because of this fact, the image to be expected 
\ 

from a perfect loop on {lll} is one which has the strongest contrast from 

the pure edge segments of the loop and the weakest contrast from the 

intersections of the mixed dislocation components. Thus the double-arc 

:image vill be one in which the direction of the line connecting the missing 

~;egments of dislocation image lies along a <110> direction projected onto 

the surface of· the' foil and which is parallel to the two pure edge components 

of the loop. 

:B,or an arbitrary foil orientation as interpreted from a diffraction 

pattern or, more accurately, from a Kikuchi pattern/9 •20 the proje.cted 

<110> d.irections 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 1vith respect to the stereogram 

and the strong edge segments of the double-arc identified. A projection 

of the 'rhompBon tetrahedron can easily be obtained from the stereogram and 

is a concise figure containing all the projected <110> directions. 

Since each <110> direction is perpendicular to only one other <110> 11 

direction, the Burger's vector of any double-arc loop can be identified by 

inspection, that is, the Burger's vector, one 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 {lli} 

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 

dislocation arc. 

If the sense of' the slope of the habit plane is known so that the foil 

normal can be unambiguously identified,
12 

it is usually 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 because in any orientation except <100> and <110> all three 

projected <110> dj.rect:i.ons from one {ll.l} plane will not coincide 1vi th all 

three projected <110> directions from another {lll} plane. Since <100> 

and <110> are axes of two-fold rotational symmetry and thus are normal to 

mirror planes in the crystal, instances arise in these orientations where 

the projections of the <110> directions on adjacent {111} planes are 

parallel, and in these cases the habit plane of a loop cannot be identified. 

Figure 3 shows the projected <110> directions for various foil 

orientations and the double-arc loops that might be expected from loops on 

the various {111} planes in each of the orientations. These cases are 

naturally idealized, representing 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 loops. The actual images 

may not appear exactly as showr1 in Fig. 3,e.g., the corners would not be so 

sharp and the image position would vary with the operating reflection use.d 

for diffraction contrast. Hm·rever, provided the loops are large enough so 

that both edge components of the images are resolvable, the characteristic 

skewness of the image•enables an analysis to be performed without neces-



-8-

sitating tilting experiments to find cases where g.b = 0. The important 

point is that, although for any. {lll} plane (not edge-on) in any orientation 

the p:ro,j ections of the hexagonally shaped loops are identical, there can 

result three different double-arc images, each of which is distinct from 

the other tvo. In addition, in the <112> and <111> orientations, loops 

on different {111} planes are skewed differently and hence the image of the 

loop can be used to identify the habit plane. 

Knowledge of the habit plane and its slope allows the determination 

of the character of a loop, whether it is a vacancy-type or an interstitial­

type, by the analysis of the diffracting conditions giving rise to the 

image. For example, lvhen s > 0 as in normal bright-field operation, if 

the Burger's vector of the loop is chosen to make an acute angle witn 

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

o;f a vacancy loop will He inside and that of an int~rstitiaL J,:oop outside .'the 

true proj ectecl image of the loop lvhile the reverse is true if g. b < 0 (for 

review see Ref. 12). 

B. Analysis of Small Loops b;y: 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 'N"hich 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. 15 'l'he use of dark-field imaging techniques 

are of particular importance for a nQmber of reasons. The primary reason 

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

J 

II 

,,; 
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diffraction condition (i.e. , when s = 0), the diffracted beam is more 

suitable for detecting strain fields because the dark-field intensity is 

sJ~etrical about the s = 0 position. Furthermore, dark-field images, 

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 

scattered 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 

15 Ashby and Brown. 

The Ashby-Brown theory predicts.the strain contrast image profile 

along the normal to an edge on circular dislocation loop can be approx-

j_mated 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 intersects the farther surface for a 

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

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 SynLTJJ.etry 

properties of dislocation images as predicted by the dynamical theory at 

s = 0, 13 •
21 

the white-black image of a small dislocation loop at a given 

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 Ashby and Brown15 the relative contrast between 
.~ 

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

from the ·surface of the foil and becomes almost-negligible for distances ~ 

beyond half an extinction distance from either surface. 

In sumn1ary, the present strain contrast theory predicts that for 

planar defects within half an extinction distance of either surface, 

the dark field images will be half-black, half-white elliptical images 

1vi th the line separating the regions (the line of no contrast) -perpendicular 

to the projection of the Burger's vector of the defects onto the plane of 

tl1e foil. Vacancy-type planar defects will have the white side. of the 

image on the side of the operating reflection for contrast and interstitial 

'· 
defects will .have their dark sides to the direction of the operating 

reflection. Tt1icker regions of.the foil are preferred to ensure a truly 

dynam:Lcal, rather than kinematical, situation. 

The Burger's vector of the defect can be analyzed from the dark field 

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 the foil, e.g., a Frank loop showing strain 

contrast will exhibit a line. of no contrast pe:rpendicular to a <111> 

direction lying in or projected onto the plane of the foil. This technique 

i-ras used by Essman and Wilkins10 to determine that the black-dot defects 

(in bright-field) formed by neutron irradiation-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 
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from loops is not useful for imaging the defects, there is no upper size 

limit for strain contrast images. At s "' 0 any defect which strains the 

lattice will appear in strain contrast provided it has resolved strain in 

the direction 'Of the operating reflection, .g~ However, the strain field 

associated with the larger loops may be more nearly a pure dislocation 

strain field from the line bounding the loop, so each segment of the loop 

could contribute its own strain contrast image and the result would not 

be the expected strain field image of the loop. 
f 

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 

the latter case t~ey should be as close to edge-on.as possible. Thus, 

unless care is taken in analysing which type of loop is being observed 

under strain contrast conditions the conclusions drawn can be misleading. 

F'or example consider a large perfect 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 segments along a projected <110> 

direction. Upon tilting the foil to obtain s = 0 for the particular 

diffracted beam operating, the pure edge· ·segments of the double arc will 

exhibit strong dislocation strain contrast resulting in an image which . 

might be:· mistaken for an edge-on loop image (see Ashby-Brown·, 15 Fig. 10). 

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 vector) whereas the true strain' contrast image of 

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

in analysingthe direction of streaking of the image associated with strain 

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

habit 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 (see Fig. 3) , when projected ~mto the foil surface, represents the 

direction of skewness of the image. A <112> directio~ can also easily be 

obtained from the projection of an oriented tetrahedron by connecting the 

midpoint of the·<llO> direction, to which it is normal, to the vertex of 

the angle opposite thi.s line in the plane of interest. 

./ 

v 

II 
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II. EXPERIMENTAL VERIFICATION 

All specimens were observed in a Siemens Elmiskop I electron microscope 

operated at lOOkv and equipped with a double tilting stage. All dark-field 

micrographs were obtained by tilting the electron gun so that the 

diffracted beam passed along the optic axis of the microscope. Foils from 

quenched copper and alun1inum or aluminum alloy specimens were prepared in 

the usual way by electropolishing. Aluminum and its alloys are suitable 

for invest;Lgations of large loops since by adjusting the quenching conditions, 

Frank, perfect, or rhombus loops can be obtained.
4 

Previous results on 

copper22 showed that only very small loops are usually produced after 

careful quench-aging. Thus foils from copper specimens were used to 

study strain contrast from small loops. 

A. _Large Loops by Diffraction Contrast 

In Fig. 4 are shown a n~~ber 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. Figure 5 shows that Frank loops, 

diamond shaped rhombus loops and deformation loops do not, as a rule, show 

double-arc contrast. Rhombus loops, when-· not lying exactly on the {110} 

plane noi·mal 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 being the case 



for a punched prismatic loop. If the loop is very narrow and sharply 

pointed on the ends, or if rotation on the glide cylinder takes place, some 

ca::-1eellation of image intensity may occur due to dipole relaxation of the ~· 

strain field at these ends of the dislocations, but the habit plane in 

this case is also indeterminate. 

Figures 6 and 7 illustrate the use of the model to identify defect 

systems in quenched copper foils. The diffraction patterns have been 

anal;>'sed as n·e ar- [ 111] in each case and the diffraction vectors indexed 

as shovm. All rotations have been performed in comparing· diffraction 

patterns and micrographs. Comparison of the loop in Fig. 6(a) with Fig. 

3( c) ind.icates that, since the line connecting the missing segments of 

dislocation arc lies along [llO], the loop lies either on (lll) or (lll) 

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 \vhich case 

it 1vould unambiguously be a vacancy-type loop. Comparison of the loop in 

Fig. 6(b) vrith Fig. 3(c) indicates, by the line connecting the missing 

segments, that the loop lies on either (111) or (lll) and has as its 

Burger's vector b = a/2[l01]. From the g~ometry it can be seen that, of 

these two possibilities, only a loop on (lll) matches closely the image, 

since the image of a loop on (lll.) would be skewed in a different direction. 

There is a weak secondary image on the inside of the loop caused by a 

second beam, g = [044] acting in a direction almost opposite tog= [224], 

thus this loop also analyses as1 a vacancy loop. The two loops in Fig. 7 

have the same line of no contrast, the projected [Oil] direction, and 

"· 
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hence the same Burger's vector b = a/2[0Il], and lie either on (lll) or 
.-.. 

(lll). With changing g, each loop image changes inside or outside the 

projected dislocation loop position, but does so in an opposite manner from 

the other. Comparison of these loops with Fig. 3(c) shows that loop A lies 

on (Ill) and loop B lies on (lll). Both loops therefore, are vacancy-type 

loops, as expected . 

... B. Small Loops by Strain Contrast 

Once the difficulties in obtaining quenched copper specimens with a 

l . . t t" f . 22 1 . d ngn supersa ura lon o vacancles w·ere overcome, oops ln copper prove 

to be very informative for the study of strain contrast because only a 

very sme.ll number of loops were observed to grow beyond about 200A in size. 

Loops as large as those presented in Figs. 6 and 7 were exceptional. 

Normally a foil oriented for good bright-field intensity 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(b), 

when the local value of' s was reduced nearly to zero by tilting. Dark-

field micrographs obtained for various single crystal foil normals and 

various operating reflections are shown in Figs. 9 through 14. 

Since the white side of the strain contrast image l-ies, in the 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 quenching can only produce vacancy aggregation because 

the formation energy of interstitials is very large (about 4 ev). 

The fact that the line of no contrast of the image makes various 

:~ ~· ,·.1 
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angles with the operating reflection vectors (they are normal only for <220> 

and <111> reflections, otherwise the zero-contrast line lies. perpendicular 

to <110> and <111> directions projected onto the plane of the foil) 

indicates that the vacancy-type defects are planar rather than spherical, 

since straining of the crystal only takes place in certain crystallographic 

di:r·ections. A spherical defect would always exhibit a zero:-contrast line 

perpendicular to the operating reflection vector regardless of which 

vector it was, lvhere.as planar defects must satisfy the g.b f:. 0 criterion 

for visibility as demonstrated in Fig. 9. 

The fact that the lines of no contrast are distinctly perpendicular 

to either projected.<llO> or <111> directions indicates that the Burger's 

vectorn of the defects are of two types, a/2<110> and a/3<111>, and thus 

unresolvable prismatic loops, both perfect and imperfect, are present. 

The type of defect observed, whether perfect or imperfect, depends to 

a great extent upon the operating.reflection for contrast. If a <220> 

reflection is used, as in Figs. 9(b) and 10, the primary defect observed, 

or the defect showing the strongest strain contrast, will be one whose 

Burger's vecto~,liEhs along the operating reflection, that is, an a/2<110> 

type. If a <111> reflection is used, as in Fig. 11, the defect most 

likely to be observed will have a Burger's vector of the type a/3<111> lying 

along the direction of the operating reflection. If a reflection such as 

<200> in a <110> foil is used, then two <111> systems are resolved as 

shown in Fig. 12 and no strong <110> systems. In any case, the most easily 

observed defects will.have Burger's vectors which lie in the plane of the 

foil. Defects with Burger's vectors not in the plane of the foil will give 

<i 
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rise to weaker strain contrast and may be entirely invisible if the angle 

between the Burger's vector and the plane of the foil is large. 

vfuen analysing the black-white strain contrast images of the vacancy 

precipitates it was found that it is important to distinguish between 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. 13(a) there are three distin-

guishable black-white directions, but there are four zero-contrast lines 

as shown in Fig. l3(b). Similarly in Fig. 14.(a) there are a number of 

different defect systems as shown in Fig. l4(b). 
> 

In Fig. 13 cases A, C, 

and D have zero-contrast lines perpendicular to their black-white directions, 

but case B has a zero-contrast line which lies normal to the direction of 

a projected <110> vector whereas its black-white. direction is along a <111> 

d:i.rection in the plane of the foil. In Fig. 14 cases A, C, and E are all 

streaked normal. to their zero-contrast lines while cases B and D are 

streaked in <111> directions but have their zero-contrast lines perpeudicular 
·.I 

to the [llO] direction. These results indicate that the line of no 

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 plane 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 



under strain contrast conditions as shown in Figs.· 15 and .16. The images 

appear similar to i:;hose predicted for edge-on loops when higher order beams 

are operating, that is, when the g.b product is 2 or more. However, the i 

directions of 'streaking of the images. are projected <112> directions and 

the apparent line of no contrast .is parallel to rather than perpendicular 

to projected <lld> directions. 

Since the skewness is well defined in the strain contrast image, a com­

parison of the direction of streaking to the projections of the two <112> 

directions normal to the zero-contrast line will permit 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. 
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III~ DISCUSSION 

A. Double-arc Contrast 

The double-arc model fits ob~ervations very well and provides a 

rapid method for identifying the Burger's vector of a perfect loop since 

the lirie 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 of its 

w·eak sides, it is difficult to determine the habit plane of the loop since 

.two {lll} planes have the same common <110> direction. Due to the high 

stacking fault energy of aluminum, a perfect loop may rotate away from {111} 

and exhibit less and less the double-arc effect as it approaches a pure 

edge dislocation configuration on {110}. Metals of lower stacking fault 

energy, such as ~-luminum alloys and copper, should have perfect loops 

bounded by an extended dislocation line and would therefore, have difficulty 

in chang~ng their habit planes by rotation. 2 

Both the habit plane and its sense of slope must necessarily be known 

before identification 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 analysis of the 

specimen·mounted in the specimen holder of the microscope, thereby eliminating 

the 180° ambiguity present in analyzing electron diffraction patterns.
24 

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 side of the projected trace .. 
. 16 

represents the top surface of the foil. Once the sense of slope of the 

{111} plane.is known, the slopes of the other three·can be determined from i 

a suitable oriented stereogram or a tetrahedron. 

The calculated image profiles of Wilkins and Hornbogen17 predict, 

for the case of screw dipoles, that, when the image lies to the outside of 

the dipole, greater lessening of image intensity will occur the smallerthe 

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 percentage of 

randomly distributed perfect loops on {lll}.planes should not exhibit 

double--arc contrast, but rather images somewhat like that of loop A in 

Fig. 15. However, since double-arc 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 normal but is 

qualitatively true for loops such as in Fig. 7, lying on planes making a 

small angle with the foil normal or for very small lobps, that. is, the 

image -vrhen inside the projected loop position appears as a single strong 

image. The treatment of the problem by Wilkins and Hornbogen is based 

upon the kinematical approximation for·diffraction contrast which is 

really valid only for thin foils and for values of the parameter s far 

from zero. 

On the other hand, Cass
18 

has applied the two beam dynamical theory 

of Howie and Whelan to calculate profiles for edge dislocation dipoles and 

predicts that dipoJ,.e diffraction contrast images growweaker in intensity 
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with decreasing separation for images both inside and outside the projected 
, .. 

dipole position. This is also expected intuitively due to cancellation of 

·~ the strain field at small separations. The conclusion 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 

23 in aluminum by alpha particle bombardment do, in many cases, exhibit 

double-arc contrast although their habit planes are uncertain. 

There is 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~ For example, the bee 

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

a. 0 24 
0 <lll> making a 55 angle to these planes. Meakin and Greenfield have 
L 

found interstitial loops in irradiated molybdenum 1.;rhich at. times exhibit 

definite double-arc contrast. Projections of the <lll>~.ci!.ii?ections 

should lie normal to the lines of no contrast of these loops . 
... 

It has been implied that double-arc--images arise purely by diffraction 

contrast where the magnitude of the g.b product determined the type of 

image, if any, that will be observed. However, in one particular 

instance, when the Burger's vector of a loop on (lll) 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 normal to the direction of b. Contrast.~ from this .. ~.~ ... , .. 
type of lattice straining is neither unpredictednor unobserved, being 

i 

the type of contrast bywhich Frank loops in fcc or basal plane loops in 'l 

hcp materials are often observed. 16 •25 Figure ·ll(b) shows the same loops 

as in Fig. ll(a) under strain contrast.conditions where the line of no 

contrast is normal to the [002] direction as would be expected. 

A pure edge loop in the.plane of the foil, observed by residual 

contrast, may also exhibit double-arc contrast if the residual strain on 

parts of the loop is normal to the operating reflection. This is a trivial 

case, however, and is easily distinguished from the double-arc image of a 

perfect loop by the shape and nature of the image (neither foreshortening 

nor ske·wness will occur) and the fact that the line of no contrast is 

always normal to the operating reflection. 

·when large perfect loops on { lll} 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 foil, the image -l..rill be two spots 

perhaps separated by a line of weak contrast. That this is indeed the 

case is illustrated in Fig. 18. Figure l8(a) is a dark-field image with 

s = 0 showing the strain field images,(pr6bable iso-strain contours) as 

thin black lines and Fig. 18(b) shows the same loops at s # 0 under 

diffraction contrast in darlt-field. It should be noted that this double-

spot image is unique to a perfect loop for which the normal to the habit 

plane and the Burg€r 1 s vector of the loop both lie in the plane of the 

diffraction pattern, i.e. only .in special instances in <110> foils will it 

occur. In all other cases of edge-on loops, whether perfect or imperfect, 

.~ 
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. 
the diffraction contrast image will be a single line (see Figs. 4 and 21). 

Although Frank loops, when not edge-on, are generally distinguishable 

by their enclosed stacking fault or by their continuous length of dislo-

cation line bounding the loop, it is possible to obtain images which are 

similar to double-arc images. 5 If the loop is small enough so that two 

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

bounding the loop is out of contrast (~.E = 0), or very weak (g.b = ± l) 
3 

it may appear to be a double-arc image but, in general, there would be no 

crystallographic relationships satisfied by this image except 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 distance could be used and either more or less 

fringes w·ould appear and the image would no longer be similar to a double-

arc image. 

B. Strain Contrast Images of Small Loops 

The strain contrast images of small loops, .in general, agree with 

predictions of the Ashby-Brown theory, but there is one assumption in the 

theory that needs further exploration. That 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 foils this has not 

been found to be the case and bright-field images, such as Fig. 19, are 

found to be not much different than dark-field 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 low. 
26 

Brandon et. al. performed very convincing 

experiments on ~rradiated foils that verified Ashby and Brown's prediction 

that bright-field images would be asymmetrical and dark-field images 

symmetrical for defects near opposite surfaces of the foil. Furthermore, 

slip traces give rise to strain contrast images at s = 0, as 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 the two surfaces, illustrating 

the predictions are .certainly valid at the foil ·surfaces. 

A possible explanation for the conflicting results obtained in 

quenched copper is that the nature of the strain field and hence the 

strain contrast image may depend upon the size of the defect; the strain 

. 
contrast images of very small defects may depend only on the sense of the 

·displacement around the defect, that is, only on g.b, while large defects 

may exhibit images which are compounded with diffraction effects and 

depend on (g.b)s. 

Dark-field images also exhibit a dependence on s when large defects 

are observed. ~~ereas the strain contrast images of the small loops in 

copper are ins~nsitive to the sign of s in·dark-field and can be analyzed 

;; 

as vacancy loops on both sides of a bend-contour, dark-field strain contrast 

images of large rodlike defects in doped silicon show a reversal of the 

black-white images as the sign of sis changed. 27 The dark-field images 

of slip traces shown in Fig. 20 indicate that strain fields near the top 

surface are not well resolved for s>O and those near the bottom are not 

resolvable for s~O suggesting that, for a given value of s, the detection 

of a defect by strain contrast is sensitive 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 order to be detected by strain 

contrast. The Frank loops shown in Fig. 21 are nearly lOOOA in diameter 

and exhibit remarkable strain contrast with the operating reflection g ,= 

[lll] for which the half-extinction distance is about 325A. The half­

extinction distance for the <111> reflection in copper is about l25A and, · 

since a region 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. Furthermore, dislocations 

observed under strain contrast conditions usually have easily visible 

black-vrhite contrast at the center of the foil 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. Whereas the calculated image 

profiles of Ashby and Brown are for a foil an integral number (five) of 

extinction distances thick, the best relative contrast, as can be seen in 

Figs. 8 and 13, occurs somewhere between the strongly-white areas and the 

strongly-dark areas of the foil, that is, for foil thicknesses of odd­

q_uarter extinction distances. This would be the 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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In conjunction with this, the evidence near bend contours, such as in 

Fig. 22, indicates .that the optimum viewing condition for the black-white 

contrast is not exactly at s = 0, but rather slightly to one side of 

this position. This is also illustrated in Fig. 23 in the vicinity of a 

small angle boundary. Normally in dark-field the small vacancy-type planar 

defects show: (a) weak strain contrast or appear as black dots for s<O, 

(b) fair strain contrast for s = 0, (c) very good strain contrast for' 

slightly positive values of s somewhere between the maximum intensity 

peaks for bright-field and dark-field intensity profiles, (d) very poor 

strain contrast normally appearing as white dots (black-dots in bright­

field) for s positive such that maximum bright-field intensity is 

obtained. 

Also, the black-white contrast generally appears better for foil 

thicknesses of four or more extinction distances where the background 

appears grey and there .is less fluctuation of maximum to minimum intensity 

with increasing thickness. This is illustrated in Fig. 22 where the foil 

gets thicker going from left to right._ 

In certain instances strain contrast images appear which are the 

reverse-of the vacancy-type image expected.. This may be an effect 

associated -vrith impurities such as prismatic punching a:s observed by 

Clareborough et a1. 11 in copper.quenched in an argon atmosphere and as 

illustrated. 'in Fig. 24 for vacuum-quenched copper, or there may be· 

particular depths in the foil at which the strain-contrast image is 

reversed, an effect predicted by the theory for. defects at one'-half an 

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

" 
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image is highest for <111> reflections (see Figs. 11 and 22), and is 

almost 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 behavior is predicted only 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 the surfaces where there can be no dynamical interaction 

between the transmitted and diffracted beams. The distance y = d/8 is the 

depth below the top. surface of a foil that radiation, scattered according 

to Bragg 1 s law from the first scattering center on one plane of atoms, 

must travel before striking a scattering center on an adjacent plane. 

Dynamical interaction between the transmitted and diffracted be~~s is 

expected only at the scattering centers and not in the regions between, 

hence the dynamical theory, which treats the crystal as the continum of 

scattering centers, is really not applicable in the first depth y of the 

foil. Similar considerations hold near the lower or exit surface of the 

foil, ,whence the dynamical theory is limited in its applicability to the 

region of the foil between a distanee y of either surface. Since d gets 

smaller and e larger with increasing h, k, and 1, higher-order beams have 

a smaller distance y associated with them. Higher order reflections 

also have larger extinction distance so the ratio of d/8 to t /2 
0 

decreases with increasing order of-reflection. 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 the suggestion of Ashby 

and Brown that higher-order beams be used, although they recommend it for 

reasons of enhanced resolution. 

The defects observed in the quenched copper specimens were vacancy-

type planar defects caused by quenching in a supersaturation of vacancies; 

such defects are not observed in unquenched or well annealed copper foils. 

The defects cannot have been caused by damage to the foil in the micro­

. scope by the electron beam since Howe et a1. 28 demonstrated in ion 

bombardment experiments on copper that spots and loop-like features were 

produced only when a coated filament was employed and that no damage 

occurred when the m.icroscope was operated under normal conditions. The 

strain contrast images shown in Figs. 8 through 14 cannot be due to ' 

end-on dislocations29 because the number of different orientations used 

preclude the dislocations being end-on in all cases, and any result 

derivable from one image is also derivable from an image of a foil in a 

dif~ferent orientation. 

The size range of the Frank loops as identified by their strain 

contrast images appears to be from less than 60A to about l25A. Loops 

smaller than 60A in diameter are generally too small to give other than 

very wee.k strain contrast and loops larger than l25A almost always have 

the .. zero ·contrast line of the strain field image normal to a projected 

<110> direction. The size range of perfect loops as determined from 

their strain contrast images is between about lOOA and 200A. Thus, the 

probable sequence followed fori_the condensation of vacancies after 

h . . . l• . . d" . ll l t quenc 1ng copper 1s: s1ng e vacanc1es + 1vacanc1es + c us ers 
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(spherical or oblately ellipsoidal)
30

' 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 t.han about 200A, the strain contrast images 

seem to be no longer of a simple white-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 aluminum and the larger strain contrast 

images from copper (see Figs. 24 to 26). Although this is most obvious 

for high-order operating reflections, it sometimes occurs for the <111> 

reflections, so that this effect cannot be entirely associated'with g.b > 

1 where such intensity variations are expected from theoretical dislocation 

. t "t f"l 13 
~n ens~-y pro·~ ~s. It may be that there is a superposition of diffrac-

tion contrast effects from the dislocation line bounding the loop and 

strain contrast effects from the strain field ofthe loop as a whole. 

A feature exhibited in Fig. 18 is that the strain contrast images 

for large edge-on perfect loops are exceptionally weak for loops as 

.large as 500Ain diameter while Fig. 21 shows that imperfect loops up to 

lOOOA in diameter still exhibit remarkably good strain contrast. An 

idea of the approximate upper size limit for the usefulness of strain 

contrast·for identi~ying the Burger's vector of a perfect loop can be 

obtained from Fig. 26 where loop B, about 250A in size, appears as a 



white dot on either side of the [220] bend.contour (in a bright field 

image it would appear as a black-dot defect) and shows·good strain 

contrast with the line separating the black and white areas normal to 

the [220] direction. Loop A, about 300A in size, appears first as a 

strain contrast image with its apparent line of no contrast normal to 

the [lilJ.rather than the [ilO] direction and then exhibits the character­

istic doubly-spotted image expected from an edge-on. perfect loop ( Fi.g. 18). 

Therefore, while the siz.e of an imperfect loop is unimportant as long as 

it is nearly edge-on, the size of a perfect loop on .a [111] plane seems 

to determine -.rhether its line of no contrast is normal to its Burger's 

vector or appears to' be parallel to the plane of the loop:; Thus, there 

' is a maximum size beyond which strain contrast is no longer useful for 

identifying the Burger's vector of a perfect loop. This size is estimated 

to be about 200A to 250A in both copper and aluminum. This is indicated 

in Fig. 26 for aluminum and 200A defects in copper show good strai~ 

contrast with the line of no contrast normal to projected <110> directions 

while perfect loops about 250A in size exhibit double-arc contrast as seen 

in Fig. 8, loop A. 

C. Strain Contrast from Large Loops 

Large double-arc loops observed under strain contrast conditions 

exhibit also the type of image that has arcs of white•on the black lobe. 

or arcs of black on the white lobe, but there are a number of important 

distinctions that can be made to differentiate them from the more compli-

cated images of small loops. The first is that the line of no contrast 

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 vector or .along the projection 

of the normal to the defect plane. The third is that the lobes may not 

be always black on one 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 

characteristic smaller arc of opposite color enclosed within the lobe. 

This last effect is most probably due to dislocation image variations 

with foil depth and contrast conditions such as the sign of the parameters 

g, b and s, and defect size and inclination to the incident beam. The 

important fact is that erroneous conclusions can be arrived at if the 

strain contrast image is considered to be the image of the strain field of 

an edge-on planar dislocation loop, i.e. the habit plane and the Burger's 

vector can be completely misinterpreted. 
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IV. CONCLUSIONS 

Perfect prismaticdislocation loops on {111} planes in fcc materials 

exhibit double-arc contrast in electron microscope images because the 

displacement field responsible for diffraction contrast is weakened by 
.\ 

the dipole-like interaction of the edge components of dislocation line at 

the intersections of the mixed screw and edge segments of the loop. 

Double-arc contrast disappears as the loops rotate away from {111} to {110} 

planes where they become pure edge dislocation loops. This double-arc 

model is supported by observations and serves as a useful tool in analysing 

the Burger's vector of the loop. 

Although this model was applied toward vacancy loops, it should be 

equally as valid for interstitial loops. Also, a metal with a diffe~ent 

crystal structure, such as bee, should display loops exhibiting double-arc 

contrast if these loops lie on planes which are not normal or parallel to 

their Burger's vectors. 

In metals with intermediate stacking _fault energies, where loops are 

confined to the {lll} habit planes, the model is further useful in allowing 

the habit plane of a loop to be established in most cases, provided tnat 

the loop.is large enough to allow easy observation of the directions of 
_/ 

its sides and further provided that the sense of slope of the habit plane 

can be .determined by tilting or contrast experiments. 

The predictions of the Ashby-Brown strain contrast theory are valid 

provided care is taken to obtain data under the conditions specified by 

the theory. These are: (a) use dark field images, preferably obtained 

by tilting the el~ctron gun in such a manner that the diffracted beam 
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passes down the center of the microscope column, (b) maintain diffracting 

conditions close to s = 0, preferably slightly positive, (c) utilize 

thicker regions of the foil to eliminate strong background fluctuations and 

eliminate ambiguity in identifying the character of a defect, (d) use 

high order reflections. both for enhancement of resolution and to 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 

analyse by diffraction contrast. 

Further features that would be desired in the theory are: (a) an 

analysis of strain contrast image intensities with respect to background 

intensities with varying foil thickness and varying values of s, the' 

deviation parameter, (b) an analysis of defect images as a function 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 analysis of 

vrhen the parameter s plays an important role in determining the arrangement 

of a black"-vrhi te image, (d) an analysis of bright-field images as a 

function of defect size 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 defects so near the surfaces 

that there is no true dynamical interaction between the transmitted and 

diffracted beam for a given set of diffracting planes. 

Based upon the strain contrast images 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 loops· are stable below this size 

and down to less than 60A. Diffraction contrast results revealing 

double-arc loops as the primary defect support this conclusion and indicate, 

by the low density of these large loops that the quenched-in vacancy 

concentration is not nearly as high as that obtainable in quenched aluminum 

or that annealing out of vacancy clusters takes place at an early stage. 

Lastly, strain contrast images of large loo~s can easily be obtained, 

but care must be exercised in analysing such loops by the strain contrast 

theory since this theory may not be applicable if the loops are perfect 

loops or if they lie upon planes which are far from being parallel with 

the incident electron beam. Perfect loops on {111} planes not parallel 

' to the incident beam will have strain contrast images with a line of no 

contrast parallel to a projected <110> direction and appear to be streaked 

in the projected·<ll2> direction which is normal to the zero contrast 

line and lies in the habit plane of the loop. This direction of streaking 

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

Fig. l (a) Top view of a Frank loop on (111). Empty spaces indicate the 

missing layer of B atoms inside the loop. (b) Same loops after 

nucleation of an a/6[112] 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. 

Fig. 2 (a) Side vievr of a Frank loop showing hcp stacking sequence across the 

loop plane. Viewing direction is [llO]. (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. 

F'ig. 3 'l'etrahedra, bounded by <110> directions for (a) [ 001] , (b) [ 112] , (c) 

[lll] and (d) [110] projections, and appearances of double-arc images 

for each projected {lll} plane. Images are shown both to the inside 

and to the outside of the true loop position for each {lll} plane 

except those edge-on. Position and width of an image will vary with 

contrast conditions and operating reflections. 

Fig. lJ. ' 
Double-arc images of loops and projected tetrahedra for the foil normals: 

(a) [013] (about 18° from [001]), (b) [325] (about 6° from [112]), (c) 

[345] (about 11° from [111]), and (d) [4i[) (about 17° from [110]). 

Figures (a) and (b) are from pure alumin~un quedched from 550°C into 

water at 20°C and aged 24 hours at room temperature. Figures (c) and 

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

brine and aged 100 hours at l00°C. 



-38-

Fig. 5 Various loops which do not exhibit double-arc contrast are: (a) Frank 

loops as obtained in pure aluminum quenched from 550°C into silicone 

oil at 20°C and aged 24 hours at room temperature, Frank loops, in 

addition to exhibiting continous dislocation line images, are character­

ized by their enclosed stacking fault fringes which are parallel to the 

foil surface rather than the <110> directions of the dislocation lines 

bounding the loops. (b) Rhombus loops as obtained in aluminum-5% 

magnesium quenched from 5.50°C into silicone oil at room temperature. 

The rhombus loops are perfect prismatic loops but have rotated so that 

they lie nearly normal to their Burger's vectors. (c) Deformation loops 

caused by the interaction of moving dislocations during bending or 

other deformation of the specimen. The loop shown is from a copper 

specimen quenched in vacu1~ by liquid nitrogen-cooled helium. 

Fig. 6 Illustrations of the use of the double-arc model to identify defect 

systems in quenched copper: (a) The line of no contrast of the loop is 

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

that the loop is either loop A on (111) or loop Bon (lll). The shape 

of the loop proves that it is loop A. (b) TTie line of no contrast of 

the loop is parallel to the pro'j ection' of [ 101] , indicating that b = a/2 

[·ioi J and that the loop is either loop A on ( lll) or loop B on ( lll) . 

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

Fig. 7. The lines of no contrast of the loop shown are normal to the operating 

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

loop A indicates that it lies on (lll). (b) The skewness of loop B 

.indicates that (lll) is its habit plane. 
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Fig. 8 Bright-field images of defects in vacuum-quenched copper: (a) Defects 

appear primarily as black dots for s > 0 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.·'. ' .. Better 

strain contrast images are observed in the grey areas separating the 

white and black regions. 

Fig. 9 Dark-field images of quenching defects in copper indicate that the 

defects observed are planar rather than spherical. (a) The operating 

reflection is 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 [ 011] , 

g.b = 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 

along the operating reflection, i.e. perfect loops. 

Fig. 11 The primary defects observed in dark-field using a <lll> operating 

reflection in· a [110] foil are Frank loops normal to that reflection. 

However, those loops at F have their zero-contrast lines normal to [220], 

indicating that they .are perfect prismatic 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 use of the [002] operating reflection in a [110] 

foil reveals two defect systems, Hand J each with their zero-contrast 

line normal to a different {111} direction while no a/2<110>defect 

systems are observed. 



-46-

Fig. 13 Defects which have their lines of no contrast normal to the direction 

of streaking of the strain contrast 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 perfect loop lies in the plane of the foil, the 

direction of streaking of the image will be along this <lll> direction 

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 contrast. images occur in the grey 

regions (thicknesses of oddg_uarter extinction distances) rather than in 

the strongly white or black regions. 

Fig. 14 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 planes, Band D, have zero-

contrast lines normal to [220] 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]. 

Fig. 15 A perfect prismatic dislocation loop on {111} will appear as: (a) a 

double-arc image under normal bright-field diffracting conditions as 

seen in water-g_uenched aluminum, and \b) a complicated strain contrast 

image near s = 0. The lines of no contrast of the strain contrast image 

and the double-arc image are the same projected <110> direction, the 

dotted line on the projected tetrahedron. The proj~cted <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 lower side 

of the dotted line is the habit plane of 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) Dark-field strain contrast and diffraction contrast images · 

of double-arc loops in al1uninum. The edges of the projected tetrahedron 

are parallel to the zero-contrast lines of the images. The three 

most obvious directions 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 the Burger's vectors of the loops lie parallel to the foil normal, 

whence g.b = 0 f~r diffraction contrast. The loops are observed by 

residual contrast caused by the displacements of the lattice, normal 

to b = a/2[110], in the [QCJlJ directibh (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 the 'strain contrast images of loops A and B appear as 

iso-strain contours which relate the two dots within each image. (b) 

s :f. 0 and tpe i:mag.es appear as white diffraction contrast images 

consisting of two sharp dots, indicating that the lines of no contrast 

of the loops lie parallel to the foil normal and the Burger'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). 
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Fig. 19 Representative bright-field image of quenched-in vacancy defects in 

copper. The fcil normal is [lll]. Few if any of the strain contrast 

images are. white on the side of the operating reflection. If the 

vacancy-type loops are randomly distributed throughout the thickness 

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

· assw~ing the Ashby-Brown strain contrast model to be valid for these 

defects. 

Fig. 20 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 fon 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 

images are therefore exactly as predicted by the dynamical theory for 

an edge 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 both-bright-field and dark-field and 

is therefore well defined by the upper image of the slip-trace (such 

an analysis is useful in determining the sense of slope of a {lll} 

slip plane). Although nears= 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 the far right by tilting the foil so that the entire region 

has a positive value of s. The image of the slip-trace at:the bottom 

surface of the foil has thus been brought into sharp strain contrast. 

Fig. 21 Dark~field images of large Frank loops in quenched aluminum appear as: 

(a) dislocation line images for s # 0, and (b) strain contrast images 

about the dislocation line image for s ~ 0. The sizes of the loops 

range from about 700A to about 1200A in diameter. Since the half­

extinction distance for the reflection shown is about 325A, the centers 

of the loops cannot be within half an extinction distance of the 

surfaces, yet they show very good strain contrast in contradiction to 

the predictions of Ashby and Brown. 

Fig i. :22 Small black-white images in quenched copper near a bend contour. s is 

negative in the upper right corner and positive in the lower left; the 

best strain contrast images are observed fo~ values of s slightly 

positive. The foil becomes thicker from left to right; better strain 

contrast images are observed in the thicker regions. The dislocation 

line at A, nearly at s = 0, shows black-white contrast throughout its 

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

side of the operating reflection. 

Fig. 23 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 > 0 on 

the left and the region on the right of the boundary shows diffraction 
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contrast images consisting of white dots. 

Fig. 24 Punched interstitial loops in a quenched 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 bright-field image consists of line images caused 

by diffraction contrast. 

Fig. 25 A bright-field image of vacancy defects in quenched copper showing the 

smaller loops by strain contrast and the larger loops by double-arc 

contrast. 

Fig. 26 Dark-field images of small loops in a quenched aluminum [110] foil 

indicate that although a perfect loop may be observed by strain contrast, 

its line of no .contrast may not be normal to its Burger's vector if the 

size of the loop is much greater than about 200A. The center of the 

figure is a:t: (a) s > 0, (b·) s = 0, and (c) s < 0. The double-dot 

diffraction·contrast image of loop A indicates that it is a perfect 

loop of about 300A in size but the line of no contrast of its strain 

contrast image appears ;_t,o lie parallel to its habit plane rather than 

normal to its.Burger's vector. Loop B is about 250A in size and is 
/ 

small enough~tb appear as a 1.rhite 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 [ llO] . 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
mission, nor any person acting on behalf of the Commission: 

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

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­

mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commissioa, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information_pursuant to his employment or contract 

_with the Commission, or his employment with such contractor. 
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