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The sections of this report describing new work on
Kikuchi patterns and dark field techniques will be published

in condensed form in Transactions AIME.
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KIKUCHI ELECTRON DIFFRACTION AND DARK FIELD TECHENIQUES IN ELECTRON

MICROSCOPY STUDIES OF PHASE TRANSFORMATIONS

Gareth Thomas¥* .
ABSTRACT

. The interpretatlion and uses of Kikuchi electron diffraction

pattefns obtained during electron microscopy of metal foils are discussed.

.A new épproach, namely, analysié of Kikuchi patterns of exact orienta--
‘itions end paired Kikuchi lines; is shown to be useful and quantitative

- and is applied to phase transformations including ordering, martensitic
" and nucleation ;nd growth processes. In principle, the analysis of

exact orientations enebles the erystal system and the Bravais lattice

of & crystal to be determined. The advantﬁges of the dark.field tech=-
nique in studies of multiphase systems and a simple geometricai inter=-
pretation of contrast from coherent inclusions are also described. It is
recommended that transmission electron microscopy of crystals be doné

using dark field rather than bright field techniques.

¥G. THOMAS, Member AIME, Associate Professor of Metallurgy, Department
of Mineral Technology, College of Engineering, ;University of California,

Berkeley, Californis, On lea - e
Basic Reéearch. v ve 196465 in the.Mil}er Inst¢fute of
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. microscopy, when their usefulness in contrast experiments

1. Introduction

"Although Kikuchi electron diffraction patterns were first
observed nearly forty years‘ago(l)'little syétematic application seems
to have been made of them, until fairly recently during electron

(2-7)

, and for

determining exact orientations(8) have been pointed out. With the

' ravailability of goniometric specimen tilting stages it has now become

possible to make much wider use of diffraction'patternsa particularly v

.-~ the Kikuchi pattern, which is the main subject of this paper. The
 treatment presented heré is'not exhaustive but it is hoped that it will
. stimulate more use of Kikuchi patterns during electron microscopy

investigations.

The Kikuchi pattern is formed .as a result of Bragg diffrac-

 tion of thé inelastically scattered éléctrdns produced during the

- interaction of the beam and thick specimens. The important feature of

these patterns_ié that they gije an accurate representation of the

symmetry of the crystal being ihvestigated, so that it isvpossible to

identify crystal systems and even the Bravais lattice. This means

that new structures formed, e.g. in phése.transformations, may be
idenfified during nofmal electron microscopy, so that Kikuchi pattern
analyses . considerably éitends the'present uses of the electron micro~
scope. The déscfiptions in the followihg are limited‘to geometrical
analysis énd no attempt is made to.d13cusS électron iﬁtensities whicﬁ'

would.be‘necessary for determining atomic positions in a structure.
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'Electron Diffraction Patterns
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reciprocal lattice is correspondihgly tilted and bent in exactly the

2.1 Spot Patterns » ‘ . é

‘Electrons diffracted by planes in.the crystal are brought to
focus as g diffraction pattern in thé back focal plané cf the
objective lens, and can be imaged on the screen or}plate in the
usual way by demagnifying the intermediate lens(9). For lOOkQ
electrons the Bragg angles are very small ('le"2 radian) so that the
operating diffracting planes are those nearly parallél to the
incident peam. |

For a perfect crystal oriented exactly for diffraction, the

intensity of reflections depends on the shape and size of the

erystal (the form factor(3)). For thin foils due the finite thick-
nesses necessary for electron transmission, the diffraction maxima,
i.e., thé reciprocal lattice points (rélpoinfs) are smeared.in a
direction parallel to the incident beam. The reciprocal lattice
point is thus actually a rod (relrod). Also, the reflecting sphere
is essentially planar due to the very short wavelengths of electrons
(0.0372 for 100kv) so that a diffraction spot, which represents

the intersection of the refiecting sphere with the relrod, can be

obtained over a wide range of angles (+5°), although the intensities

- fall off the further the deviation from the Bragg condition.

The'way to picture the situation is to consider the reflectihg “

sphere as being fixed, then, when a specimen is tilted or bent, the -

same sense and direction. Since the reflecting sphere is planar,
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four or more orders of reflection are possible for any given orienta-

" tion.  If a crystal is oriented exactly at the Bragg condition

(fig. la), the reciprocal lattice point lies exactly on the reflecting

-sphére.‘ Suppose we tilt the specimeh clockwise about an axis normal ° .

to the incident Beam; the reciprocal lattice also tilts clockwise

"';abouf the normal to O¥P¥ (fig. 1) and the reflecting angle becomes

" for the (hkf) reflection magnified through the camera constant AL

<@, so that the reciprocal lattice point P* moves to the outside
of the sphere. This operation is shown in'fig.'i where the foil
has been tilted from exact Bragg to exact orientation. Notice how
P¥ has moved during this operatioh. The distance bétween thevéfiéinr
and hk4 measured in the diffractioﬁ pattern of (b) is obviously not
a good measure of g{hk#) because of the projection. However, éhe
same measurement in (a) gives the exact reciprocal lattice vector g
tant 1(379)
From the foregoing it is apparent that g goniometer type specimen
holder is an absolute necessity in order to orient the specimen in any
deSired.way. Fortunately these are now provided as accessory items
for almost all the available microscépes.
The deviaﬁion of the reciprocai‘lattice point in reciproéal
space is given by>the quantity s which in fig. 1b is negative, since

the angle of reflection <p, vhere @ is the exact Bragg angle. If

- The foil is tilted so that the incident electrons make an angle to

. the reflecting plane which is >, the reciprocal lattice tilts such

that P* will move to the inside of .the sbhere, whence s becomes

'positive. s 1s, of course, zero at the exact reflection & (fig; la).
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Maximum intensity and contrast occurs at s > O for bright field, but

‘at s = 0 for dark field images.

Due to the fact that P¥ is é relrod; reflections are possible-
for cases when s£0. The spot pattern,.which is obtained in the
thimmer regions of a foil (fig. 2), can thus give only an approxi-
ﬁate idea of the foil orientation and beyond this, is of little
practical value except for qualitative dark field work. On the
other hand, as will be shown later, the Kikuchi patternnis extremely
useful. If it is not possible to obtain Kikuchi patterns a close
approximation to exact foil orientation corresponds to the situation
when the spot pattern is symmetrical, with equal numbers of spots
on the positive and negative zone directions about the origin, as
shown in fig. 2.

Another way to obtain the exact orientation is from trace
analysis of micrographs coupled with the diffraction péttern.
However, this is possible only if a sufficient number-of known
traces are present and this method is not of wide applicability.

An important point can be régognized from fig. 1. For the
two beam exact Bragg case, i.e. for ﬁaximum excitation of say +g
corresponding to the reciprocal lattice point P¥ lying exactly on
the sphere (fig. la), the negative P¥ will lie outside the sphere.
However, in the exact orientation (fig. 1lb) both positive and
negative reflections always appear for all zones in the pattern.
This means that even for L triclinic crystals which have zero symmetry

in real space, there will always be at least two-fold symmetfy in
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" orientation. The former is a prerequisite for contrast work

any diffraction pattern takeh at exact o?ientation. This point must

"be realized when determining crystal symmetry from the symmetry of

diffraction patterns (section 2.3.1). Similarly the three-fold
symmetry in real space of the <l11> zone in cubic crystals becomes
six-fold in the diffraction pattern (e.g. in fig. 5b).

2.2 lKikuchi Paﬁterns

As the thickness of a specimen is increased, Kikuchi line

| patterns are observed in addition to spots (fig. L4); with further
" increase in thickness only Kikuchi pattepns will be observed (fig. 3),

: until eventually no coherent diffraction will occur because of com-

plete absorption in very thick specimens.

For electron microscopy there are two important positions of'

* the specimen: l) for exact Bragg reflection, and 2) exact .

(2 7)

- and the'latter for orientation determinations. Both are ea51ly

achieved if & double tilt specimen holder is used. As can be seen

from flg. 1, these two positions are related simply by a tilt

correspondlng to a *g(hkz) translatlon about the normal to the plane

.'of g and the incident beam. In the example a clockwise rotation

i about fhe beam has been chosen. Figures‘3a, b are actual examples
 of these two cases. Provided one obtains the-conditiohs.necessary
. to obtaln Kikuchl patterns, (thick and relatlvely flat foils in
which the structure is not too dlstorted) the position of the

N Kikuchi llne with respect_to the spot pattern determines the exact

relationship between the diffracting'planes in the crystal and the
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direction of the incident beam. Thus, it.is possible to obtain
the orientation of a foil to better than 0.1°, which is more
accurate than by the X-ray Laue method. For a foil in exact
orientation the reflecting condition islalways for angles slightly
smaller than the Bragg angle (fig. 1b).. Thus, the position of the
Kikuchi pattern relative to the spot pattern determines the sign
and magnitude of s and gives the direction and tilt of the
spécimen with respect to the bea‘m(8)a The tilt angles can thus
be caliﬁratéd by measurements of Kikuchi line shifts. For a
Siemens Elmiskop 1b electron microscope a tilt of 1° of the foil
éorresponds to a shift of Kikuchi iines of abqut lcm on the plate(B)a
| Kikuchi patterﬁs afe produced only in relatively thigk and
perfect crystals. In order to obtain sharp diffraction images
care must be takeﬁ not to bend or buckle the specimen during
preparation and when mounting in the specimen holder. They aré
forméd as a result of Bragg scattering of the inelastic electrons
and appear as pairs of parallel lines in the diffraction image and
lie normal to the particular é. These palrs always subtend én
angle of exactly 26, irrespective of the foil position (figs. 1;3),
and their separation is thus always an exact but magnified measure
of g. Since more electrons are scattered in the forward direction,
then on g positive print a bright line will be present near a recip-

rocal lattice point and a corresponding dark line near the origin (000).

For the symmetrical situation (case (b), fig. 1), the two lines




1;%k;enable one to index the lines just as  one would for a spot pattern*”

; have about equal intensity. The Kikuchi lines can’ be easily indexeaaj

‘i"from the symmetry of the patterns or from measurements ‘of their

?,widths since the latter are related to the d—spaclngs through the :

camers, constant eqpation(9)
AL = pldl = p2d2 = 'pnd.n
ho_oX
9

kfi;'where Py, etc., is the width of a parallel hk£ Kikuchi pair corres-

ijponding to a spacing d (hke). Therefore, the ratios of the spacings :

(1 )

3;For maximum accuracy a microdensitometer should be used to measure

" the pair spacings. The indices of the foil normal are then givend

,'"fnexactly by the cross product of the vectors 51 X ﬁem

As can .be seen from fig. 1 the center of the Kikuchi pair is the

v -t trace of the reflectlng plane in the diffraction pattern and these

i
LN

o must make the exact angles to each other as requlred by the crystallo- N

»”*l¥fgraph1c relations for the particular crystal. The indexing is thus

Vf'easily checked by measuring thesevengles.' It also fcllows that the

‘iangular separation of the Kikuchi pattefn and the spot pattern

..'ff,determines exactly how far and in which-direction the foil normal
‘ ?1';i{is tilted from the incident beam(s). ‘Exact orientation is achieved
“‘f;,f;by using double-tilt or tilt-rotation specimen stages .to tilt the
ﬁ;anglfoil until the centers of symmetry of the Kikuehi and spot patterns &_:f

a “,}jcoincide (fig. 3b)
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This procedure is carried out by observing the diffraction
pattern-as the foil ig tilted about the required axes. In order
to achieve two beam cases and g = 0, which is recOﬁmended for all
dark Tield contrast experiments, just observe the pattern and tilt
until only one Kikuchi pair exactly crosses 000 and hkf (compare
fig. la and 3a). It may be necessary to tilt a small amount each
time, continually observing the imégé, in order to keep ?he foil -
in the same position. TFor bright field at maximum contrast the
condition s > O is necessary, i.e. when the Kikuéhi line lies Jjust
to the outside of the corresponding spot.

Because orienfations can be determined so accurately, one of
the most obvious advantéges of using Kikuchi patterns is in detef— :

mining orientation relationships, misorientations due to sub-

‘boundaries, and other detailed crystallographic information. An

example of misorientation determination is given in fig. h, which
shows tﬁo diffraction patterns taken on éach side of a small‘angle
dislocation boun@ary in a silver single crystal. The foll was
first tilted so as to obtain the exact orientation on oﬁe side of
the boundary and then thevdiffraction pattern was taken. The foil
was then translated so as to image the crystal on the opposite side,

without touching the tilt controls, and the second diffraction

pattern was. taken. This is also the procedure to be used for
determining orientation relationships between different phases.
In fig. 4, the overall pattern has shifted from [112] to [435],

which is equivalent to an 11.5° rotation about [131]. The (131)




*.‘ Kikuchi sets are not parallel on the two patterns; there is'about'e.“ ‘,

h° difference ‘between the sets. The total rotation, 11. 5° about

[131] plus 4° about [has], is equivaient to a rotation of about 12°

‘aff about & pole close to [131] (4%, 73, 53]). Thus, the boundary is & -
L Q‘small angle tilt boundary A diffraction pattern taken across a .
v boundary, if the latter is inclineG to .the foil plane, will contain 3

f split Kikuchi lines due to- the misorientation (section 2. 3 2).

Kikuchi patterns could be used with advantage for martensitic

'-«structures. However, these structures are sometimes 50 complex and

the crystals are so distorted (as in susformed steels) ‘that the

Kikuchi's may be too diffuse to be useful. In this case the methodsﬂ{

;‘:described by Otte et al. ( 1) for spot patterns can be applied,‘ ”wfj'
The f°1l°"in8 summarizeg uses that can be made Of.Kikuchi i "
"‘Pa“em‘ S
1) Determination of exact foil orientations° ;ﬁ:’jtr*ﬁf;,[lf~i}l'
| 2) Calibration of rotation with magnification changeo S
" 3) " Caltoration of tiittng stages. i LGt
W) Messurenent of lattice spacings L e

) Identification of phase changes.’ “j‘
ui;6) Determination of exact orientation relationsn;psov:?vy."l

f;T) Detecting deviations from isometry, e. g. tetragonal or N:'"

4
&

v L A
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2.3 " Determination of Crystal Systems and the Bravais Lattice

Non-cubic symmetry becomes apparent upon inspection of the

symmetry of Kikuchi patterns taken of  exact foil orientetions so

that it is possible to identify the structure of new phaées.~ It is

important to choose orientations which give the maximum informa-

" tion, e.g. with tetragonal structures if the foil is oriented withr

the ¢ axis [001] barellel to the beam; a four-fold symmetrical

pattern will be obtained similar to that shown in fig. 3b, since

the pattern will show cubice four-fold symmetry in this orientation .

(see Table II). However, if the ¢ axis lies parallel to the foil o

. ;aurface the pattern will no longer show four-fold, but two- :T'ﬁ~:{

.

fold symmetry, because the d-spacings and reflection angles now

depend on the /a ratio (fig. 5a). When the ¢ axis lies in the

diffraction pattern and the pattern is from a single crystal, the .

K - . . - . In .
S axial ratios can be obtained directly from the ratios of the

", lines. ﬁor example, for tetragonal crystals the d-spacings ‘and -

angles are related through the formulae

1 _n 4 4 A2
d.2 o 8.2 c2
- nhy + kik, 2.2, A
o 3 3 , R
cos.¢.= a S oS e .- - (2) g
T 0+ x? e 02 +k° 22 %ﬁ;"n SRR
' @ ¢ . \. @ e

Similar arguments apply to the other crystal systems.-¢
' 1‘ .,"«"

o

'spacings of the Kikuchi pairs or from the angles'suﬁtended by the

.




- vfiug- Ry l‘ Figure 5a is an example of & Kikuchi pattern from Al-Cu I o
@:1;1”?‘;;fi';:‘ g aged to form the tetragonal o' phase( _) showing 8 single ev'j iji fﬁé[ﬂ
 §:‘l';£:, ,Zi,ﬂ;f;?zl orientation. This phase can ba related crystallographically to T

U the matrix by the Bain transformation and is indexed as such.

-‘afThe two-fold symmetry is apparent‘and,from the angles méasured'”‘ﬁrii;',

" and shown‘between'thelprincipal <200> and <110> zones, by :

;ﬁfsubStitUti°n'in equation (2) the c/a.ratio 1; calculated to b¢:nui

;“1'15= £ 0.02 . Figure 5 shows-how precipiﬁééiOn of Guinier 4k;“éﬂs
Preston zones in Al-U% Cu reduces the three-fold <111> symmetry i

f of the matrix (shown in fig. 5b) to two-£old symmetry. The " ..~ +
?_change in symmetry between 5b and Sc is directly related to . U%'.f

. the lattice strain induced by precipitation. In this caSe.théi 5 fswg

';fstrain is not isotrppic, since if all three orientations of :§ff,j o
“Go P. zones contributed equally there would fe.no change in : f;
Qs aymmetry. It follows from this that it.is possible tonf} '

*meqsure strains in crystals from the deviation of - the. pattern ;[1}‘

3 iprientations‘it5is possible, in principle, to'&etermine the-fﬁ"

fcrystal system. The mninimum symmetry elements are given in

.;{Table 1. In general, for a crystal of axes a, b c, making '1[
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;

" gimiler for both x-rays

-?-fnegative reflections always appear in diffraction patterns of ™
‘e v exaet orientations (fig; 1b) there will always be a minimum of
... v twosfold symmetry in any pattern. If only two-fold symmetry

:“e"is always obtained from many different patterns of'an unknown

:¥crystal one knows that the material cannot be cublc or hexagonal..

A
WeJThe techniques that need to be used for structural analysis are

(13-14-15).

. rseems unnecessary here to go into the details, but rather to

"indicate what is Possible with Kikuehi patterns.

. the Kikuchi pattern symmetry and the unit cells for eech of the

seven crystal systems. For simplicity, only primitive unit

-.cells are shown and the values for the cell edges,,and anglesﬁ};

be quite difficult to achieve theSe ideal orientations unless.;"
Qone has polycrystalline samples with little or no preferred

_iorientation. In this case one has to search and sample several

. by acid sawing or spark cutting, which after being thinned
can be examined in the microscope and the diffraction patterns
g'analyzed. If the two ideal orientations cannot be obtained it;“

518 necessary to establish the three dimensional system of axesf-

As pointed out earlier due to the fact that positive and

end electrons(*®) go that 1t..f

Table II shows schematically the relationship between ;th'

{orientations to find the first allowed reflections. If singlerl

:;crystals are ‘available three orthogonal sections can be eut out .-

fin reciprocal space by taking three diffraction patterns of “_ﬂpff. 
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lowest indices which do not all have a éommon-Kikuchi pair

since then the minimum translation veciors can be determined.

~ The technique for coﬁstructing the reciprocal lattice is

identical to the methods described by Vainshtein(l6) for spot

patterns, but due to the virtues of Kikuchi patterns taken at

exact orientations, considerably less labor -is involved.

Once the reciprocal lattice is determined the real space
-lattice cen be obtained from the reciprocal cell vectors 5%, B*,.
o* since ﬁhe latter afe related to the unit cell real space
(ak)y.

vectors ;, ﬁ, c through the inverse matrix (see e.g. Buerger

'For the determination of the Bravais lattice it is necessary to

“ investigate the presence of systematic reflections and, in

general, three different, low indices, exact orientations are

required. The maximum number of possibilities for any crystal

system is four (orthorhombic) i.e. primitive (P), base centered

(C), body centered (I) or face-centefed_(F). In order to identify

 the lattice type thé structure factor rules havé t0 be applied.

The following rules apply to P, I, F, and C types: -
P - no systematic absence.

I - no reflections for (h + k + £) odd.

e
H

- no reflections for h, k, £ mixed odd and even.

Q
1

A face centered no reflections for (x + 2) odd.
' B face centered no reflections for (h + £) odd.

C face centered no reflecticns for (h + k) odd.

.‘ﬁor_example, in cubic systems the primitive and body centered
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cells can be distinguished by the absence or presence of the
seventh line. TFor bee the seventh line will be the {321}
Kikuchi set. The foil may have to be tilted several degrees

from the exact orientation in order to image these high a-sle

reflections. An easier method is to examine one or two low

index exact orientations in addition to the two minimum
orientétions that are needed to define the crystal system
(Table.II). As an illustration, suppose it has been established:
that the crystal is cubic and it is now required to determine
ghether the lattice is P, I, or F. By Bragg's law 2d8 = \ and
from thevcamera constant equation d = \L/p (where p is the

spécing of a Kikuchi pair subtending the angle 24, fig. l),

- ~then 9 ="P/2L. Hence; the smallest spaced Kikuchi pair corres-

ponds to the first.allowed reflection (see e.g. fig. 3 and k).

It is essehtial in structure analysis to find such reflections
unambiguously. If the [110] exact orientation can be found,

this alone is sufficient to uniquely determine the Bravais

lattice of cubic crystals, frdm:three independent Kikuchi

reflections.

Let plp2p3 be the three smallest spaced Kikuchi pairs

in the [110] pattern. Since p/p,= 4 /d, =V, 2 _ 2 2
- S B

Joo2 2
he + k2 + £22,_the ratios of the Kikuchi pair spacings must

obey the following rules: =

2



’{ '1 fﬁﬂ'ff l'._”‘ fl_f ‘;._ Primitive ‘plp2p3 corresponds to reflections 100,
110, 11l.- Hence pl:pz:p3lmust be in
, the sequence J.Jé J} _
;aBody Centered plp2p3 corresponds to reflections.ilo,
200, 112. Hence, Py Dyt p3 must be in
the scquence Ja:2:6

Faee,Cehtered plp2p3 corresponds to reflections 111, '

f“;:;.i v:'{b'f:fA5 : - - .00, 200." Hence, P1:PyiPg must be in

the sequenc’e J: 3:2:\[ 8

v:ffThese rules apply only to isometric systems end in general the -

'analysis,by,trial and‘error‘for other systems will be more

4

: ﬂldifficult; For example, it is ebsolutely necessary to ensure

iiiﬂthat the spmallest p spacings found in diffraction patterns are l:

.“the smallest allowed by the crystal system, so that many
L'orientations will have to be sampled to avoid_ambigﬁity. ‘
The analysis can.be finally checked by measuring the a
.H-fangles subtended by the Kikuchi liﬁes} These angles must
l‘if correspond to those required for the crystal system( 15) if it
'VAhas been correctly determined.
This technique can thus be used to advantage in studies l

'vpof Phase transformations,‘since it 1s no longer requlred to

(13-15)

;f:it would be advisable to use x-ray techniqpes as a checkve

;;jon the results obtained by electron diffraction._

o carry out prior structural 1nvestigatlons by x-rays. However, ‘z3,ﬁ'”t
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TABLE 1

MINIMUM SYMMETRY ELEMENTS OF CRYSTAL SYSTEMS*

SYSTEM | MINTDMUM SYMMETRY
Triclinic None
Monoclinice _' Single two-fold rotation axis or a single plane
Orthorhombic » Two-pefpéndicular planes or three mutually

perpendicular two-fold axes

Tetragonal -  .Sing1e four-fold akis of rotation or of rotation-
inversion
'Rhombohedral . Single three-foid axis bf rotation or of rotation-
inversion
Héxagonal | . _ ~ Single six-fdld exis of rotation or of rétation-
| inversion
>Cubic, B Four, three-fold, rotation axes (along <111>)

*Fromyc. é._Barfett, Structure of Metals (McGraW-Hill, N.Y.), 2nd ed.;
1952, p. 16. ' |
In metallic crystals it -may be difficult to oﬁtain sharp
Kikuchi patterns at exact orientations because it is sometimes
difficult to obtain peffectly flatvfoils.' However, with the
hard covalent or ionic crystals, good Kikuchi patterns are
relatively easy to obtain (compare figs. 3 and 5). Wheﬁ diffuse
-patterns are formed angular measurements are preferable to pair
spacing measurements, although if a microdensitcmeter is used,

measurements of the latter, accurate to three decimal places are
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possible. Thé accuracy of the anaiysis depends upon the

accuracylof the measurements for any given condition of illumina—

tion (i.e. beam divergence(9)) and speciﬁen.

Since the resolution of the diffraction pattern increases

with the diffraction angle, for maximum accuracy meésurements

can be made from the higher order reflections. In this case

patterns muét be taken severalﬁdegrees away from the exact
‘_oriéntationo Deviations from cubic symmetry are also cbserved

in patterns of overlapping crystals from the pairing of certain

Kikuchi lines. A discussion of such effects follows.

2.4 Paired Kikuchi Patterns
In phase transformations involving the formation of a new

phase (or phases) of different structure from the matrix, it is

- possible to identify the change of symmetry, as a result of the

transformation, from the Kikuchi pattern. Changes in symmetry also

occur in certain solid solutions, e.g. due to ordering (as in Cu—Au)

-and due to the anisotropy induced by the positioning of the solute

atom. It ds well known that intersﬁitials in bee metals induce

tetragonality because the former dccupy <O%0> (and equivalent
positions), as in martensites. . A crystal may then be divided into
domains because the ¢ axes can lle along different directlons in
various parts of the crystal(lT_go). In each case péiring of

Kikuchi lines of thé same.indiceé ﬁill be observed in the diffraction

patterns of overlapping crystéls.

The reason for this is that for every crystal orientation or
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phase irradiéted by the beam, there will be a eoiresponding.reciprocal
1 lattiée.A For n orientations or_phases there are n reciprocal lattices
so tnat n different diffraction patterns will be formed. When n is
very large the diffraction pattern consists of continupus‘rings. |
If two irradiated crystals have reflecting planes of the
same indices (hk4) but of slightly different d spacings the corres-
-ponding diffraction spots and Kikuchi's.will be closely spaced and
: actuélly apnear to be split. Thus, each 000 and hk{ component of

the Kikuchi. reflection will consist of two closely spaced 000 and

 “two closely spaced hk{ lines of spacing Py 4P corresponding to

dl(hkz) and d2(hkz) for each crystal. This is illustrated in fig, 6
fon overlapping tetragonal crystals. . The same_result will oceur from A
,.Ia single crystal wnich is divided up into slightly misoriented regicns
' by sub-Boundaries because the reflection angles will‘be slightly
different from ene gside of a boundary to the other.
The term paired Kikuchi lines will be used in this section to
‘refer to overlapping cfystals.and it is emphasized that each line in
‘ e'pairea group is a separate and in@ependent reflection;
| Befere discussing the pairing ef Kikuchi lines due to the
g etructure of the specimen it is necesséry to\peint out that the
Kikuchi lines themselves contain fine structure because of the
. Iintensity distribution about the reciprocal lattiee peint. The -
'idynamical intensify distrinution at a reciprocal lattice point

h (neglecting absorption) for a perfect, single cerystal is sketched
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in fig. Ta, and is described (for the diffracted beam) by the equation:

.2 o
- Ig = sin %E (exact Bragg case, s = 0) (3)
o : .
where t is the foll thickness end t_ is the extinction

(3).

distance for the particular reflection

It follows that the subsidiary maxima may be resolvable in the diffrac-~

. o1) -
. tion pattern as split spots and "fringed" Kikuchivlines(-;), fig. Tb.

fLThe,cbrresponding image will show the well known fringe pattern at

extinction contours(u—6). For a perfect crystal, the resolution
of the fringes depends on the angle of reflection and the beam
divergence. The latter depends on the focus of the secohd condenser

(9

ae

divergence is a minimum for the smallest aperture and for a fully

~ defocused second condenser lens. Examples of such cases are shdwn.

in figs. 85, b. These fringed Kikuchi patterns can be used to
measure the foil thickness(gg), once the extinction distance for the
particular reflection has been calculated(3’9z

Bearing this in mind, the pairing of Kikuchi lines due to

 structural effects must not be confused with the fringed of Tine
" structure due to intensity distrsbUtions. These can be distinguished

' as shown in the following.

. 1) . Fringed Kikuchi lines are only visible néar‘the cbrresponding
| reciprocalildtfice point (i.e. ;t & diffraction spot) and
die away to zero-&isibilit& ét larger distances (fig. 8).
o ?) ‘The dark field image of a fringed Kikuchi line will simply

show reversal of contrast of the correspeonding extinction
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contour.

3). Pargllel, paifed Kikuchi lines due to overlapping crystals
are parallel throughout their length. vDark field images
of each component of the pair will reverse contrast from
each phase or orientation contributing to the pattern.

,h) No problems of interpretation will arise if one works with

non-parallel Kikuchi pairs, as will be shown in the following.

The analysis of paired Kikuchi patterns will be illustrated by |

:conSidéring the case of a foil containing tetragonal cryétals (as
iﬁ'ferrous martensites or certain ordered phases), although the
bprinciples involved are cquite general and apply to all cases,"
'provided tﬁe crystal structures are known. These can be determined
as outlined in the previous section.

Figure 6 is the ideal situation requiredvto detect and measure
tetragonality. Crystal I is oriented with the_g axis [001] ﬁp and
Crystal IIvﬁith thé ¢ axis parallel to the plane of the foil. Since
the axes c and § are almost equal, the diffraétién spots 010 and

I
00l.. almost coincide, but the Bragg angles are slightly different

II
due to the different d-spacings for these-planes. The net result
appears to be a split diffraction spot P. if the foil is thick so
that Kikuchi lines are formed, the différence in length of the é and
c axes 1s directly related to the width Ag of the paired‘Kikuchi lines
corresponding to the (OOl)I and (OlO)II reflections as shown in fig..é.‘

The situation here has been exaggerated for clarity since actually

o% P*II and P*I are collinear. Thus, paired Kikuchi lines indicate
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deviations from isometry and can be used to measure the degree of

distortion.

The paired Kikuchi lines are only parallel when the same <uvi>
axes in both phases are parallel. In all other situations the pairs

are non-parallel. Th;s is illustrated in fig. 9 which is a sectlon

vin feciproaal space for overlapping cublg and tetragonal crystals
aaviewéd albng oné of the a axes. TheAﬁ akis is chosen parallel to
.-[100], hence,/the recipracal lattice farvthe tetragonal crystal is
lﬁshrun " along the [100] direction of the cubic reciprocal laﬁtice.

:,Consider an arbitrary relpoint, e.g. the 210 reflectidn; the Xikuchi

lines are normal to g [210] along the lines from the orlgln to the

210 relpoints. Due to the /a ratio the 210 tetragonal and 210 cubic
’Kikuchi lines subtend an angle AQ corresponding to the difference

‘between the Bragg angles for these reflections. If the cubic crystal

is set at s = O the tetragonal 210 Kikuchi must lie to the outside
of the. tetragonal 210 spot. To calculate the c/a ratib, determine

l) the orientations from the Kikuchi patterns, 2) -the angle o fvom

A_two cubic non-parallel Kikuchi llnear(l.e., between planes hlklzl

~-_,and h.k.Z.), and 3) measure A9 directly from the angle between the

22 2

“two-non-parallel Kikuchi lines h.k_ £ cublc and h k £ tetragonal

17171 2272

'(flg 9). ' If the ¢ axis does not lie in the plane of the dlfrrac-

-.]1't10n pattern, the effect of the proaectlon can be accounted for by

»planes (h k

" . normal stereographic maninulation} The angle between the tétragonal

¥y l) and (h2 o 2) is fhus g = (6 + A9) and the c/a ratio

- is obtalned by substitution 1n , and evaluatlon of ,' equat“ on 2. The
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same technique caﬁ'be applied to all systems.

An actual example of the determination of the c/a.ratio due to
the effect of carbon in solid solution in tanfalum is shown in fig.
10, ﬁhich illustrates.the situation for ordered phases as well as
for non-cubic martensites. In (a) the domain structure<20) is
shown,‘(b) is the diffraction pattern across a domain boundary and-
(¢) shows the analysis of the pattern. The average c/a ratio for
this_crystal is éég%% compared to a calculated valué of 1.08 based

on a hard sphere model of the solid solution.

To find which spot corresponds to which Kikuchi line find the

" intersection of the normal to the Kikuchi line through the origin,

since gl(hkﬂ) is alﬁays normal to the (hkﬂ) Kikuchi. This ensuresv'
that thé correct Kikuchi pair is chosen for analysis.' Thus, thé
.Kikuchi's.atfhéo in fig. 10b are not a split pair; i.e. they do
‘not_originate from planes of the same indiées.' |

The values of the c[a ratiévcan also be checked byvcdnéidering
parallel paired Kikuchi linés, provided one eﬁsures that tﬁe pairing
- is not simply due to the fringe ef?gcﬁs discussed eéflier. For the
-case chosen iﬁ fig. 6 at the exact Bragg condition shown,'s_becomes.
.positive oniy along the [OOl]II direction since [lCO} is common to
both cerystals. Thus, ﬁhé exact reciprocal lattiée vector [1l00] is
represented by the Kikuchi pair passing through 000 and (100).
: ;Suppose g, is the Kikuchi spacing.of the 100 Kikuchi set (exact case)
‘and Ag is the width of £_he split pair 010, 001. The ®/a ratio is

" thus gl/(gl+Ag), as shown in fig. 6. To facilitate observation,
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é?, 1t is useful to tilt the foil 80 that the center oﬁ symmetry of the- ;;W E

t?é: Kikuchi pattern appears to one slde of the spot center.- One can ﬁffe;?éf7ftlg
ge “then take advantage of the greater resoluticn of the'higher order ;”3itﬁ'y;?‘hg
.é. ;reflections (fig. ll) Co - .‘ : t. f "*' 4' ',' ' f ;4' ;;,

'E '  Paired Kikuchi Jines also ocecur from single crystals contain— . ~§2:;

‘the ‘second phase has a dissimilar structure to the matrix. If thereﬂlf‘jlf} .

:lines. An example is shown in fig.,ll taken from Al-h% Cu aged to l'"*u*;ﬂi

,well as at 3ll°

To £ind which precipitate corresponds to which

Kikuchi line in the paired group, form dark field images of each

Kikuchi (section 3 l) This is necessary 4n order to know which

..

pair to measure for determining axial ratios. The /a ratio calcuj

psrallel pairs in fig. ll is l 16 O 02 which is in excellent

these phases(QS). |
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. G Analysis of paired Kikuchi lines can also be used for studies‘-f o »f{;

| FL g martensite, with considerable saving of time tha;!by using the v:€;  }eé; :

' 1 :rr-f‘fﬁl;USual X-ray methods; for example, estimetee of the chanEES in carbon
Afyconcentration during tempering can be m&de by following changes in &.

©/e from paired Kikuchi patternsa.. '_‘rﬂ _ DU

:Dark I'ield Images

: 1533 1l The Daxrk Field Technique
The diffraction pattern must be used for dark field imaging.
‘"':f{Figure 12 shows the arrangement for gun tilting to change rrom (a)

ot ﬁfibright field to (b) the dark field image of the (hkﬂ) reflection.

: ‘:c‘f - During this operation reversal of contrast will be observed for (hkt) S
SRR ¢ N
2. diffracting regions in the image¢ An example is shown in_rig. 13. y

-'The tilted gun techniqpevie esgsential in order to minimize optical}'i

:{.errors due to defects in the objective lens'(sphericel aberration; '

e

'*fastigmatism) since by this means any particular reflection can be mede.~-" A

Eto pass along the'optic axis. The objective aperture -can be moved -
‘WFiover a hke spot for "search” type experiments, but as hown in fig. l3b |

¥€for stacking faults in partially transformed (fcc - hcp) cobalt the 5 ‘:1{;f
‘quality of such dark field images is quite poor (fig. 1jb) end

*.igunsuitable for qpantitative work and becomes progressively Poorer 'ra7ﬁ€7"

| 1
""""":“th tncreasing order of reflection.’ | i . lanie

One important point to be, realized is that, as shown in fig, léJEEQEEQ?SW 1
?the diffraction Planes operatlng for dark field are the negative of ?Tiféffﬂ; |
- those used in bright field(2 ), 'The procedure reccmmended ior Al
{Einstruments where menual tilting is necessary for dark field work j-e

,‘-f'(such as with the Siemens*) is as follows-

.*In ‘the Biamena Elm&nkop L therc s e Bmm die fLet eperture et tha tep L
of the specimen chamber. Unlesg this is removed only small tilt angles

" -are possible .because this aperture will prevent diffracted beems from’ ‘if'jjgfff




e-gs-;

_ '*vh; : - :' 'fr.t_;l)flObtaln the diffractlon 1mage by settlng the intermediate -
o . ,;u‘ '.-'x" - h"' lens to'zero magnlflcatlon(9)
L “: i' e _’1 2)';hefocns the ‘beam one step anticlockwise using condenser
- o h.tn R fstwo. : | |
{.‘3)"Menuaiiy'tilt in the opfosite direction to t.he.'stroncr ' | !
| . (hks) beam whlch operated for brlght field (flgs. 12, .14) .E
: keeplng the illumination centered with the translator i
controls. The negatlve (hkz) will then start to appear
':ﬁf¢fif fj”rd_fvmore strongly.
. 4). Center this dark.field'beam in the same positiondon,the
”~'GC§§;7J¥f?t:'f»screen that.the-transmitted beam formerly occupied.
:5) .Go back to the image poéition, refocns condenser two.
,6)V‘Center the 1llum1natlon. |
-:;;;1 f}f;_T).vGo back to dlffractlon pattern and defocus condenservtwo
' '_;agaln in order to see the pattern.
,;8) iQenter objective aperture over'the'spot and take the_dark
field photograph. : |
S .fhe reverse operatlons can be folloned for recurnlng to brlght :
ifleld. With practice this method for‘dark'fleld imaglng and back
"agaln can be accompllshed in under two mlnutes. Speed is 1mportant
Pbecause the speclmen contaminates w1th prolonged exposure of the foil,
it?fand the image quality deteriorates.

Dark fleld 1mages show greater resolutlon than brlght fleld

"_f.images because the 1nelastlcally scattered beams no.longer contrlbute

;; much to the image; hence, chromatlc'aberration'is COnsiderably '
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reduced. This can be seen by comparing figs.>l3a andvc and figs.
~1le and b. Furthermore, the‘dark field orientation is ueually in a
'two beam situation as can be seen by comparing llgs. lha and b.
Maximum contrast in dark field occurs at s = O.
There are a number of other advantages of dark field‘images; yiz.,
l) The operating reflection for contrast is that which»-
causes reversal of intensity from bright to dark field.
é) They can be used to sort out complex str uctures for
t;example, in multiphase alloys_(section 3.2), or where a
number of different orientations are imaged. |
3) They are neceseary and valuable for contrast experiments; )
'e.g; determining the magnitude and sense of lattice
‘displacement vectors (for review see ref 2) |
ik) For hot stage work where thermal scatterlng decreaseu
" the resolution it is a great advantage to work 1n.dark'
field. i .
'd_Some examples illustrating advantage 2 above are described in

- the following.

'3 2 Observ1ng Small Prec1p1tates'

There 1is considerable interest now in complex high strength

'<alloys, e.g. ausformed steels and the maraging materials. Consider-

-

able debate existed as to the strengthening mechanisms in ausformed

X ;_‘ - L Steels( 5), and until the dark fleld technﬂqne was used(26) it was
' not known whether deformation of metastable austenite produced

precipitation or not prior to the phase traneformation. "As can be
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:; “e:ﬂ l : ld lseen from flgs.‘lSa and l6a the bright field 1mages of delormed
: sustenite and ausformed marten51ue are very complex and 1t is often
Lo : | ;v' ilmposs1ble to dlstlngulsh 1ndiv1duel features. Now, in the dark
S ':;"* .;‘.:fleld image of a single reflection (hkz).the image will be bright
~only for the difffactihg region (hkz) e.g. ﬁﬁe extinction eontour
“f»(hkﬁ) reverses contrast from brlght to dark field. Figdres levand
'1‘ 16b show examples of dark fleld 1mages of ausformed meterials in
4't _whlch nowv, small particles are resolved and whlch show uniform
."Af;contrast.. This contrast means that these carbide partlcles are non-
(i?:'Qf?ajcoherent (see section 3.3). Figure 15 proves that the deformation of
u'ﬁf‘austenlte causes prec1p1tatloh’prior'£o_transfermaéion and leads to
f}a betfer’sndefstanding of the stfehgfheniﬁg’mechanisms(eé).
lhe'most useful dark field images afe,those wﬁichrinclude_
aw; pfeelpitatevreflections. Even if one cehnot obsefve’precipitate
reflections; small precipitetesvmay‘be'reveeled by forming ddrk
efield images near. the OOQ or lew-order beams; One should watch the
. dimage as one cont inually changes the dark fleld condltlons until
'?i.fuseful 1mages are resolved. The dark fleld 1mage also shows up
the locatlons of partlcles of the ééﬁe orlentatlon and can be used
”f_for distlnguishlng between different phases in the same area.‘
Slnce each phase glves rise to its own diffraction pattern ‘the
';R{slliﬁﬂ;d.Tffeg_dark field image w1ll reveal only that partlcular phase.: For example,'

ffsuppose a material contalns two phases R and S. 1n addltlon to the

: j{matrlx. If the prec1p1tates ‘are large enough to form & reas onably.

'fgilntense dlffractlon 1mdge and R and s are orlented w1th res pect.ﬁo




may not be readily seen
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the matrix, three oriented crossed grid patterns will appear corres-

" ponding to the matrix and phases R and S. Thus, dark field images

of spots from R will reverse only phaée R; likewise, for phase S.

If the precipitates are randomly oriented,'ring diffraction patterns

- will be formed and dark field'analysis around the rings can be used

to identify the phases. Similarly the dark field technique helps in
the analysis of multiple diffraction patterns.

For very small coherent particles, the dark field image éives

" added information as will be ‘shown in the following.

3.3 Coherent Preciﬁitates; Contrast

When coherent inclusiong too small to be resolved are present

7‘ they can be revealed by strain contrast, although the actual defect

(1)

. Two general cases arise viz., platelike

precipitates and isotropic precipitatés, e.g. sphetes,'or téﬁrahedra

of point defects. - The contrast from such inclusions has-béen

(1)

discussed in detail by Ashby and Brown who showed that for

spherical coherent particles the image consists of dark and light

 lobes of contrast separated by a‘line_of no contrast ﬁhat.is alwayé

(2k,27)

normal to the operating reflection. Bell et al. examined -

plate shaped defects and showed that the strain contrast image is

l(also black-white in dark field, but the line dividing the intensity

-

change is always normal to the (prbjected) displacement vector R

‘irrespective of which reflection operates (fig. 17). -Thus, the shape
_of a coherent inclusion is readily determined by taking dark field photo-

‘graphs with different operating.reflections, each one in a two beam
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case and at S' .O.' A further useful result relatlng to platelike
defects( 7) 1s that only a single dark field image is required to
'determine the displacement vector assoelated with the defect since
one only has to determine the normal to the line'dividing the black-
white pants of tne image. Of‘course, defects will not be Vieible
' when §.§ is-zero. This effec£ is illustrated for planar disiocatien
Qvloopsvin.quenched copper (fig..18) where both Frenk loops (b = 1/3 <111>)
;f'and_peffecf loops (b = 4<110>) on (111} are revealed(Qh). | ‘
- If the dark field image of inclusions does not show this black-
'C:'white contrast, but uniform contrast, tne inclusion cannotibe coherent.
The derk field imagee of the carbide particles shown in figs. 15 and
l,:'l6 show uniform light contrast; hence, it can be concluded that
:these particles are not coherent. Since the mechanical‘behavibr of
': vdispersion strengthened eyetems depends on nhetherdispersoids'ene
-coherent or,notvif is very important to use dark field imagee to
ascertain this.

The dynamlcal theory predlcts that the sense of the lattlce
dlsplacement (i.e. whether 1nclu51ons are formed under tension or.
"compre851on) can be determlned fron’the reLat;on of the bright side.
‘of the contrast to the direetion:of the operating'reflection in |
f.dark field images(T).' This'result can also be obtained in a simple
if geomeur1cal way as shown in the follow1ng,-where planar coherent
'Ninclu51ons will be used for 1llustratlon.

The ideal orientation for viewing is that in which the defects

. lie elmost:parallel to the beam (fig. 17). Consider a plaﬁe formed
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in compression (vacancy disc or coherent precipitate) as shown in
© fig. l7.» The lattice spaCing is increased around such a plate.
':”Now‘since in dark field we are concerned only with the diffracted

.

" intensity of a single hk{ reflection (equation 3), the contrast can

'J{}be understood geometrically with the aid of fig. 17. The crystal isf{_;

vfijset'for s = O. Since the lattice is expanded at the defect the new

‘. 'Bragg angle is smaller than for the perfect crystal. For the expanded -
“:3: lattice;'to‘the RHS of the defect the rotation of planes is such as

.. "to make s positive i;e. to favor diffraction whereas on the ILHS the

“}opposite is true because s is made negative. Also;'onAthe ILHS the

' _effective d-spacing is reduced; hence, t, increases, whereas the
. _réverse is true on the RHS. By equation (3) it thus follows that the

k'; decrease. in tolcauses an-increase in diffracted intensity on the RHS,

1

Jnfwhich is also favored by the sense cf the lattice rotation on this

o side, whereas the opposite is true for the IHS (fig. 17). Thus, on

a positive photographic print of the dark field image the bright siﬁe

" ‘of the imsge is always on the same side as +g. For defects which

‘-;5 contract the lattice the same arguments show that the reverée is

. - true i.e. the dark side of the image will now be on the side of.+g..

Y

'fijhus, we obtain the same result as that predicted by the dynamical

(7)

© . of the sense of the  image is‘pOSSible if effects other than the

. 'defect cause logal changes in s (e.g. due'to slight bending), or if o

" the density is so high that the strain fields overlap. Some examples. -

of this can be seen .in fig.’ 19 The dynamical theory(5 7,27) predicts

, but in a simpler and more easlly understood way. Reversal =




. probably 6', preferentially nucleated on existing dislocation
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some foil thickness dependence on the sense of the image, e.g.
reversals can occur near the top surface. Details of these effects
(27)

will be published in another paper

Figure 19 is an example of strdin contrast images from G. P.

_ zones in Al-4% Cu taken by dark field gun tilt of the 300 reflection.

These zones can be described as planar édherent defeéts with a

displacement vector R = <100> normal to the {100} habit plares. Only

(lOO) zones are visible in the figure since-§.§ is zero for the cther

two sets. It can be seen that for all the large plates (which are

(12)y

the bright side of the image is on the same side as positive 5 as is

expected, since the precipitates contain copper atoms which are

.smaller than the aluminum atoms. Hence, vacancy type strain fields

are observed. The anomalous cases in the regions containing zones

~(fig. 19) can be explained either in terms of their position in the
foil or because the dehsity of zones is so high *hat overlapping

} strain fields-change the sense of the image contrast; ‘The same resulf
 fis shown for the Vacancy loops in f}g. 18, where ﬁhe bright side of

 &ll images is to the side of @ositive g = 311.

The method bf Ashby and Brown(T) can be used to determine the
magnitude of the displacement vector, this requires measuvrements of

the image width. As pointed out earlier this method can bejéhecked

'vbyvmeasurements of the change in symmetry of Kikuchi patterns.

. In summary the following information is' availeble concerning

inclusions in crystals from dark field micrographs (gun tilt, two
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vbeam, s =VC).
1) Whether inclusions are ccherent or not. .
2) The true shape of inclusions.
3) For coherent inclusions, the magnitude and sense of the
. coherency éﬁrain can be determined.

Since fhe resolution and contrast is a maximum in dark field
'images by gun tilting it cannot be emphasized too strongly that
vmuch more use should be méde of this technique. In fact it is

.'recommended that all micrographs be ﬁaken,in dark fiéld; ctherwvise

much useful information may be undiscovered. This is amply demon-

strated by fig. 16.
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. ;:i ‘lines K, and Ké is elways 29 irresp%?tive of the foil f“;
:;v' { e forientation. K end Ké are the traﬁsmitted and ﬂ"

“i.. e i“ ;‘ .diffracted wave vectors. §
.§§{?¥Tx;i;ﬁ{Fiéﬁré32 . Spot pattern oriented close to exact [oo1] orientatioﬁi-;fh %I"
i PRI S :; ;5 obtained from & tantalum (bee) crystal.. . § . ‘i
: o Fig#r;jB Kikuchi patterns from a silicon foil (a) oriented for‘

; g f B " exact Bragg condition § = 220, two beam case 8 é'zero,,w”

'(b) exact [001] orientation obtained by tilting (a) 8o f? ?:u\

‘a5 to move the Kikuchi pair. (=220), s 16 now

negativea I j§11‘§*T.”.f" ”:‘ S s 35?::

boundary in ailver.L
in (b) [h3sl

Cu alloy aged 15 mine 27o°c. The pattern shows two- .

fold symmetry. Compare to the cubic pattern in fig‘ 3.;




Figure 6

1Figuré T* :

Figure 8

Figure 9 il

-

1 day, 135°%C). . ..o,

' Sketch showing paifing of Kikuchi lines due to

(a)

(v)

reflection from planes bf the same indices from two

crystals where the Bragg angle in one is slightly

different from that in the other due to tetragonality.

Similar pairing may oceur in foils containing sub-

-_boun&aries,‘martensités,'precipitates, ordered phases,
 ete. | _

The dynamical intensity distributioh about a reciprocal
'llattice‘poiﬁt (no absorption) for the two beam case of

. -~ Howie and Whelan (ref.VS).
~(v)

Fringed Kikuchi lines corresponding to the subsidiary
maxima shown in (a). -

Fringed Kikuchi lines at the 242 reflection in a -

Mg0O crystal.

As (a) but the diffraction jattern has been magnified

slightly to show fringe pattern more clearly.

Section of parf of the reciprocal lattices of over-

lapping cublc and tetragonal crystals. The ¢ axis is

parallel to [100]. The Kikuchi lines for the 210

reflections are separated by the difference in angle

A9 for 210 cubic and 210 tetragonal. o is the exact

' ;j “angle between [100] and [210]'cubi¢."C and T refer to

cubic and tetragonal reflections.

-~ .
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' Fiéure’iO ’7 (2) Domain structure due to carbon ordering in Ta-1.5 at.%C.
i The boundary planes are indexgd. l H
(b) Diffraction pattern from'tﬁo overlapping domains,
‘ orientation [243]. o
(c) Analysis of the pattern in (b). R. E. Villagrana .
Figure 11 | :Al—h% Cu aged 30 mins. at 27o°c to form 6'. 'Orienta-
- tion [103] showing trlple paired Kikuchi lines.
Figure 12 ; o Sketches show1ng how the gun is tilted to obtaln
| " aberration - free dark field images. Notice that the
operating dark field reflecfion is the négative of
| " that operating for bright field.
Figure'i3 .1‘  ,' Bright and dark fiéld images of intrinsic stacking
faults on {111} in cobalt (a) bright field g = (111]
 operating (b) dark field of (111) by moving the
‘dbjective aperture over this spot (c) dark field of
. (iii) by gﬁn tilting. Reversal of contrast oécurs'for
,'all sets of faults. Notice the 1mproved quality of
| (¢) compared to (b) and (a), orientation [112].
Figﬁre.lh  ; _ | (a) diffraction pattern for bright field, (b) dlffrac-
7 tion pattern for dark field after gun tilt to center
» ';ithe hoe reflection. |
_Figure'ls_ - (A)  Bright field image of sustenite deformed 30% 500°C,
B  untransformed Alloy Fe|25 Ni]0.3C|%.5 Mo.
(b) Dark figld image of the arrpwed reflection sﬁown in

" the diffraction pattern. B . 0. Johari

.
JE .




Figure 16

Figure 17

Figure 18

(a)

“(b)

-39- -

Bright field imege of martensite after ausforming 30%,

500°C transformed. . Alloy Fe|25 Ni|0.3C|L.7V.
Dark field image of the arrowed reflection shown in
the diffraction pattern. : ..+ 0. Johari

Sketch to show that the intensity of the dark field

-image.is much greaster to one side of‘a defect than

the other, so enabling the sense of the lattice
displacementsvto be determined. The case chosen is a

planar vacancy type defect (dislocation loop or dipole,

" G. P. zone, etc.). I, and I, refer to diffracted

intensities to the left and right sides of the defect.
Dark field image (gun tilted) of 311 reflection at

s =0 showihg strain contrast from planar vacancy -

!. precipitates. The four identifidble‘systems are

Figure.l9';3’;‘

of G. P. zones in Al-4% Cu quenched and aged 10 hrs.

sketched in (b). Notice g = 311 is to the side of the
bright part of the images (from ref. 24).

Dark field image (gun tilt) of 300 reflection (s = O)

at 190°C. Nptice that for the large precipitates (which

' are probably.6'), +g = [200] is always to the bright

side of the image, but in the high density region of

. ‘the small zones, some reversals are visible. " Orienta-

" tion [0I3].
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Primitive

-y

Syminetry Lattice-Type Points unit cell i i ’
o e P i Kikuchi patterns
Edges and Symbol Lattice Points® Cell +
Teometric : 0kO
) P Points only at corners 1 (o]0]] )
21 Points at carners plus point 4
at cell center 2 4
3 F Points at corners plus points hoo hOO
at centers of all faces 4
680°
P Points only at corners 1
(4} or or
Hexagonal cell with points at
c corners plus points at centers
of ends 3 6(3) 2
Rhombohedral
a=p=y#90° P
as=b=c (5) or Points only at corners 1
A 2 2 .
Tetragonal
a=p=y=90° (6) P Points only at corners 1
fa=b#c) (M1 Points at corners plus
a,fc point at cell center 2
* 4 2
Orthorhombic
e=p=y=90° (8) P Points only at corners 1 : =
afbéc 9 c Points at corners plus points
at centers of two opposite faces 2
(10) 1 Points at corners plus point at
cell center 2
(11} F Points at corners plus point at 2 2
centers of all faces 4
Monoclinic . hOO0
a=y=90°46 (12) P Points only at corners 1 OkO
afbéc {13) C Points at corners plus points OOI
at centers of ends . 2
Triclinic hoo
a ; 4 ; Y (14) P Points only at corners 1
afbfc O ko

Table II

MUB-4892
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* Incident beam

s becomes + in

Crystal II because
the spacing of (001)
increases. Reverse
is true for c/a<{

_ 010
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010 LO (9/ ‘57 c 100
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Fig. 9
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Fig, 11
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Fig. 16
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Fig. 18
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Fig, 19
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This report was prepared as an account of Government
s 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

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 Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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