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CHAPTER 2

"INTRODUCTION TO CONTRAST ANALYSIS
‘Gareth Thomas

Professor of Metallurgy, Department of Materials Science and Engineering,

' College of Engineering; University of California, Berkeley, California -

1. INTRODUCTION

In this chapter some simple geometrical approaches are diseussed_ B

which may assist the beginning electron microscopist to better under-

- stand the nature of contrast and to facilitate the use of the microscope

'for.characterigieg the stfuctuee of materials.. Tﬁe bibliography lis#ed »
at the’end of‘Chaptef l’also appiiee to this chapter, In‘recenﬁ years'.
~developments have been made in what is_new often»referre& to as "nonff"
conventibnal" techniques such as weak beaﬁ.dark field.imaéing (l}Aan'-
examﬁle of ﬁhich is shqwn‘in Fig. i, aﬁd'speciel effects'ffom many

beam interactions which become important at high energies. These"

mena are cusse ere in this’ and in recent : ia
heno dis d elsewhere in this book, and ecent symposi

(e.g., 2-6), but some mention'bf the latter will be made at the‘end

of this;chapter. Some important and useful applications of the effects .

of anomalous ebsorption which;affectTthe:syﬁmetry ﬁro?efties of the -
-image are also descriﬁed.e : -

1- ;_The centfesf in tﬂe image depends.oe thebintensity distriﬁﬁtioe:>
flea;iﬁg the Lottom serface of the specimen.A Just as the diffractioﬁ»t
npatterh:is the Fourier transferﬁ of the eﬁject, 50 ié’tﬁe imege the -
Fourier.tfansform of the diffraction ﬁatte;n,veo'that alivthe points
bdiSEussed in Chapter 1 apply difectly to the understanding of cbeﬁrase

phenomena.



vAlthoughilattice imaging is a very poherful method with resolutions o
~ 28 (Fig. 2, Chapter l), the more general technlque of 1mag1ng is by
S 'amplitude contrast . e.; w1thout recomblnation of the phases of the s
\\\? T~ transmitted and scattered waves) as is illustrated in Figs. 3 4
(Chapter l) | | | -
.‘thidfyi.:-._{fal B Amplltude‘contrast is achieved in either of two ways' a) formation o
. | of thevbright field image by remov1ng all diffracted beams or b) forma-»ifux.
: tion of the dark field 1mage by allowing only one strong diffracted
lbeam to form this image.r These operatlons are carried out by-means ;:
of the objective aperture which is 1nserted at the back focal planev
| of‘the objective lens (Flg. 3, Chapter l) The dark"fleld 1mage is ‘.' ::h *-;~;%
-nwbest“obtained by gun tiltlng or by deflection so as to allow the beam ,;;;iiii;
-to'pass along the'optic axis, thereby reduclno errors from chromatic |
“and:spherical aberratlons whlch occur 1f the obJective aperture is - -
: moved of f the optlc axis (Flgs. 3, 4, Chapter l) An 1mportant point-
"to realize is *hat for axial dark field the gun translation or beam | -
deflection must be done such that the dlrectlon of g is reversed
‘v(i.s., if g is excited 1"'or brlght field the correspondlnc gun tllt
s_ dark field should be obtained in - g) ThlS must be remembered when l“ o
| makino the correct allonment between 1mages and difrractlon‘patterns.ju
- 2. KINEMATICA.L APPROXI\IATION—PERFECT CRYSTALS | |
ffh As explalned earlier the’kinematlcal theory is'applicahle-only?:.“
“to;thinvSpecimens and for conditions away'from>the exact Braggiposition'
tf(s:¥ﬁ0). ‘In Chapter 1 the kinematicalvintensitieslwereiderived,

~assuming all the energy‘is*conserved_(no'absorption),‘Viz.s
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‘since:lwlivr'lwlgy= %2 he . klnematlcal theory predicts that bright
ci_;;jf;., "and dgrk fieia.images are complementary.- In practice absorption occurs_‘7
and this symmetry property is modified. ﬁHoweVer, the klnematlcal functioni
predlcts perlodlc varlatlons of 1nten51ty w1th thlckness for constant s
(thlckness frlnges) or variations in 1ntens1ty w1th s‘for constant thlck—

S “ness Whlch lead to’ frlnges about the Bragg contours The (hkl) Bragg
“if“ff“;;“»contOur in the 1mage corresponds—to the hk2 spot or klkuchl dine in - e
. the diffractlon pattern and is identlfled ea51ly in dark fleld
Intensity minlma occur in dark fleld whenever s = nft (constant t)
or vhen t = (n/s) for constant s. The perlodlc tarlation of ]ylz
with t leads to primary extlnctlon t ‘ 1/s as dlscussed in Chapter 1.
In the dynamical theory (see the Chapter by Metherall), the extlnctlon
‘distance Eg is defined as WV/ng where V is the volume of the-nnlt |
7“jt " >v cell and:?g.the structurehfactor for the particnlar reflectionr .The‘
A:‘deviation from Bragg's COndition is'then.ottenAreferred to-hf“thehi
dimensionless parameter‘w_= Egs'and in the kinematical case ﬁ'>?“l.v‘h
Every integral number of extinction distances all the electrons ﬂ:
end up in the forward dlrection (transmltted) and in every.odd half

multiple extinction distances all electrons end up in the dlffracted

dlrection.‘ The extinction distance is inversely proportlonal to the'



scattering factor, which decreases with increasing scattering angle.
Thus electrons have short extinction distances (100-1000A), whereas
x-rays have very long extinction distances.

- S The exchange of electron intensity between the transmitted and

' diffracted beams is enactly analogous to the notion of two coupled
K harmonic oscillators, which periodically exéhange alllthe yibrational‘
.f_energy‘oflthe system. This forms the basis of the dynamlcal theory.

‘ The theory also shows that sub51d1ary maxlma occur when (s + (E ) )t

_-integral For thln crystals ‘the value of t can be determlned from _'

measurements of s at sub51d1ary fringes e1ther in the image or .
dlffraction patterns (7) prov1ded values of Eg are known

From the foreg01ng we expect to produce contrast effects in an

Yt e b A e e e e 5

otherwise perfect crystal_due to the”follow:mg:'

A iwii.Changes in.t - wedge fringes, fringes at inclined defects‘_
i .vé) Chanées.in s e hraggfoontour‘fringes_i,'-
3) Changes.invorientation'— changes s‘and_g

mihus; é;g; invpolycryStals the intensityvvaries‘fromvérain to‘grain>
Atheeause of differencesvin diffracting conditions;'In general, therefore,
‘oontrast from'crystals is not linited b& resolution except in special
:cases:‘FHowever, since,the'contrast is very orientation sensitive; it is.

Y ' . essential to use a goniometricsspecimen holder preferably with as large a

tilting range as pessible so*that the &iffracting conditions can be varied
_in a systematic matter. Without such a stage,:quantitative,characteriza—

‘“tion of microstructure is almost impossible.
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,«.
et
.
.
0
L o
.
LN
~
e
v
-

3. CONTRAST IN IMPERFECT CRYSTALS

a) General Comments

In practical materials we have to consider and characterize
complicated microstructures including the following effects:

1. Changes in orientation with or without change in structure

“-ortcomposition_e.g., grains, twins, precipitates.

Kd

2.  Lattice defects, p01nt defects, line defects, planar defects,
volume defects (effects due to elastlc dlsplacements)
3. Phase transformatlons a) changes in comp031t10n but not

Structure.(e.g. spinodals) b) changes.invcomppsition and structure:

(e 8. martensites) d) Interphase interfaces (coherent, partially

coherent, incoherent).

The contrast from these will arise from such effects as changes

" in the local diffracting conditions:{changing s'and g (d-spacings)},
phase changes on crossing interfaces, structure factor changes;-changes

- in effective thickness (changing E ). The‘situation can becdme quite’

complex especlally when the defect den51ty is hlgh and strégg.ffeldsh
’overlap,as in heav11y‘deformed crystals, or crystals contalning-iarge
volume fractions of:particiesf o | |

The combinetion‘cffbright and dark>field inaging techniques‘snd

diffraction pattern analysis is essential in the characterization

Y

:and most of the interpretation will be carried out at the microscope.

Por contrast work. it is recommended. that two-beam orientations be used

procedure. Analysis.should always start from the diffractiqn pattern'v
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"{as in Fig. 14(a) in Chapter 1}. For this reason it becomes essential

to recognize orientations by imspection so that particular reflections

of interest can be brought into operation. It is conveniént to start’

" by tilting the foil into a recognizable symmetry orientation and‘then

t11t1ng from there. 'The nse‘of'kikuchi“maps greatly facilitates'thisbv

process as will be shown 1ater. Thus it cannot be emphasized too

.'strongly how 1mportant it is to have a strong worklng knowledge of

dlffractlon patterns and three dimensional crystallography. Thus all

the informtaion developed. in Chapter 1 is needed for analysis.

wb) Information Requirements for Analy51s (two beam condltlons) L

.. Generally we need-to.know.the foil orientation,vdirection’of,

diffractlon _vector, sign of S5 and f01l thlckness.>

1. Precise Orientation.
Because of the 180° amblguity in spot patterns, the spot pattern

by itself does not give the unique foil or1entat1on and hence the )

" geometry of defects in the foil are not known since the image is a

two dimensional projection of the object. Thus the top of the foil
is not distinguishable from the bottomé;nor'nn from.down. Howeyer a
kikuchi ﬁattern can be indexed uniquely (provided at leastvtno poles
are nresent) and this is facilitated by comparison tohthe approprlate
kikuchi.map. If kikuchi patterns are not obtalnable then several

methods can be utlllzed e.g. speclal absorption contrast effects such

-~ as the asymmetry in the dark fleld image when s is not qulte zero.

rAt s >'0 the bottom of the foil is in stronger contrast than the top;

the'reverse is true at s < 0._(e.g. See Fig, 15 and ref 8)



Alternatively, 1arge.ang1e tilting experiments observing the change

in projected size of an object in the foil can be performed.

Once the orientatlon is known, the geometry of the foil 1s known—
o ahd'hence the sense of slope of planes and directions is known. ThlS '

= iﬁformation is needed for quantitative analyses involving determining

the sense of strain flelds (e g. vacancy or 1nterst1tia1 loops or

faults)

Stereomicroscopy is .useful also, because by this technique one

can obtain information on the depth distribution of defects. Stereo

pairs can be obtained by tilting 8-10° alohg a kikuchi band so that
the diffracting conditions are .not altered.” ™"
~In orlenting the pattern w1th the 1mage due to the 1nversion

between the image and the dlffractlon pattern, rotate the dlffractlon

pattern 180° (plus magnification rotatlon)-w1th.respect to the image,

o e x : _ '
A with the negatives both emulsion side up. Crystallographic data v

-

‘can then be transferred directly from the pattern to the.image.' It

isfrecoﬁmended that this be done directly on the negative (on the

non-emulsion side)_where it can be wiped off later after prints are

made. In.this way the'geometry is’preserved with minimum confusion;

and the correct sense of the dlffractlon vector g in the 1mage is

- retained. g is of course 1dent1f1ed from the dlffractlon pattern and

in the dark field image of this refleotion.

- This rotation is clockwise for Siemens Elmiskops,it is anticlockwise

in the JEM 7. Thus it must be checked for each type of microscope.

‘the region in the specimen_corresponding:to this g will reverse contraét



Slgn of s

The sign of the deviation,parameter is important in several
'_instances. In a two bean absorbing case the intensity in bright field
vis a maximum for s > 0 and in dark field at s = 0. These condltions
“are.thus readily‘seen directly in the image; ln’the diffraction
pattern for s >v0‘the kikuchi line will lie to the outside of the
corresponding sPot since thelreciprocal lattice noint will be lying
inside the.reflecting sphere) For s < 0 the klkuchl lines lie inside .‘.

the spot as e.g. in symmetrical orientatlons (Fig. l4(b) Chapter l)

F01l Thlckness

" This can be found An several ways e. g._l) trace analy31s of

[T s - e e s

prOJected defects that go completely through the. f01l (faults, tw1ns,

precipitates), 2) from measurements of sub31d1ary frlnges elther in

the convergent beam pattern or from Bragg contour -fringes (7) Recently

va general method has been developed by Helmendahl (9) in which one or
two latex balls of known dlameter are applled to both f011 surfaces in:
the_area v1ewed : Changes 1n dlmen31ons are>observed after a known
tiltland from the geometry_the,thickness can be calculated ~ 47
accuracy. - _ | |
4; 'VISIBILITY OF LAlTlCE DEFECTS : ﬁﬁNERAL dRITERIA

_Defects can be described in terms ofdtranslatlonal vectors nhich fif
represent displacenents ofratoms from their regular posltions ln the

. - o . ! . > o .
Jattice., If the general displacement vector is R, the kinematical

amplitude scattered from the crystal as a whole becomes




7 . | : > > - > - o
v o~ f - fexp 2mi(g +5) * (r; + R)]dr 3)
' rystal ' - _
‘\5\g_ or )
v ~ f  [exp 2mi 3-?1 exp 2mi g-R]dt o %)
‘ - rystal - t o o
6." ' . R o I

since g'ri = integer, and neglecting ~R . (refer'to-Eq. 20, Chapter 1).

.',"_ : - — Thus the amplitude scattered by ‘the perfect crystal is modified ,

by the phase factor 2ﬁg R

_’ .

n2T and n can be 1ntegra1, Zero .or

ll

£ractional The case g- 0 is particularly important in contrast

work --In has a 51mple physical meanlng as can be seen from Fig..7

e e —

Chapter 1.°If R lles in the reflecting plane, a (and thus Igl) is .

' unaltered so that the path difference between transmitted and diffracted

waves iS'unaffected by R Since g is normal,to (th) g R = 0, is the

| condition for no contrast due to a dlsplacement R (Flgs 1, 2) It
bshouldvbe p01nted out that R for a generalvdefect varies with position. '
However forfa stacking fault R.is a constant equal to the displacement | | o

l nector'for“the fault (sectiOn 8a). In this case no contrast arises |
when.a'=’2ﬂg'§ = n-2T, n integral

The magnitude of g R must be suff1c1ent‘to change the inten51ty.-7'l

such that contrast is detectable over background (about 107 is enough)
For example, for dlslocatlon line-defects in crystals g.b >~% if the

_ lines.are'tolhe detectable. Non-integral values of g B for dlslocations
means;that b is not a lattice translational vector and such‘dislocationsd

must therefore always be associated with'faults;

A L o . o . . : v N .

&t



‘resolved along the princibal axes

‘of the simple g R criterlon However the detailed 1nterpretat10n of

proe

o >
From a visibility viewpoint a general displacement R can be

- -> -+ -+
R = R +R + R
p 4 y z

--Examples of defects which are of general interest in the study

of crystals and which can be described in terms»of such displacements

areﬁl-dislocations; dislocation‘loops, coherent volume defects e.g.
poiet defect clusters, voids,vcoherent‘particles; planar.defects such
as stacking faults, domain boundarles (chemlcal magnetlc, electrlc,
order), twin and graln boendaries, interphase interfaces etc. .

.The v1sib111ty of these defects can all be understood in terms

contrast'behavior,such as the intensities,.and variations in contrast

with depth in the foil, behavior in the exact Bragg case, influence

of other reflections, and the analysis of the sense of the'disPlacements

associated with the defects, require the application of the dynamical

. theory,as is described by Goringe.

A truly kinematical situation arises when large s values are

used e, g. when imaging in g w1th ngs >0 (n—2 3 or larger) excited.

Such images are called weak beam images (because the 1ntens1ty in g is

low) and have hlgh resolutlon (1. An example is shown in Fig. 1 which .

" can be compared to Fig. 2.'

From Eq. (5) R -g is always zero, hence only dlsplacements 1y1ng

‘in the plane of the foil are of importance in producing contrast, For

screw dislocations the displacements R are always parallel to the

T > > v : -
Burgers vector b hence when g+b = 0 screws are invisible. In the case of



"

- <> >
an edge dislocation, the principal components of R are b and R
(displacements normal to g). For an edge dislocation with its half

plane parallel to the beam, g-b = n(lncludlng O) whereas g R = 0.

'~On the other hand, if the dislocation is oriented,with its half plane

: > > > > : : '
normal to the beam, g«b = 0, but g'R = m(including zero). Thus
because of the displacements Rn edge dislcoations do not necessarily

go out of contrast completely when g'b = 0 except under conditions

) > - .
when g-R also goes to zero. For this reason’ it is p0331ble to see

edge dlslocatlons when their Burgers vectors are parallel to the'

incident beam. For example pure edge prismatlc dlslocatlon loops are .

visible (by so-called "residual contrast") when they are”parallél‘to

the foilwplane as. shown in Fig.i3. Notice in'this case thatvloop»%MQA-'

. > > ' ‘ ‘ '
segments are invisible where g-Rn = 0 so the loops have a line of no
contrast for those parts of the loop normal to g. A similar contrast
occurs for spherical strain fields such as in the case of coherent.

particles because  the plane normal to g is unaffected by the strain,

B o
- hence g-R = 0; a well known example is Cu—Co,Flg. 4. In both cases

therefore as the dlrectlon of g is changed so does the llne of no v

contrast shift so as to always lie normal to g. ThlS behavior allows

such defects to be dlstlngu1shed from perfect loops whlch also exhibit .

arced contrast (1ndependent‘of g, g°b # O) when 1nc11ned to the foil

plane (Flg. 9).



'~*5Several.different’reflections will normallyube needed to obtain uniqne

5. .BURGERS VECTOR ANALYSIS

Table 1 gives examples of various 2-3 values for perfect disloca;
tions in FCC, BCC and‘HCP structures, and tables 2, 3 gives Elg valnes
forsimperfect dislocations in fcc and hcp._'By considering the yarious
Eeg‘possibilitiesvit is possible to arrive at the most nseful.

-

A . , : ‘ N
orientations needed for analysis (orientations [uvw] such that [uvw]-g =

"_0 Fig. 8, Chapter 1), and what changes in orientation are needed to_

arrive at the range of reflections requlred These ‘must lie w1thin

' the-range of the spec1men tllting dev1ce, For this purpose the use_of-s

- Kikuchivmaps (10,11,13) greatly facilitates the required procedures;

1

~identifications. - -For partial dislocations g-b = l-does not produce .. ... ..

3

"*‘enough contrast to be detected so that this condition is one for

?'invisibillty (12).

: As an-illustration con31der the case for hcp crystals for Whichv

”-Kikuchi maps are very helpful for several reasons (10 11) espec1a11y'
'3since the spot diffraction patterns from hep crystals are in general

- less useful and much more difficult to analyze than those for cubic

crystals In additlon to the complex1t1es due to double diffractlon

‘(see Chapter 1), and that the ‘¢/a ratios dlffer from materlal to

material,uthe d spacings of certain planes in hep crystals are so

close together that obtaining two beam orientations,fe;g.,vin (1120) .

“foils and unamblguously 1dent1fy1ng the f01l orientation, may be

‘1mpossible, in certain cases. The above problems‘can be c1rCumvented

1f foils thick enough to produce Kikuchi reflections are used. 1In

general, Kikuchi patterns become increasingly useful as the symmetry



a) FCC

¢) HCP

Table 1. Values of g-b for Perfect Dislocations

'b) BCC

e e

“Plane of &b ,
[Pislocation g | 101 | Iz | uI
111 or 111 | 1/2 [110] | O 0 1
17T or 11T | 1/2 [101] | 1 0 0
171 or 11T | 172 0217 | O 1 0o
111 or 111 | 1/2 [1I0] | T . 1 o
_ 111 or 171 | 1/2 [101] 0 I 1
fmrerTin [w2pely | 1 | o | I
Plane of _— g'b
Dislocation , 'g | ol 110 110
011,170,701 |-1/2 111 |-0 -1~ o 1
. |ol1,110,101 /2711 | o : 1 0
. |To1,110,011 | 1/2 111 | 1 1 o .
101,710,011 | 1/2 111 | 1 o | -1

Perfect dislocatlons in the hcp lattice are a/3 <2110 )(three in 1

number) a[OOOl] (one in number) and a/3 (1123 )(51x in number)

' THe table below illustrates for orlentatlon near [1105] the g° b _A'

' conditlons necessary to dlstlngulsh dlslocatlons 11v151b1e in. g = 1100

1 /%%Y ' 

g-b -
g 2700 | 2311 | 3211
| 1/3 [1120] -1
1/3 [1123] 0 2
1/3 [1123] 0
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Table 2. Values for g-b for Imperfect Dislocations in the FCC Lattice

Fault .

b 200 . 020 230 220 111 111 437 311
Plane _ “ . ‘ B

. (111) a/6[112] -1/3 1/3 0 ~2/3 0 -1/3 . 4;- -1/3.
- a/e[211 2/3 13 1 13 0 2/3 2 2/3 .
a/6[12i] -1/3 -2/3 -1 1/3 "0 -1/3 -1 -1/3
i) a/6f2l] 2/3 13 1 Y3 U3 1/3 4/3 1
C . af6[IiZ] -1/3 1/3 0 - -2/3 -2/3 1/3 1/3 -1
S afe[ian] -1/3 -2/3 -3 1/3 13 -2/3 -5/3 0
Cooamy a/e[IE] -3 2/3 1/3 -1 -2/3 13 1/3 a
C o afe[liz] -1/3 -1/3 -2/3 0 1/3 -2/3 -5/3 O

oaselul) 23 -y3 U3 1 Y3 o 43 1 oo

L@y a/6[FT] -2/3 13 <13 -1 -2/3 0 -2/3 -4/3

Coaelii2l Y3 13 23 0 w30 3 23

3 ~4f ia/6[12i1 1/3 -2/3 -1/3 1 .1/37 0 1/3  2/3
(1115 fa/3[111] 273 -2/3 0 4/3 1 13 o 5/3 .
(11T) a/3[111] 2/3 -2/3 0 < 4/3 '1/3 -1/3 4/3 1

I a/3nil] o 2/3 2/3_',4/3 0 1/3 0 1/3 431 jfiwjﬁl: ;i1}
(@) a/3[111] -2/3 -2/3 —4/3'_1*0_';-1/3 -1 -8/3 -3 ";}1ff;,*f'

@ asniel 3 3 23 o o U3 1 y3 o

~a/6foill 0 -1/3 -1/3 13 o 0 o o

Cain afetion] -1/3 0 <13 -3 .0 /3 -1 U3
' a/6[110] 1/3 -1/3 0 ~ 2/3 /3 0 - 1/3 2/3 o

 (1ii)  a/6[l0l]> .1/3, o ’_1/3,5;1/3f,(;/31-»?0'  >1/3'_ 2/3

Cafelortl 0 -3 -1/3 U3 Y3 -U3 -2/3 13

Cafeitio] 1313 23 o o 3 1o uy3 o
Ca/efonl} 0 -1/3 -1/3° U3 1/3 -1/3 -2/3 13 -

@) afel10] /3 <13 0 23 13 o U3 23

“af6[0il} 0 1/3 1/3 -1/3 0 0 0 0
-a/6[1011 1/3 0 13 1/3 U3 0 - 13 23

@) a/6 (112 ) are Shockley partials_ a/3 (111 > are Frank partials, and -
alé (110 ) are stair rod dislocations : ‘)



(b) Imgerfect Dislocations,’

. be one of the following:

Lo S 9 0 g 1w

of the crystal system decreases, and for recognizing orientations

_ under two;beam conditions; Furthermore, for.hcp structures,dthe ba551;‘
' plane orientation and orientations within.about a ﬁb-deg'tilt from
-.tOOOl] are all-that are required for solving oroblems such'aszurgers -
| vector determinations.; This tilting range is w1thin the range | \
'available for most commercial tilting stages..' : ‘

. (a) Perfect Dislocations e

- Perfect dislocations must vanish for one of the 2020 Kikuchi o

vbauds.' These, rather than 1010 are used because of their higher
. intensities. If we de31gnate the particular reflection to be the 2200

v:gthen b must be one of the follow1ng. [1120], * 3 [1123],

* 3-[1123] Since a dislocation image vanishes for any Kikuchi band

which converges to the pole of the Burgers vector, (g-b 0) any two

'>Kikuchi bands converging to the [1123] and [1123] poles can be used

to distinguish between the three poss1bilities. Reference to the o

,'Kikuchi map [Fig. 25, Chapter l] shows that the nearest of such bands

are the 2311 and 3211 which intersect at the [1105] pole. This pole

can be reached by a dlrect tilt along the 1120 Kikuchi band (e g., for ::

>: Ti thie involves about a l4°‘tilt ) Table lc shows the g b values for SR

the three reflections used in the procedure and clearly shows that D

they are sufficient to determlne the Burgers vector.d'

Imperfect dislocations must vanish for one of ‘the 1120 Kikuchi -

bands. If we - designate the reflection to be the 2110 then b must

i+

3{0110], [0223] or i —{0 3]. lable 3(a)
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shows that other 1120 and 2020 reflect_io'.ns' cannot be used to distinguish
between the three pOSSibllltleS. hIn this case the poles of interest
i are the [0223] and . [0223], and the corresponding Kikuchl bands are
the 3302 and 3032 which intersect at the [4729] pole. This pole can _’ o
“f\y<be reached by tilting a 24 deg for Ti) along the 0110 Kikuchi band
.Table 3b shows the g-b values for the three reflections used in the_‘*u
: procedure. . o _ | | | | e - |
Since the tilt (~ 24 deg) needed to reach the [4229] pole from.'
T fi";.'f .h;l;.the [0001] orientation is very near the limit of many spec1men tiltlng-”>
| . devices, an alternate procedure 1nvolving somewhat. smaller tilts can _?:.;
be used by utilizlng the lel forbldden reflections resulting from
rdouble diffraction. The procedure is the same as the one described
~v¥%?¥;;~g?~¢~;g above-except that the foil- is tilted into the [1703] rather«than the-ﬁé;;%f—}—-—
L [4329] orientation.v (For Ti thls involves about a 20 deg tilt ) ‘ -f;f d;njf;r
Remembering that extinction of imperfect dlslocations occurs when C N
[g’b|< 3 Table 3c shows that the 2111 and 3302 reflections acce551bleit;ff
- in thel[1103] orientation prov1de sufflclent information for a unlque -
vvvdetermination of the Buroers vector.l_ _f_ 3Aftfi"}“g:;iflb:;f'vf -
In manynproblems the obJect is to distinguishvbetween dislocationsiu:;'
'.'having Burgers vectors of the same type. For example, one‘may wish to ;iidf_ib?i
distingulsh between dislocatlons of the nrimary and secondary slip |
s}’stems having Burgers vectors of the form % ¢ 2110 ) The' lowest-order-"‘
Ai reflections needed for g-b 0 conditions are of the form lOlO and 2201.{i_:‘“
1010 reflections cannot distlnguish between %-(2110 ) and 3-(2113)

;Furthermore, the tilting device often tilts further in one direction 4

than in another.’ If the [0001] orientation does not lie within the




range of the tilt, then all three 1010 Kikuchi bands may not be
accessible. On the other hand, the 2201 Kikuchi bands_intersect in
such a wey as to form six equivalent.triangles situated symmetrically

about thet[0001] zone axis. The six triangles are centered on the .

" €1303 ) poles and have vertices composed of‘poles of the form (1216 )

and (0112 ). " Any one of the six triangles cen be used to distinguish
between the. three l-(2110 ). Burgers vectors. For example, if the f01l
is initlally in some hlgh—index orientation such as the [0334],

[0001] zone axis may lie outside the range of ‘the specimen tilting
device; In this caee, theetriangle centered on the [OiiB] pole_cah

be used where 2201, 0221, and 2021 Kikuchi bands are readily aecessible.

" An example of this application is shown in Fig. 5 for dislocations in

TTAg,ALT(T4)LT The dislocations occur in the form of perfect loops

clustered in slip bands lying parallel to the trace of the primary

slip plane. Figure 5(a)-(c) is a series of micrographs of a typical -

-slip band. The corresponding reflections are indicated'on the Kikﬁchi

map, Fig. 5(d).  The micrographs have been‘oriented with respect to the

- Kikuchi map so that the slip band lies parallel.tb the trace of the

(0110) plane, i.e., paréllel to the 0110 Kikuchi band. 'As shown in :

section 7(b), in fcc metals the Burgers ‘vecter_of,double arc loops can

be umiquely determined from the directioh of the line—of-no—contrast'(18);

. however, in hcp metals the 11ne-of—no—contrast can only be used to

eliminate all but three of the nine pos31b1e Burgers vectors of the

form‘—-(ZlIO ) and %-(2113 ). As 1nd1cated in Fig. 5(a), the line—of—»

3
no—contrast is parallel to the [llOO] dlrectlon hence the double—arc

loops can have any of the follow1ng,Burgers vectors: 3{1120],



+

[1123], " 1{1123] In order to dlstingulsh between these,.the

wh‘-l'

| foil ‘was tilted to the nearest 2201 triangle centered on the [0113]
pole.. Figure 5(a) was taken with. 2110 S0 that all three p0331b1e
'\\\\_Vvl‘types of dlslocatlons can be in contrast _ Figure 5(b) shows all
: lQOps are out of contrast with 2201 therefore, they all have the
_.1dentical burgers»vector<§[1120].v By tilting to g =.0221, the Plleupln'
of dislocations within the band and the helical'dislocationsdnear'the->A o
. fi.f_:' ‘;'f:f-edges vanish [Fig. 5(c)] Therefore, these dislcoations havelthe ;‘:"jli
| ” 'v;TBurgers vector —{2110] N | - R |
- 'Aﬁ;: MAGNITUDE oF &b
o For hcp crystals, g- b can be 2 in low order reflections for
o perfect dislocations (Table lc) ' In these conditions the image 1s ;1 '
then doubled This effect is useful for dlstinguishing different ‘ ‘jlj;:df_i:i
Buréers.vectors. g b > 1 is not commonly observed in fcc or bcc }'";;k- i
crystals unless high order reflections are obtained For example in o
'the [110] fce orientation a screw dislocation w1th b a/2 [110] would
show a double image in g = 220, a 51ngle 1mage in g = lll and be o
invisible in g = 002 Thus in principle studies of the 1mage.1n fil
.different reflections enable the magnitude of b as well as 1ts dlrection lvﬁ"};f;

to be determined

For partial dislocations ‘some - complexities arise, due to dynamical
’ :effects. In the fcc structure especially when anisotropy is con31dered (16)

3

' it;has been shown that whereas g~b = * l-is always an 1nv1sib111ty-
.'fcriterion‘ the case for g'b = ¥ %—leads to v151bility or 1nv131b111ty

L

,depending on the sign of s and the position in the foil (tthRHESSY ’

"dependence). These difficulties have been discussed by Clarebrough (15) f




w20,

&

who suggests that computations will be necessary to determine Burgers
vectors of partials. This approach is facilitated by using image

simulation techniques for direct comparisons of computed data with -

' .._ experimental results (16).

7. IMAGE POSITION :

The position of the dislocation 1mage w1th respect to the actual

" line depends on the 51gn of s. Thls can be seen_geometrlcally_by A

considering Fig. 6. In (a) we set s > 0 and assume an edge disloéation

1s oriented as shown. We see that if g p01nts to the rlght the sense

of tilt of the planes on the LHS _causes greater dev1ation s >>'0 from f

diffractlon whereas on the RHS the reverse 1s true. In this case the -

“tilted slightly to make s negative, the image fllpS to the LHS Thus

.-on crossing an extinction contour (s changlng 51gn) the image changes
position. Theisame effect 1is true when g is changed s1gn (for s
1nvariant) . |

~ Thus without pre-defining the sense‘of the Burgers vector.as long
as theﬁsign of s and the direction of E are known it isipossible to
'reconstruct'in the.foil the orientation of the dislocation ﬁhich gives
riseﬁtoutheobserred. inage shift when g or s changesfsign, Thisiresult
has nsefnl applications;‘ . |

(aj'Dislocation pairs

i Dlslocatlon pairs are of two types viz. the dlpole (two dislocations

of opposite 51gn) and the superdlslocation (two of the same 51gn)

- These can be_distinguished by the manner in which the images change

1mage -will- thus appear to- the RHS Simularly»in (b) if~the-foil-is_mf;~—



with changing g or s as is seen.in Figr.7(a). The.ezample ofVEigs. 7b,c'
.for austenitic\stainless steel obtained by changing the sign-of‘g showsi>
:Ithat the'pairs at A are superdislocations, indicatino the-existence of -

| order. ‘These experiments are particularly valuable for studying order :

iin alloys of similar elements for which possible superlattice reflections
i:cannot be detected in the electron dlffraction patterns e. g. brass _ ,.
{v(Cu-Zn) and Fe—Cr-Ni alloys (17) Palrs can be distinguished from '“;i?;l;u

Adouble images since the latter occur only when more than one strong o

’ tgAreflection operates on opp051te 51des of a 51ng1e dislocation, or When

iﬂ g-b»= 2.

~An sign of g or s can be used to determine whether dipoles or loops . '

are vacancy or interstitial in character, again w1thout prior definltion

1 of the sign of b

: Figure 8 illustrates how the 1mages vary w1th chanoe in sivn of g R

h or s. If the defect lies along the plane 1nclined from bottom left to

- top right the vacancy loop w1ll always be in outside contrast for g to

-the RHS and s > 0. o

It is important to notlce that 1f the defects in Flg. 8 were

‘ _inclined in opp051te sense (top left to bottom right) then the vacancy

o will be in outside contrast at s> 0 with g to the LHS Fioure 9 shows

"_l an actual example for this case* for loops in quenched aluminum. Thus- .

Ait is. essential to know the sense of 1nclination of the defect and to
-correctly_orient the directlon of g on the micrograph»as was discussed RS

earlier in this chapter. rThe example’othig. 9 also shows that for
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peffect loops the Burgeré vector is perpendicular ﬁo the iine df no
ébntrast.dividing‘the 100p imége into arcs (18). For fcc crystals this

. line i§ a {110.) and so b can be uniquely found.once the foil is |

e éorrectly oriented. This double-arc contrast arises becaqsé the s:rain

.ﬂfields tend to cancel at the strong edge componenfs of theilobps.‘ Féf
tﬁa beam imaging conditions at s ~ 0 this rule appears to hold generally
vfbr'iargé perfect looﬁé iﬁvfcé, bce and'hcp crystals, and is thus quite 2
uééfﬁ1~bhen la}ge numbersvof defects‘aré'té be ;nalysed (19).
.Ei"méiANAR-bﬁFECTS | -

(a) ‘Sfacking Faults

“For purposes of illustration consider stacking faults in the FCC
~«»»~~~»»“ve~~u—strudt&reélewd-pOSSibilitiééiekiSt;"Viz.lformation of a stacking fault:

by the splittihg of a whole dislocation under a shear stress:

W;wa3  Hdﬂmn%émﬁhi+wﬂﬁu’-m(nn‘

by growfﬁiégﬁpoint defect aggregétion forming

At —

“>6;'the~creatiohibfﬁé“f;ﬁit
_iﬁﬁérfe£% ééée'prismatié 166p"diéi5c;ﬁi6nsiéf fﬁé a]é (111 )-type..
"i ?The sfécking faulf is théileaéfhcoﬁfliéated_of plénaf»defecté
.:since'énly a displacemént of the cfystal across the fault plaﬁeAié
‘inyol§éd:(i.é., no-chanéé"in s or g).;.The.contraét was fi:s£ considered
-ki}“Whélan andiﬁiréch‘kZO); vA.Wave cfoséing a faulted région of a |
 éfy§talvsﬁffers a'phaée chahge o = an-ﬁ, and similar to the wedée éase,:
fringes éécur.when the fauit_is inclined in the foii. If Klis.a lattice
,;tfan;iafion.vector, then the phase céntrast'is zéro sincé Elﬁ is integfal;
Fof.sfacking‘faults, howéver, i cannof be a latticé translation #ector;

. > > ' '
but particular values can occur for which g'R is integral. This result



TYowS Ut ihvisiblé in the lst hth, ...etc.

2 "g = [200]

affords a means for studying the faults in a similar manner to that

b=y 1 to the fault wvector.
adopted for dlslocatlons, puttlng g ©duat to tne 1a ec

In FCCvmaterials R a/6 {112 ) or a/3 (111 ) Therefore o can
2n¢h + k + 22)

~ take the values da= 3 or —— (h +k + 2). In eitherkcase

o =2 2ﬂ/3 (fault visible), or n2m, (fault 1nv131b1e) hence the shear
a/6 (112 > fault cannot be dlStngUlShed from the a/3 (111 ) fault '
purely from frlnge contrast, as expected since phy51cally they are 1dent1cal.

The poss1b1e g-R values for faults in fcc or dc crystals can be ”

: found from Table 2. The values of o= 2ng-R change along each;parallel'

. <111> rowwof,the reciprocal lattice (See Fig. l6a, Chapter l) - Thus

faults “are visible in reflectlons along the 2nd 3rd, Sth 6th etc <lll>

- - We will now consider various examples of contrast to be expected

from faults bounded by partials, Con31der the (lll) fault plane w1th

’ the operatlng partlals a/6[121] and a/6[211] 1t is assumed also that o

gb=% %—will always be v151b1e (remembering that this is not
necessarily true in all situations.

1) g [200]

. '5a/z[1ioj : = af/6[121] +-a/6r2if] © on (111)"
Cgb 1 +1/3 B +2/3

a for fault = 2ﬂ/3 fault v131ble and one partlal v151ble -

e Caf2[01T] = a/6[T121] + 5/6[1151 | '@_'_(1“11)7”"
Cgb 0 -3 +13 '

¢ for fault = —2ﬂ/3 fault v151ble but no partials v131b1e



3) g [220] L : :
a/2[01I] = ske[Izi] + a/6[113] ~on (111)
gb 1 -1 o | |
ga for fault =-0; fault inv131ble only one partial v1sible;‘i
This case could be mistaken for a perfect dislocation._l

These cases are 1llustrated by the sketches in Fig. 10.. Figure 11

' shows an example of Case 1lin which faults of opposite sense are -

o present at A and B..

L

: If one wishes to distinguish between a 1/3(111) and a 1/6(112)

ﬁ'i fault it is necessary to determine the Burgers vector of the bounding

E dislocations. Reference to Table 2 for FCC crystals shows the reflections

_needed tc,make this distinction.hhfor a fault on a {lll} use of g =

(250 ). and g = (200 ) is sufficient and a f011 in (OOl Y will be required
e, g., Fig. 12; the partial at A on. (lll) must be the Shockley, o

b - 3/6[121] o ~ - —v_ B

(b) Determination of Type of Stackigg Fault‘ . ';'l Q-E;utlk*?: .:;pi;j"

T The dynamical theory predlcts the dependence of. the 1nten51ty of _f:ffffll

the fringes on the sign of a. In bright field for a pOSltive the first

'“fringe is light whereas for a negative the flrst frlnge is dark The

. reverse is true for dark field 1mages although the effect of absorption

: modifies the symmetry Such that the fringes are complementary only at o

‘the lower surface of the fOil (Fig. 13) Thls dependence of'the colour o

vof the first fringe on- a can also be obtalned intuitively by con51der1na'bf"' o

f-phase,advance or retardation on an amplitude phase diagram.b'ﬁ
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'VThe above rules can be used to &etermine whether a fault or thinﬂ
slab of precipitate is intrinsic or extrinsio,(Zl,ZZ), but it is
essential to know the sense of slope of the fault plane with respeet
to g. Since ue.can considerran extrinsic tault‘as one due to the |
: insertion of an extra planevof atoms and an intrinsie fauit as one
.formed by:removal‘of a plane, the sign-of'ﬁfwill be oppositeifor an
'-eitrinsic and intrinsic fault and hence the sign of o =*2ﬁg-§'ﬁill be
ﬁreversed.for:these’cases when the same E operates. We now define the
‘two~types of faults as foliows. Consider the top half of the crystal
 at rest and the bottom half is now dlsplaced by the fault dlsplacement

. vector (Flg. 14) The sense of the dlsplacements are—shown Now -

:knowing the dlrectlon of g, after allow1ng for optical rotatlons, and

e e e e i

— . e

observing the color of the f1rst frlnge we can identify whether B is
acute or obtuse and hence determlne the nature of the fault For

'example in the FCC case the value of @ = Zﬂlgl[Rl cos B = % 21m/3, where

'.IRI a/§/3, then suppose g = 200 and is to the R.H.S. of the fault.

H+

B = % 1/3, since R=t a/3[lll]. If the first fringe is white, o is

positive, i.e. o = 41/3(/3) cos B = 21/3 if cos B =-1/3 ;‘ That is B

must be'obtuse and the fault nust be intrinsio. For the same situation N
an extrin51c fault would show a black flrst fringe. These rules are a
summarlzed in Table 4 for faults orlented as shown in Fig.>14 In |
-~practice the micrograph can always be orlented Such that'the_faultvplanev pﬁ
| slopes as shown in these sketches. - o

"Figure 15 shows an example of the use of these rules, and’ illustrates

how rapidly one can analyse the fault 1nc11nat10n by dark fleld 1maging

at s ¥ 0. The first fringe is thus the most intense frlnge when s <0
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(a) |

Table 4. Determination of Nature of Stacking Faults in FCC Crystals
'\\\_' v s o -|. Color of First Fringe *
. v g Orientation of g :
Bright = | = Dark
- L | E | I
200 ’ .
' R . S E
, L I E
400 :
R " E I
L I E
220
R E- I
L - . L I E
111 R —
R E . I
(a) ' ‘
. (Bef. 22 % Bright Field




. slight deviation in dark field.

The ' reader can show that in Flg.rlz the faults on (lll) and (lll)‘
slope in opposite sense and 51nce,the first'frlnge is bright in both
cases they -must be extrinsic and 1ntrinsic respectlvely. lv

' (c) 0verlapplng Faults

Consider two overlapping faults of the same. klnd (Flg. 163) If fl-*L"

' these are close together the phase factors add giving a net phase _
,v'shift of 2n/3 + 2ﬂ/3 = -2W/3 i e. the color of the first fringe changes t'
"at the point of overlap. 1f three faults overlap the phase change 1s"
. - zero’ and no contrast occurs.’ If the faults are far apart the |
| %Aouter frinoes will be of the same color (Fig. 16b) |

' Similarly if two overlapplng 1ntrin51c—extr1n51c faults exist, 1f o

they are close together a = +2m/3 + (~2ﬂ/3) 0 and no contrast occurs.xv
However if they are far enough apart the outer. frlnges will be of o
.opposite color and the center part of the overlap wiil have weak or
zero contrast where the two phase shlfts cancel (Fig. l6(c))

"(d) Ordered Alloys" Antiphase Boundaries |

- _A{fault in the periodic array of ordered'planesiof atoms éives'
.:-.rise“to an antiphase boundary. " If‘the displacement of.thefcrygtéilf”
_associateo with thisvtype of fault is i = [uvw] then the>phasepshift .
. o = ZWg R Zﬂ(hu + kv + Qw) brdered allovs are often characterized:ip.i:.
‘h_hy having primitive symmetry in that all values of>hk£ are allowed; lhe':
superlattice reflections are those that ‘would notiexist in.thefoisordered "
»salloi; e.g. in the B2 superlattice, based on a hody centered structurei>‘p;,

 (cscl):



.Tdin other words, only superlattice reflections (e.g. 100,”111)_can‘fd

8 M Fae T f E -3 v - o
(A Y T Y ‘?’j Wio=28- 2o

F = £ + £ h+k+ & even (fundamental)

= f, -f,  h+ k'+ £ odd  (superlattice)

In this superlattice'i a/2 (111 ) hence j

=Tk +2) =0 for b+ K+ 2 even _d'

%3 S vfor h+k+ 2 odd

. produce phase contrast in this case. This follows because a/2 (111 )

.isva ? vector'for the disordered alloy;» In the case of m boundaries L

the first frlnge is always dark -in bright fleld

Another type of superlattlce is the L12 superlattice based on a

face—centered structure. In thlS case

F=3f + £,  for  hk! ummixed
G fer mied

One type of adtiphase boundary vector i is a/2 (liO 5 hence o = ﬂ(h + k)

Thus for fundamental reflections & is always zero (a/2 (IlO ) is a T o

vector for the disordered alloy) and is zero or +w for superlattice

o *
reflectlons. Again in bright fleld the flrst frlnge is always black
“Another p0331ble antiphase vector 1s a/6 (112 ) — a partlal vector 1nf> .

- the disordered alloy. Hence for fundamental reflections o= 0 or i211'3

as for a stacking fault. In the case of superlattice reflections @ can

be *m/3, +21/3, *T or 0. If a is +n/3 the contrast will be the same B

- : - ERE o o e
" In Fig. 21 a,b,c chapter 1 faint APB contrast is visible in the funda-

mental reflection-this is because there is a faint contribution from the
superlattice reflection (e.g. if the fundamental is 2g, g is also ercited
to some extent e. 8- Fig 2d) S
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as that for o = -21m/3 and vice versa for a = ~-T/3. Examples are given
in my later chapter in Figs. 7, 11, 12, of part 2.

The periodicity of fringes for superlattices is quite different

- .from that of stacking faults in non-ordered materials due to the fact

that the extinction distances for superlattice reflections areAmuch
greater than those for fundaﬁental reflections. Few fringes arevthere—
fore visiblevia the case of‘demain boundafies.l |
9.l ADDITIOﬁAL EFFECTS

Opher factors.can give rise to eoeerast'dee to élanar aefects; 'Sq |
far we have considered phase contrast due to a diéplacement wiﬁhout
change ie orientation or strecfere. This is ekaegli true for éfacking

faults in fcc crystals, but e. g. is not generally true for planar

‘defects, or for crystals of lower symmetry. For example the value of

both s and g can change across a fault g1v1ng rise to M01re (Ag) and.

‘other fringes, sometimes called § fringes, discussed in detail else-

where in this book by Amelinckx (see also ref.‘23). " Figure 9. part 2
of my 1ater chapter shows an example of § fringes at antiferromagnetic

domain walls. An example of Moiré fringes across coherent interfaces

S dn CuAMn~Al has been given in Fig. 15 Chapter 1. Méasurements of.fringe

spac1ngs enable the mlsmatch across the 1nterface to be calculated

espec1ally for. very small mlsmatches (Ag small D(fringe spac1ng)large)
Imaglng at conditions when s >> 0 e.g. dark field weak beam is also
useful for dlstlngulshlng Moiré contrast from 1nterface dlslocatlons as

has been shown for coarsened spinodal alloys by Bouchard et. al (25)



The anelysis of contrast changes across interfaces is necessary
if the nature of the interface is to be determined. Recently,
considerable interest has being generated in grain boundaries and

interphase interfaces (see e.g. refs. 24, 25).

10. SMALL VOLUME DEFECTS-PRECIPITATES

" plane so K ={(001)?. In Fig. 17a, since E 200, only plates on (100)

For coherent defects the contrast can be considered by use of the

'l'appropriate displacements.(Eq. 5) in the intensityﬂcalculations. The

visibility criterion g R enables the direction of R to be establlshed
and no difficulties arise in the case of plates, rods, and spheres.;
(See ref 26 for review) Contributlng to contrast in the case

of prec1p1tates w1ll be 1ntens1ty changes due to the dlfferences

in structure factor“between~precipitate and matrix. Figure l7(a) -shows ——

diffraction contrast from small {100} coherent plates in a [Oll] foil.

of A1—44Cu. ‘These plates have strain fields normal to the {001} hablt

~are visible (E- {100 criterie); in (b) which is a dark field image

of the [100] streak from 6" occurring in the diffraction pattern (c),
“structure factor" contrast is obtained for the (100) plates. 1In

Fig.>l7d which is a superb example of the powerful technique of'lattice

» imaging, small G. P. zones of thlckness ~ 8A and diameter llOA are.

actually resolved ' In Fig. 17(d) the strains from each G. P. Zone

~can‘be measured directly from the displacements of the (002) planes

H

along the lines marked a, b, ¢, d. The strains fall off to near zero

at about 30A from the zone center.




:in Al-47Cu can exist in densities 2 10

essential for these problems (31)

4‘contrast from simple geometrical arguments.

Lo i Ua @' TR BT Iy.
. [
|

This -technique is very valuable for analysing the complex situation

_ existing-when there is a very large density of defects (e.g. G. P. zones

19 per cm3) such that strain

" - fields overlap. The resultant strain patterns 1n amplltude-contrast

images are very complex and in many cases completely‘mask the individual

‘_particles., Such contrast is referred to as tweed or basket-weave and
lroften occurs in (llO ) ‘in ‘many alloys undergoing different types of
' phase transformations (26) Progress is beino made in understanding

.these images by computational techniques (27) and 1attice 1maging (28 29)

Analysis is also difficult when 1arge densities of small.defect -

| clusters are produced by irradiation (see Chapter by Wilkens). The» zsj:‘
'f_'contrast is very depth dependent which makes identiflcation in terms
‘of vacancy or 1nterstitial character rather tedious. These difficultles
| 1.have been discussed in detail recently (30).and it is clear that

‘computer simulation and image processing techniques w111 also be

- 13, MANY BEAM EFFECTS AND CONTRAST AT HIGH VOLTAGES

At high voltages the Sphere of reflection becomes much flatter

' (Table,l, Chapter l) so that many beams are exclted Furthermore the o

electron scattering factors increase w1th voltage due to the increase

of the relatlvistic mass (Fig. 5 Chapter l) so that the diffracted

'intensities are hlgher.' These factors mean that two beam theory no

longer applles andpit is more difficult or impossible to.predict



- systematic orientations

However.if many beam theory is used it appears that useful
practical applications become possible. A pérticularly interesting

effect is that of critical voltage where intensities of second order

réflections go through a minimum at certain voltages (e.g. 430 kV for

222 in Al)isee e.g. ref. 4. Since this phenomenon will be discussed

‘elsewhere in this book, here we indicate two general examples of many

beam effects;

»

(a) Dislocation Conttast

’Sbme results of up to 12 beam dynamical contrast.caléulatidns for'_
2,3,32,33 have indicated that high order i

o _ . o IS %
reflections at high voltages may provide improved dislocation resolution.

"For example the bright field images of dislocations show a decrease.in

-image width for increasing order of refleétion (i;e. iﬁcreasing g-b),

thus enabling improved resolution of narrow dislocation dissociations
and closely spaced dipoles or sﬁperdisloéations. Experimental results

have coﬁfirmed»these ﬁredictions (e.g. refs. 2, 3). The technique is

- to orlent the crystal to excite ng usually with s > 0, where n is the

.systematic set and thus can be of tremendous help

o™ order of the first reflection gl.(see>Fig. 8(b) Part 2 of my latef'Chap);
.bisléca#ion image chéfacteristics uﬁder systematic.aiffrécging

conditions_have‘als§ been ﬁound psefui for.detefmining therﬁégﬁitude :

of~th¢'prodﬁ§t glb whéte 81 is the first order rgf1ection df the |

when it is necessary

* j . ) ) . B .
Systematic orientation means a reciprocal lattice row .along ng is
excited; simultaneous orientation means several different rows are -

" - excited.
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to choose between a number of different possibilities, and for‘eramining '
more-complex crystals. Examples of.such application‘sill be given in .
"allater chapter, but here we indicate comparison between a:hnosn case

and theory. In the fce system for an‘undiSSociated dislocation with S

'Burgers vector of the type a/2 (110 ), when a 220 reflectlon is used o

' 'the only three possibilitles are gq* b equal to 0 1, or 2. Flgure 18 o

: shows ‘the image of a screw dlslocation in Al compared to the 1mage
profile and multiple beam bright—field profiles obtained by computer L
'methods for the p0531bilities gl-b =1 and 2- Comparing the trace of - - -
the image with the theoretical profiles 1t"is'c1ear that there : is
S o ' S S A finimam
very . good correspondence for the width of the centrai”‘g;ma’and the

positions of all extrema for the gl-b = 2 case. Variations 1n relative

intensities in the experimental 1mage are most llkely due to thickness
. : N
variations and discrepancies in dislocation depth '

‘_ (b) Planar Defects R ke a_..;;;;

S The 12—beam systematic calculations for pure phase contrast (i e.;'cf,

change ina = 2ﬂg R with no changes in s, or g across the fault)

indicate a surprising result (35). Bright fleld images were predicted

to be éontrasty or not depending on the sign of the phase change across -
‘the boundary (Fig. 19a b) The effect is predicted at all voltages
where strong systematlc interactions‘occur.r Although this general A

_ result has been confirmed for coherent thin hcp plates (equivalent to
stacking faults o =;+2ﬁ/3) in Al (Fig. 19(c—f) and for faults in S
:silicon there are discrepancies in the details such aslthe thickness

dependence'of the intensity (2). Thus the potential applications ofithis_ _



effect for determining the extrinsic or intrinsic nature of.faults
merely by inspection of bright field images nmust await further refine- -

. ments of the theory. Attempts along these 1ines are in progress (34 36). o

B Acmomrncmnms
These two chapters are abstracted from a book on eleetron microscopp';-"
in preparation by Dr. W. L Bell and myself .
' Most of the illustrations used are taken from our own research
programs and I acknowledge continued financ1al support of the United ;g

States Atomic Energy Comm1351on through the Inorganlc Materlals Research h

e et i - OO R e it = e e, ———

DLvision of the Lawrence Berkeley Laboratory. I am grateful to several o
: past ‘and present members of my group and to Dr.'V. A. Phllllps for ";l'::
permission to use unpublished results. These are indlcated in the ,o'_'__:f‘

- pertlnent figure captions. :
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CHAPTER 2 FIGURE CAPTIONS

1. a)/Bright field and b; c, d, weak beam dark field images of °
interphase boundary dislocatioas in overeaged Cu-Mn-Al alloy

showing images ~ 208 wide. These are high resolution, klnematlcal '
images (s >> 0) formed in -g w1th [ng s > 0] excited where n=3

or larger (See Fig. 2).. D. Cockayne and G.,Thomas.(unpublished). ;
2. As Fig. 1 (different foil) bright field.iﬁage with g(s.> 0) |

excited'{courtesy Surface Science, Livak, Bouchard and Thomas

ref 25}. Notice the image width of these dislocations isamuch’.>' o .

Fig.

;greater than in Fig. 1. ‘Both Figs.'l 2 shon that‘the disiocations e

are pure edge (undlssociated) with b in (100 ) dlrections. The
diffractlon pattern (d) shows—the~alloy is ordered- (L21 structure)‘““—~-"-—‘

3. Contrast from dlslocation loops around o' plates in aged

. A1-47Cu alloy. The loops lie in'{IOC} and are pure.edge with g

. 4n (100). For plates normal to the beam - g'b =0 and g- ﬁ is

Fig.

-

. _ } - , e
radial and zero along directions normal to g. This gives rise to
"residual" arced contrast. The dislocations around 010 plates

are invisible since g-b (010) = 0.

4. ‘Contrast from spherlcally symmetrical strain fields due to

, prec1p1tat10n in Cu~Co alloy (Courtesy Ashby and Brown Phll Ma

8, 1649 1963) Notice: s1m11ar1ty to arc contrast in Flg. 3.

Fig.

5. Illustratlng the use of the Klkuchl map for analy31ng the sllp

, band structure in deformed Angl (ref 10 Courtesy_J. Appl..Physics){



Fig.
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6. Scheme showing that a dislocation locally tilts reflecting

'.planes closer to or away from the Bragg condition on opp051te

sides of the extra half plane. (a) and (b) would be reversed if

Fig.

the dislocation was inverted (extra half plane down). The 1mages

are therefore to one side of the true position of the dislocation. '

7(a)-' Illustrating an appllcation of Fig. 6 for distinguishing

"*L”between dipoles and superdislocationS' three different methods

- all involving tilting are shown (ref 17 Courtesy Acta Met. )

:*p(b c) Application of Fig. 7a to dislocations in austenitic ;i;

fﬂ_stainless steel' B are dipoles A are- superdislocations indicating

'_the alloy is ordered (ref. 17 Courtesy Acta Met).

o Fig..

8.mecheme showing»image behavior of large, perfect dislocationi’ -mi.;;;,

‘floops in crystals when g or s changes 51gn (Courtesy Amer. Soc. -

Metals ref Thin Films 1964, p. 227)

'-Fig.

9, Quenched aluminum containing perfect loops on {lll} loops B :

“increase in size as the sign of g is changed from (a) to ®)

.Isv> 0; as shown by the diffraction patterns]'loops_A go out of::

. contrast in g = §§O so g = af2[110]. Notice‘that this g'is normal

v -

( to the [llO] no contrast lines of the double—arc 1maaes of 100ps

- ivA in (a) (ref 18 Courtesy Phil Mag )

l Fig;

-associated stacking feults in fcec crystals.

Fig.

10. Scheme_predicting v1sibility of partialvdislocations and .)14 B

'11. Partial dislocations and‘stacking faults in'austeniticg-

-'stainless steel (cf Fig. 10).



_Fig, 15.° Contrast from 1ntrin31c faults in silicon, (a) bright field

P,
L

. S s e 4 . o
*»j‘ c(') ‘4.’.} “9 ‘,4; a 2 y )
. L 4L0% w, W

Fig. 12 Contrast experiments for faults in TaC0 g @» b, ¢ bright o

field images showing the shear nature of the faults {b (llZ >}.:;

The faults do not completely_vanish in (b-d), 1ndicatino local
changes in composition (structure factor contrast) The dark field

image in (d) shows that (lll) and (lll) are intrinsic and extrinsic

- respectively.

AFig. 13._ Intensity distribution for a 2ﬂ/3 contrast as predicted

by two—beam dynamical theory with absorption.

Fig.'lA Scheme showing orlentation of intrinsic (top row) and

”_,extrinsic (lower row) stacking faults Wlth respect to g for

v determining fault character (See Table 4)(from ref 22)

(b) dark field showing the predicted behaVior of Fig. 13‘ c, d

shows the asymmetry properties of dark field for s ¥ 0 enabling

the first or last fringe to be 1mmediately identified (ref 8 ;-f‘lf.

Conrtesy Phys. Stat. Sol.) - l~;.fdhp_3ff'{1f'. f(gisgf;,f'fih'

-Fig. 16. Scheme showing contrast expected from overlappino faults in S

fcc crystals with o=t 2?/3 Band W are dark and light frinoes

. respectively.

Fig. 17 Showing three contrast mechanisms for imagin° small coherent

plates of G. P. zones or 8" in Al—Cu alloys a) bright field T

‘ diffraction contrast b) structure factor contrast dark field

image of the streak in c), (d) Two beam tilted (002) lattice imaoesltt

“of . P. zones. a, b,' ¢ Al-4%Cu - 0. S/Sn ref 26 Courtesy N—Holland o

d) Al 3/Cu courtesy V. A Phillips and Acta Met (in press)



Fig.

~ Fig.

18, Comparison between observed and calculated image contrast

for a/2 (110 ) screw dislocation in aluminum. The magnitude of .

‘the Burgers vector is found from the fringe'spacings‘ oot from

o their intensitles. gl-b =2 in thlS case 650 kv systamatlc 12 beam |

case (ref. 34)

19; a, b 12 beam systematic contrast calculatlon for stacking -';fA ift3

";rlfaults in fcec crystals upper curves bright ﬁield, lower curves

. of thin hep platelets in Al—lAAg alloy (430 kv) e.f. corresponding

'fdarR field images Courtesy W. L Bell

-dark fiéld. Notice strorger bright field'fringe contrast for

E-ﬁ = --% than +'§ (430 kV Al-17ZAg) c, d +g brlght field images
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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